
Mediators of Inflammation

Cytokines and Disease

Guest Editors: Arkadiusz Orzechowski, Agueda A. Rostagno,  
Sabina Pucci, and Gilles Chiocchia



Cytokines and Disease



Mediators of Inflammation

Cytokines and Disease

Guest Editors: ArkadiuszOrzechowski, AguedaA.Rostagno,
Sabina Pucci, and Gilles Chiocchia



Copyright © 2014 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Mediators of Inflammation.” All articles are open access articles distributed under the Creative Com-
mons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



Editorial Board

Anshu Agrawal, USA
Muzamil Ahmad, India
Simi Ali, UK
Philip Bufler, Germany
Hidde Bult, Belgium
Elisabetta Buommino, Italy
Luca Cantarini, Italy
Dianne Cooper, UK
Fulvio D’Acquisto, UK
PhamMy-Chan Dang, France
Beatriz De las Heras, Spain
Chiara De Luca, Russia
Yves Denizot, France
Clara Di Filippo, Italy
Bruno L. Diaz, Brazil
Maziar Divangahi, Canada
Amos Douvdevani, Israel
Stefanie B. Flohé, Germany
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Recent evidence in biology and medicine has expanded the
knowledge of cytokines function in many disease states and
conditions as well as the severe adverse effects implicated in
the escalated production associated with specific disease con-
ditions.This special issue was intended to provide an updated
view on the role of cytokines in the disease pathogenesis of
degenerative and neoplastic disorders. Special emphasis has
been dedicated to the contribution of cytokines to systemic
conditions including but not limited to neurodegeneration,
cancer, and graft/prosthesis rejection. To address these issues
we invited authors who could shed light on the contribution
of cytokines on such diseases, identifymechanisms employed
by tumor cells to subvert the host cytokine response, provide
new cellular and animal models to test and understand the
activity of cytokines in degenerative and neoplastic diseases,
highlight cytokines involved in neurodegeneration, and illus-
trate how cytokines affect graft and prosthesis rejection.

One of the papers of this special issue addresses the dynam-
ics of acute local inflammatory response to the intramuscular
cell transfer in autologous cellmodels. Early immune reaction
(infiltration with neutrophils and macrophages) at the site
of injection was accompanied by considerable rise of Il-
1𝛼, Il-6, Tgf-𝛽, and Tnf-𝛼 gene expressions. Autotransplan-
tation of muscle-derived cells into skeletal muscle resulted
in marked decrease of viable transplanted cells which may
contribute to the low efficacy of cellular grafts. Another
paper presents the observations collected from children with
allergic rhinitis (AR). The authors showed that the anti-
inflammatory cytokine IL-37b, a member of the interleukin
1 cytokine family whose expression is related to the efficacy

of intranasal synthetic steroid (mometasone furoate) therapy,
downregulated the expression of Th2 cytokines in PBMCs
through MAPK and PI3-K signaling pathways in AR. The
paper entitled “Tumour necrosis factor superfamily members
in the pathogenesis of inflammatory bowel disease” reviews
the contribution of the tumor necrosis superfamily (TNFSF)
to the pathogenesis of inflammatory bowel disease (IBD).
Special attention was drawn on TL1A, FasL, LIGHT, TRAIL,
and TWEAK as possible targets in IBD treatment through
their role on apoptosis and T-cell differentiation. One of
the papers of this special issue is a review featuring TNF-
𝛼 as a proinflammatory cytokine exerting both homeostatic
and pathophysiological roles in the central nervous system.
It summarizes the current knowledge of the cellular and
molecular mechanisms by which TNF-𝛼 links the neuroin-
flammatory and excitotoxic processes that occur in several
neurodegenerative diseases, but with a special emphasis
on amyotrophic lateral sclerosis (ALS). It stresses the de
novo production of TNF-𝛼 by microglia as an important
component of the so-called neuroinflammatory response
which may represent a valuable target for intervention. The
paper entitled “Protective effects of lipoxin A4 in testis injury
following testicular torsion and detorsion in rats” describes the
study on the protective effects of lipoxin A4 (LXA4), a lipid
mediator with potent anti-inflammatory properties, in rat
testis injury following testicular torsion/detorsion. Lipoxin
A4 protective effect takes place via modulation of proinflam-
matory cytokines, oxidative stress, and NF-𝜅B activity. The
paper by J. M. Zarzynska addresses the current view on the
dual role played by TGF-𝛽1 in breast cancer insurgence and
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progression. In early stages of breast cancer, TGF-𝛽1 inhibits
epithelial cell cycle progression and promotes apoptosis,
showing tumor suppressive effects. However, in late stages of
the disease, TGF-𝛽1 cooperates to promote tumor progres-
sion by orchestrating the tumormicroenvironment cytokines
production, influencing tumor cell motility, invasion genes
expression, cancer invasiveness, and metastasis. TGF-𝛽1 is
also involved in cancer microenvironment modification and
promotion of epithelial to mesenchymal transition. Accord-
ing to current knowledge, several drugs counteracting TGF-
𝛽1 have been developed and are either in preclinical or in early
stages of clinical investigation. One of the papers evaluates
the importance of intestinal homeostasis for the healthy
status of the large bowel. The authors present numerous data
that substantiate dietary essential n-3 polyunsaturated fatty
acids (PUFAs) and short-chain fatty acid butyrate as anti-
inflammatory and anticancer agents. PUFAs modulate the
production and activities of TNF family cytokines (TNF-𝛼,
TRAIL, and FasL) that have potent inflammatory activities.
The possible application for the prevention and therapy of
colon inflammation and cancer is also outlined. The final
paper of this special issue outlines the effects of the antibiotic
florfenicol on the expected changes in sTNF-𝛼, damage
markers of the liver and kidney, and the lipid metabolism
parameters in endotoxemic brown trout.Thepaper concludes
that florfenicol does not affect the LPS-mediated increases
of sTNF-𝛼 and does not prevent liver or kidney damage
indicating that the antibiotic does not have any evident
positive effects on acute endotoxemia in fish.

Overall, the current issue highlights themultidisciplinary
contribution of cytokines, through their broad spectrum sig-
naling capability and regulation of cellular communication,
as crucial mediators in diverse pathologic entities with broad
etiology.

Arkadiusz Orzechowski
Agueda A. Rostagno

Sabina Pucci
Gilles Chiocchia
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The vast majority of myoblasts transplanted into the skeletal muscle die within the first week after injection. Inflammatory response
to the intramuscular cell transfer was studied in allogeneic but not in autologous model. The aim of this study was to evaluate
immune reaction to autotransplantation of myogenic cells and to assess its dynamics within the first week after injection. Muscle-
derived cells or medium alone was injected into the intact skeletal muscles in autologous model. Tissue samples were collected 1, 3,
and 7 days after the procedure. Our analysis revealed the peak increase of the gene expression of all evaluated cytokines (Il-1𝛼, Il-1𝛽,
Il-6, Tgf-𝛽, and Tnf-𝛼) at day 1. The mRNA level of analyzed cytokines normalized in subsequent time points. The increase of Il-𝛽
gene expression was further confirmed at the protein level. Analysis of the tissue sections revealed rapid infiltration of injected cell
clusters with neutrophils andmacrophages.The inflammatory infiltrationwas almost completely resolved at day 7.The survived cells
were able to participate in the muscle regeneration process. Presented results demonstrate that autotransplanted muscle-derived
cells induce classical early immune reaction in the site of injection which may contribute to cellular graft elimination.

1. Introduction

Adult muscle tissue is highly exposed to the damage by
both internal and external factors throughout the life span
and therefore requires the ability to effectively regenerate.
The cells which are primarily responsible for skeletal muscle
tissue restoration capacity are called satellite cells. The idea
to deliver myoblasts which are satellite cells progeny into
the dysfunctional muscles as a method of treatment was
presented for the first time in 1978 by Partridge and colleagues
[1]. Since then myoblasts transfer therapy (MTT) has been a
subject of extensive studies. At the beginning, myoblasts have

been considered as a very promising alternative for treatment
of muscular dystrophies (MDs); however it became clear that
this population is not able to engraft skeletal muscle after
systemic delivery [2]. The poor migratory capabilities hinder
the potential use of myoblast-based therapy in Duchenne
MD and narrow the possible applications to the disorders
with more focal character. Nevertheless, myoblasts transfer
is still perceived as possible future alternative treatment
in numerous conditions. The list includes sphincters dys-
function (urethral, anal, esophageal, and pyloric), atrophy
of reinnervated muscle, rectovaginal fistulas, local muscle
loss due to injury, and some types of muscular dystrophies
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(like oculopharyngeal or facioscapulohumeral MDs). Unfor-
tunately, myoblasts transfer procedure is associated with
another crucial unsolved problem, the poor survival rate
of donor cells. It was demonstrated that the vast majority
of graft is lost within first 3 days after transplantation. The
massive elimination of injected myoblasts was identified in
1996 by Fan and colleagues [3] and subsequently confirmed
by many other studies. This phenomenon was observed
regardless of type of animal model (murine or porcine),
type of target area (skeletal muscle, myocardium, or urethral
sphincter), status of host muscle (intact or injured), or status
of the host organism (immunodeficient or immunocompe-
tent) [4–9]. Moreover, Holzer and colleagues demonstrated
that myoblasts are eliminated even after autologous trans-
plantation [7]. Several potential causes of rapid myogenic
cell death after transfer have been proposed. They include
inflammatory response in the injection site [5], ischemia [10,
11], hypoxia, [12], and anoikis [13].The immune reaction after
myoblasts injection has been studied intensively in allogeneic
models [5, 14–17] but not after autologous transplantation
as this type of transfer is believed to be nonimmunogenic.
However, our previous study demonstrated that oxidative
stress might play a role in elimination of myogenic cells after
autologous transplantation [18]. Therefore, we hypothesized
that autologous transfer of myogenic cells also triggers early
immune response associated with oxidative burst. As autolo-
gous transplantation is considered to be the safest option in
all clinical applications listed above, it seems to be of prime
importance to evaluate the local tissue response for this kind
of grafting. Therefore, the aim of this study was to examine
the presence and dynamics of cytokines expression and cells
associated with innate immune reaction within first week
after autologous MTT.

2. Materials and Methods

2.1. Animals. All experiments were performed on 3-month-
old Lewis rats (in-bred strain). Animalswere housedwith free
access to food and water and were maintained at a constant
temperature. Animal housing and experimental procedures
were approved by Local Ethics Animal Welfare Commission
of the Medical University of Warsaw.

2.2. Isolation andCultivation ofMuscle-Derived Cells (MDCs).
Skeletal muscle samples (about 0.05 g) for cell isolation were
obtained from musculus gracilis during general anesthesia
induced by administration of xylazine (10mg/kg; Leciva,
Prague, Czech Republic), ketamine (40mg/kg; Spofa, Prague,
Czech Republic), and butorphanol (1mg/kg; Fort DodgeAni-
mal Health, Fort Dodge, IA, USA). Tissue sampling did not
impair ratsmobility after surgery. Isolation ofmuscle-derived
cells was performed as described by Burdzińska et al. [19].
The cells were suspended in standard growth medium (GM),
DMEM supplemented with 10% (v/v) fetal bovine serum and
antibiotic, antimycotic mixture (all components purchased
from Invitrogen, Carlsbad, CA, USA). In order to reduce
number of fibroblasts in culture, the medium containing
nonadherent cells was removed to another dish 24 h after cell

seeding (preplating). The first change of culture medium was
performed 72 h after isolation.When the culture reached 70%
of confluence, cells were harvested by trypsinization (0.25%
trypsin and 0.02% EDTA; Invitrogen-Gibco Carlsbad, USA)
and reseeded in new dishes in a density of 5 × 103/cm2.
Majority of cells were cultured for transplantation whereas
part of population were seeded separately to perform in
vitro characterization, desmin expression and differentiation
potential analysis.

2.3. Immunocytofluorescence and Differentiation Potential.
To identify isolated cells, MDCs were analyzed for the
presence of desmin, myogenic cells marker. Cells after the
first passage were cultured in a Lab-Tek 4-chamber slide
w/Cover (Permanox Slide Sterile, Nalge Nunc International,
Naperville, IL, USA) until they reached 80% confluence;
then they were fixed in 4% (w/v) paraformaldehyde for
15min at room temperature and permeabilized with 70%
cold methanol for 20min in −20∘C. Samples were treated
with blocking solution (1%bovine serumalbumin/5%normal
donkey serum in phosphate-buffered saline) for 30min in RT
and then probed with mouse anti-desmin (Sigma-Aldrich,
St. Louis, MO, USA, 1 : 50 v/v, 90min, RT). Afterwards, cells
were washed and probed with a secondary antibody [Alexa-
Fluor 594 donkey anti-mouse (Jackson ImmunoResearch
Europe, Suffolk, UK), 1 : 100 v/v, 60min, RT]. Cells were
visualized using fluorescent microscopy via Olympus IX51.

To verify myogenic potential, the other subsets of isolated
cells were induced to differentiate by cultivation in DMEM
supplemented with 2% of horse serum (HS) for 3 days.
The differentiated cells were immunostained for desmin as
described above. The fusion index was determined as the
ratio of nuclei in myotubes to the total number of nuclei in
the same field calculated from at least 10 fields of view per
animal and was expressed as a percentage (0% to 100%). The
presence of intracellular lipid droplets in MDC population
was confirmed with Oil Red O staining (Sigma-Aldrich, St.
Louis, MO, USA).

2.4. Cell Suspension or Vehicle Injection. For injection pro-
cedure rats were sedated with xylazine/ketamine mixture.
The skin in the area of injection was shaved and disinfected.
In the transplanted animals, MDCs suspended in 200𝜇L
DMEM were administered into the gastrocnemius muscle
in autologous manner. Cell suspension was given through
22G needle in a single bolus directly to the intact muscle
without any skin incision. Sham animals were treated in the
same way but received 200 𝜇L DMEM vehicle only. At the
same time, additional 100 𝜇L of cell suspensions was directed
for microbiological tests (bacteria and yeast). The injected
cells were either unlabeled (animals designated for gene
and protein expression analyses) or labeled with fluorescent
membrane linkers, PKH26 (red dye, animals designated
for immunohistochemical staining) or DiD (DiIC18(5)-
DS [1,1-Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine-
5,5-disulfonic acid] in animals for in vivo imaging). Before
preparing the final suspension, the cells were washed twice in
DMEM to remove serum completely.
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2.5. Tissue Collection. The tissue surrounding the area of
either cells or DMEM administration was harvested at day
1 (24 hours), day 3, or day 7 after the transplantation. In
the untreated group, the analogous muscle fragments were
collected. The tissue samples were immediately snap-frozen
in liquid nitrogen and stored in −80∘C until analysis.

2.6. RNA Isolation, Reverse Transcription, and Real-Time
PCR Analysis. The animals designated for gene and protein
expression analysis were transplanted with equal amount (1 ×
106) of cells (𝑛 = 18, 6 in each time point). MDCs
for these experiments were unlabeled to avoid additional
manipulations which are always associated with increased
risk of acquired immunogenicity. Untreated (𝑛 = 7) and sham
operated groups (𝑛 = 18, 6 in each time point) served as
controls. Tissue samples collected at days 1, 3, and 7 were
homogenized in TissueLyser homogenizer (Qiagen, GmbH,
Hilden, Germany) at a frequency of 25Hz for 5 minutes.
Total RNA was isolated using RNeasy Fibrous Tissue Mini
Kit (Qiagen, GmbH, Hilden, Germany). RNA concentration
was quantified by spectrophotometer at 260 nm using Nan-
oDrop (ND-1000 Spectrophotometer, NanoDrop Technolo-
gies, Inc.). Reverse transcription of total mRNA into cDNA
was performed using the SuperScript III (Invitrogen, Gibco,
Carlsbad, USA) according to the manufacturer’s instruc-
tion. Real-time PCR was performed on ABI Prism 7500
Sequence Detector (Applied Biosystems, Foster City, USA).
Specific primers and probes set were purchased fromApplied
Biosystems: Il-1𝛼 (Rn0055700 m1), Il-1𝛽 (Rn00580432 m1),
Il-6 (Rn00561420 m1), Tgf-𝛽1 (Rn00572010 m1), and Tnf-𝛼
(Rn01525859 m1). Gapdh gene (4352338E) was used for nor-
malization. The values are expressed relatively to a reference
sample (calibrator): not treated muscle. The Ct (threshold
cycle) for the target gene and the Ct for the internal control
were determined for each sample. The relative gene expres-
sion was calculated by 2−ΔΔCt method.

2.7. ELISA. The evaluation of Il-1𝛼 and Il-1𝛽 concentration
in tissue homogenates was performed by ELISA. The muscle
samples were homogenized in a buffer with phosphates and
proteases inhibitors (Sigma-Aldrich, St. Louis, USA). Then
probes were clarified by centrifugation at 10 000 rpm for 5
minutes and addition of PMSF. Total protein concentration
was measured using NanoDrop (ND-1000 Spectrophotome-
ter). Cytokines concentrations in tissue lysates were deter-
mined using commercial available ELISA kits (R&D System,
Minneapolis, MN, USA). The results were presented as an
absolute ratio: interleukin concentration/protein concentra-
tion (×10−9).

2.8. Histology and Immunohistochemistry. To visualize in-
jected cells in the host tissue cells were labeled with red
fluorescent membrane linker, 5 𝜇M PKH26 (𝑛 = 6, 2 in
each time point). The contralateral gastrocnemius muscles
in this group were injected with vehicle only. Histologi-
cal and immunohistochemical staining were performed on
frozen sections (10 𝜇m thick) prepared with the use of
cryostat Microm HM 525 (Microm, Walldorf, Germany).

Some sections were stained with hematoxylin and eosin.
Immunohistochemical staining was performed using pri-
mary antibodies against antigens: CD43 (1 : 20 v/v) and CD68
(1 : 20 v/v) (AbDSerotec, Kidlington,UK). Sampleswere fixed
with cold acetone. Nonspecific binding sites were blocked
with 5% normal donkey serum in PBS. Tissue sections were
incubated with primary antibodies for 1 h at RT. Afterwards,
cells were washed and probed with a secondary antibody
[Alexa-Fluor 488 donkey anti-mouse] (Jackson ImmunoRe-
search Europe, Suffolk, UK, 1 : 100 v/v) for 1 h at RT. Finally,
the slides were washed and covered with VECTASHIELD
Mounting Medium with DAPI (Vector Laboratories LTD.,
Peterborough, UK).The samples were evaluated with Eclipse
Ni-U microscope (Nikon, Tokyo, Japan).

2.9. In Vivo Imaging. For optical imaging an average of 3.3 ×
10
5 of MDCs were injected as described above (𝑛 = 3).

The cells were labeled prior to the transplantation with
7.5 𝜇M DiD, a membrane linker with Ex-max 650 nm/Em-
max 670 nm (AAT Bioquest, Sunnyvale, CA). The area of
imaging was carefully shaved and the adjacent part of the
body was covered with dark fabric to avoid hair-derived
autofluorescence. In vivo imaging was carried out using the
IVIS Spectrum system (Caliper Life Sciences, Hopkinton,
MA). Automatic algorithm for spectral unmixing of DiD
dye against the food and autofluorescence backgrounds was
used for visualizing the transplant-specific fluorescent signal,
with excitation wavelength of 640 nm and six emission
wavelengths (680, 700, 720, 740, 760, and 780 nm). Imag-
ing data were analyzed using Living Image 4.4 software
(Caliper).

2.10. Statistical Analysis. Results from RT-PCR were pre-
sented as a fold change of gene expression in relation to the
calibrator, whereas data fromELISAwere expressed asmeans
(SD). Results were analyzed in pairs (untreated control versus
VEH group and VEH versus MDC groups in certain time
points) using nonparametric U Mann-Whitney test. A value
of 𝑃 < 0.05was considered as statistically significant. For RT-
PCR assay the significance of differences between groups was
measured inΔCt values. All RT-PCR andELISA analysis were
done in duplicate.

3. Results

3.1. The Isolated Muscle-Derived Population Is Heteroge-
neous but Consists Primarily of Myoblasts. Within first days
after isolation procedure, the mononuclear, colony-forming
spindle shaped cells could be observed (Figure 1(a)). The
mean percentage of desmin expressing cells in obtained
MDCs population after the first passage amounted to 77%
(Figure 1(b)). Isolated MDCs cultured in DMEM/2% HS dif-
ferentiated into myotubes (Figure 1(c)), which confirms their
myogenic potential. The mean fusion index was 35%. How-
ever, some cells in culture spontaneously accumulated lipids,
which was visualized by Oil Red O staining (Figure 1(d)).
These cells were probably the progeny of fibro-/adipogenic
progenitor cells residing in muscle tissue.
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Figure 1: Identification of isolated muscle-derived cells. (a) The appearance of muscle-derived colony 6 days after isolation; (b and c)
fluorescence microscopy. Desmin protein stained with Alexa 594 conjugated Ab (red) in undifferentiated MDCs (b) and in MDCs induced
to myogenic differentiation for 3 days (c); (d) the presence of lipid accumulating cells within MDC population, red lipid droplets indicated
with white arrowhead (Oil Red O staining), and cell nuclei stained with DAPI (blue). A multinucleated myotube can be observed in the same
field of view (arrow). Scale bars in (a) 200𝜇m, (b and c) 50 𝜇m, and (d) 20 𝜇m.

3.2. Administration of Vehicle Itself Induces Significant Upregu-
lation of Il-1𝛼, Il-6, and Tgf-𝛽 Genes Expression. The analysis
of gene expression revealed that needle insertion and admin-
istration of 200𝜇L vehicle into the muscle caused significant
upregulation of Il-1𝛼, Il-6, and Tgf-𝛽 (7-fold, 2.3-fold, and
2.7-fold, resp.) at day 1 in the injection site comparing to
the untreated control. The significant elevation of Il-6 gene
expression in VEH group comparing to CTRL group was
maintained at day 3. The expression of other evaluated
cytokines normalized at day 3. One week after the injection
there was no statistical differences between VEH and CTRL
groups (Figure 2).

3.3. Transplantation of Muscle-Derived Cells Causes Signifi-
cant Upregulation of mRNA Level for Il-𝛼 and Il-1𝛽 Genes
and Increases Il-1𝛽 Concentration at Day 1 after Injection in
Comparison to the VEH Group. Cell suspensions directed
to transplantation were free from microbiological contam-
ination. As the injection of vehicle itself caused significant
differences in cytokines gene expression, the results obtained
from transplanted samples were statistically analyzed in com-
parison to the shamcontrol (VEHgroup).The administration
of autologous cells caused significant increase in gene expres-
sion of Il-1𝛼 and Il-1𝛽 (Figure 2). The elevation was 5.5-fold
and 5.2-fold, respectively, comparing to the VEH group and

36-fold and 17-fold, respectively, comparing to the untreated
group. The expression of Il-6, Tnf-𝛼, and Tgf-𝛽 displayed
similar pattern (the elevation peak at day 1); however the
differences in those cytokines were not statistically relevant.
Significant changes in gene expression (both Il-1𝛼 and Il-1𝛽)
were verified by evaluation of protein level in analogous
samples. In the case of Il-1𝛼, the protein concentration
did not confirm upregulation of gene expression; the dif-
ferences between groups were not statistically significant
(Figure 3(a)). In contrast, Il-1𝛽 protein level strictly reflects
transcriptional changes. MDCs administration induced sig-
nificant 4-fold increase of proinflammatory Il-1𝛽 mean con-
centration in the site of injection 24 h after transplantation
in comparison to the sham control (Figure 3(b)). At the
same time, vehicle injection itself also caused significant local
elevation of Il-1𝛽 level in comparison to the untreated control
(Figure 3(b)).

3.4. There Are No Significant Differences in Cytokines Expres-
sion at Day 7 after MDC Autologous Transplantation. The
dynamics of evaluated genes expression clearly demonstrate
that upregulation of proinflammatory cytokines after autol-
ogous MDCs transfer is acute and transient. At day 3 only
Il-1𝛼 expression was still significantly elevated in samples
from MDC group in comparison to the sham group. At day
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Figure 2: The analysis of cytokines gene expression in the muscle tissue determined by real-time PCR. The graphs represent relative gene
expression of Il-1𝛼, Il-1𝛽, Il-6, Tgf-𝛽, and Tnf-𝛼 in animals’ muscles from different groups: untreated control (CTRL), after vehicle injection
(VEH), and after MDCs transplantation (MDC) 1, 3, and 7 days after surgery. Results were analyzed in pairs (untreated control versus VEH
and VEH versus MDC) using nonparametric U Mann-Whitney test. ∗indicates statistically significant difference between MDC and VEH
groups and #indicates statistically significant difference between VEH and CTRL groups in certain time points.
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Figure 3: The concentration of cytokines: IL-1𝛼 (a), IL-1𝛽 (b) in the muscle tissue: untreated control (CTRL), after vehicle injection (VEH),
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Figure 4: Immunohistochemical staining in different time points.Macrophages (CD68 antigen stainedwithAlexa 488 (green)) are infiltrating
the cluster of transplanted MDC (PKH26 (red)). Cell nuclei stained with DAPI (blue). Scale bars: 50 𝜇m.
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7 no significant differences in the mRNA level of examined
cytokines were observed either after the transplantation or
after the vehicle injection (Figure 2).

3.5. Distribution of Injected Cells Differs between Analyzed
Time Points. To identify injected cells at the injection site
in some animals (𝑛 = 6) MDCs were labeled with red
fluorochrome PKH26 prior to transplantation. The analysis
of sectioned tissue samples revealed big, distinct clusters of
PKH26 stained cells between muscle fibers (Figures 4 and 5).
No red fluorescence was observed in sham operated limbs
(data not shown). The transplanted cells formed dense clus-
ters at day 1 and day 3 but not after one week after injection.
PKH26 positive cells in tissue samples collected at day 7 were
rather rare and diffused throughout the injection site.

3.6. Host Derived Cultured MDCs Induce Rapid Infiltration
of Inflammatory Cells. To evaluate the presence of inflam-
matory cells in the injection site the tissue sections were
stained with H&E (Figure 6). This preparation allowed for
recognition of transplanted cell clusters in samples col-
lected 1 and 3 days after injection. Numerous inflamma-
tory cells, especially polymorphonuclear granulocytes, could
be observed around and within the clusters at day 1. In
specimens obtained 7 days after injection, inflammatory
cells were not observed any more in relevant number. To
characterize this infiltration better, the tissue sections were
immunostained for CD68, macrophage marker, and CD43,
leukosialin, present on majority of leukocytes and not on
macrophages. The substantial number of both macrophages
and leukocytes could be recognized in the direct vicinity
of transplanted MDCs clusters 24 h after injection. At this
time point the majority of CD68 expressing cells were
surrounding the clusters, and only few macrophages could
be observed between the injected cells (Figure 4(a)). At
day 3 cells expressing CD68 were totally covering the area
of PKH26 clusters (Figure 4(b)). One week after injection
the number of macrophages was substantially reduced. In
many cases, CD68 colocalized with PKH26 red fluorescence
(Figures 4(b) and 4(c)). The presence of CD43 positive cells
was the most prominent at day 1 (Figure 5(a)).

3.7. Muscle-Derived Cells Are Eliminated from the Injection
Site after Autologous Transplantation. In vivo fluorescence
imaging revealed the distinct reduction ofDiD-derived signal
in subsequent time points in all analyzed animals (𝑛 = 3).
Images of representative rat were presented at Figure 7.
Vehicle injection did not induce fluorescence in analyzed
wavelengths which indicate the specificity of signal detected
in the transplanted limb. These results confirm the poor cell
survival after intramuscular injection, but for the first time
this phenomenon is demonstrated in the same animal in
subsequent time points after autologous transplantation.

3.8. Survived MDCs Were Able to Fuse with Host Muscle
Fibers. Labeling of cells ex vivo allowed for identification of
their fate in vivo. At day 7 PKH26 derived fluorescence was
observed both in mononuclear cells located between muscle

fibers and in the muscle fibers (Figures 8(a) and 8(b)) More-
over, PKH26 positive cells could be recognized in the central
position of muscle fibers sections (Figures 8(c) and 8(d))
indicating that transplanted cells possessed ability to partici-
pate in the regeneration process.

4. Discussion

The poor survival of myoblasts after transplantation is well-
known problem which limits the introduction of MTT into
the clinic. The elimination of injected myoblasts is massive
and rapid. In allogeneic models, 24 h after myogenic cells
transplantation only 20% or less of initial cell number
can be detected in the area of injection. This amount is
further decreasing to 1–5% at days 3–5 after transfer [5, 15,
16]. Autologous way of transplantation does not solve this
problem. The process of graft losing seems to be slower;
Holzer et al. [7] detected 60% of injected population after
24 h, but the percentage of survived cells diminished to
about 10% at day 3 [7]. Herein, we confirm the limited cell
survival after autologous intramuscular transplantation by
in vivo imaging of the same individuals in subsequent time
points. The current understanding of such graft failure is not
clear. Our previously published results suggest the role of
oxidative stress (possibly generated by phagocytic immune
cells) in cellular graft elimination after autologous transfer
[18]. Therefore the aim of presented herein experiments was
to describe the dynamics of acute local inflammatory reaction
in response to autologous MDC transplantation.

In our experiments we isolated cells exploiting preplate
(pp) technique described by Qu et al. [20]. To reduce the
number of fibroblasts in culture we used a subset of cells
which adhered to the plastic surface between 24 h and 72 h
after seeding. According to preplating schedule presented by
Qu et al. [20] we used mixed population of pp3-pp4 cells
which mainly consists of satellite cells progeny, myoblasts.
Indeed, our results confirm that majority of isolated cells
expressed desmin. The average fusion index 3 days after
induction of myogenic differentiation amounted to 35%. In
comparison, the average fusion index of C2C12 cell line (mice
satellite cells) was shown to be about 50% [21]. Therefore,
as obtained population still contained some nonmyogenic
cells like fibroblasts or fibroadipogenic progenitors, we call it
muscle-derived cells rather than myoblasts.

The analysis of samples collected 24 h after transplan-
tation indicated that autologous MDCs induce significant
upregulation of Il-1𝛼 and Il-1𝛽 genes expression in com-
parison to the group treated with vehicle only (Figure 2).
The significantly increased expression of Il-1, especially Il-1𝛽
isoform, in response to the intramuscular cell transplanta-
tion, was previously reported in several different models:
allogeneic transfer of myoblasts into the intact myocardium
[5], allogeneic transfer of mesenchymal stem cells (MSCs)
into the infarctedmyocardium [22], and syngeneic transfer of
MSCs into intact skeletal muscle [23]. In the present study we
demonstrate for the first time that similar response in regard
to Il-1𝛽 expression is observed also after autologous transfer
of MDCs. Moreover, we confirmed this finding at the protein
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Figure 5: Immunohistochemical staining in different time points. Leukocytes (CD43 antigen stained with Alexa 488 (green)) are infiltrating
the cluster of transplanted MDC (PKH26 (red)). Cell nuclei stained with DAPI (blue) in different time points. Scale bars: 50𝜇m.

level (Figure 3). The evaluation of Il-1𝛽 expression dynamics
during the first week after the procedure revealed that the
boost of Il-1𝛽 is acute and transient and the expression at
day 3 is distinctly lower than at day 1 and it is not any
more significantly higher comparing to the VEH group in
analogous time point. Suzuki et al. [5] also evaluated the
dynamics of cytokines expression in two time points (24 h
and 3 days after transfer) after allogeneic myoblasts grafting
into intact myocardium and reported the same pattern of
changes, peak upregulation at day 1 and downregulation at
day 3. As IL-1𝛽 is the key proinflammatory cytokine associ-
atedwith the activity of phagocyting immune cells, those data
suggest that the dynamic of early inflammatory reaction after
MTT is similar in both auto- and allogeneic transplantations.
It is worth noting that IL-1 was showed to be important
in respect to grafted cell survival in allogeneic model. It
was demonstrated that blocking of IL-1 action resulted in
increased transplantation efficacy [14, 20]. Our data sug-
gest that the same effect could be obtained in autologous
transfer.

In the present study we also characterized early inflam-
matory infiltration in reaction toMDCs transfer. For this part
of experiment cells were labeled with red membrane linker,
PKH26, prior to transplantation.Thismethod of labeling was
chosen as it is described to be nonimmunogenic in bothman-
ufacturer’s specification and a published report [24]. Thus it

seems to be applicable for studying of immune response. The
disadvantage of this cell tracker is substantial diluting during
cell divisions which was analyzed in our recently published
report [25]. However in short term experiment in which
we did not expect intensive cell proliferation membrane
linker met our needs. In the tissue samples collected from
MDC group at days 1 and 3 the transplanted cells were
clearly visible. In those two time points they formed dense,
demarcated cell clusters (Figures 4(a) and 4(b)). Very similar
appearance was observed after allogeneic transplantation
of either myoblasts or muscle-derived stem cells at day 2
after injection [20]. In our experiment, the distribution of
grafted cells changed in specimens collected at day 7; the cells
were much more diffused throughout the site of injection
(Figure 4(c)).The amount of PKH26 positive cells at this time
point was distinctly lower comparing to either day 1 or day 3.
At day 7 PKH26 derived fluorescence was observed both in
mononuclear cells located between muscle fibers and in the
muscle fibers (Figure 8(a)). Moreover, PKH26 positive cells
could be recognized in the central position of muscle fiber
section (Figure 8(b)) which indicated that transplanted cells
which survived in the injection site were able to participate
in the regeneration process. This finding is consistent with
previous reports [7, 20, 26].

The results indicating limited persistence of injected cells
at day 7 were confirmed by semiqualitative graft survival
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Figure 8: Immunohistochemical staining of samples collected 7 days after autologous MDCs injection. (a and b) PKH26 positive cells (red)
can be recognized between and within muscle fibers (arrow), desmin stained with Alexa 488 (green); (c and d) PKH26 positive cells (red) can
be recognized in the central position of muscle fiber (arrowhead) indicating the ability to contribute muscle regeneration. Few macrophages
(CD68 stained with Alexa 488 (green)) are still present in the site of transplantation. Scale bars: 50𝜇m.

analysis using in vivo fluorescence imaging (FLI). Although
this method has serious limitations because of considerable
autofluorescence of the animal tissues, it was previously
demonstrated that FLI analysis of myoblasts survival after
intramuscular injection can be valid [8]. In our study, we have
utilized a spectral unmixing algorithm offered by the Living
Image software to alleviate this issue. Using membrane link-
ers for in vivo imaging creates an additional problem; these
dyes can be absorbed by phagocytes and therefore impede
interpretation of results. However, in our experiment the
radiant efficiency of DiD-derived signal decreased markedly
in subsequent time points; therefore we can conclude that
cells were indeed eliminated from the injection site.

To confirm the presence of immune response to autol-
ogous MDCs injection the tissue sections were analyzed in
order to identify inflammatory cells. Basic H&E staining
revealed that clusters of transplanted cells were infiltrated
with polymorphonuclear granulocytes at day 1 (Figure 6(a)).
At day 3, the presence of neutrophil in H&E stained sections
was not so obvious; most numerous cells within transplanted
clusters at this time point were large and mononuclear which
could indicate them to be macrophages. To identify the
infiltration more precisely the sections were immunostained
for CD43—an antigen which is present on majority of
leukocytes and not onmacrophages.The analysis revealed the
typical sequence of events in early innate immune reaction,

the rapid infiltration of target area with neutrophils (within
first 24 h) and delayed appearance of macrophages with
the maximal intensity at day 3. At day 7 the inflammatory
reaction was almost completely resolved which is consistent
with results of cytokines gene expression analysis. Thus,
our results demonstrate for the first time that autologous
transplantation ofmuscle-derived cells induces classical early
immune reaction in the site of injection. It can be claimed
that the presence of macrophages in the injection site is
beneficial for the grafting efficacy. It was previously demon-
strated that macrophages enhance or even are required for
muscle regeneration [27, 28]. Furthermore, it was shown that
coinjection ofmyoblasts andmacrophages improves survival,
proliferation, andmigration of transplantedmuscle precursor
cells [9, 29]. However, results regarding coinjection were
obtained after either allogeneic or xenogeneic injection into
immunodeficient host. Thus, it is difficult to predict if host
derived macrophages could also improve transplanted cell
survival.

There are two most probable interpretations of innate
response appearance. First, the inflammatory cells are acti-
vated because the injected cells become immunogenic during
extracorporeal manipulations. Second, injected cells die due
to other reasons like ischemia, hypoxia, or anoikis and
phagocytes infiltrate the graft to clean up dead cells but not to
eliminate viable ones. Verification of the mechanism which
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has predominant importance is crucial for assessment of
future strategies for autologous MTT efficacy improvement.
Our previously published data demonstrated that cells with
increased resistance to oxidative stress survive better after
autologous intramuscular transplantation. Similar findings
were presented before by Urish et al. [26] on allogeneic
model of transplantation. As the production of reactive
oxygen species is associated with phagocyting activity, thus
the importance of resistance to oxidative stress supports
the hypothesis that inflammation is the cause and not the
consequence of grafted cell death. The role of inflammation
inmyoblasts elimination after autologous administration was
also shown by Ito et al. [30]. The authors demonstrated that
strong systemic immunosuppression improved the efficacy of
transplantation in nondystrophic dogs. On the other hand
some reports suggest that neutrophils and macrophages are
not responsible for early death of donor myoblasts even
in allogeneic model [15, 16] and thus support the theory
that cells die due to other reasons and inflammation is
only the secondary consequence of this death. As the two
potential mechanisms are not exceptive, it is possible that
only complex protective approach will be able to effectively
prevent myoblasts’ death after transplantation.

To conclude, presented data demonstrate that autologous
intracellular MDCs transplantation induces classical early
immune reaction in the site of injection. These results, when
considered with previously published reports, suggest that
innate inflammatory response can contribute to limited sur-
vival of theoretically nonimmunogenic autologous cellular
graft.
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[25] A. Burdzińska, R. Crayton, B. Dybowski et al., “The effect
of endoscopic administration of autologous porcine muscle-
derived cells into the urethral sphincter,” Urology, vol. 82, no.
3, pp. 743.e1–743.e8, 2013.

[26] K. L. Urish, J. B. Vella, M. Okada et al., “Antioxidant levels
represent a major determinant in the regenerative capacity of
muscle stem cells,” Molecular Biology of the Cell, vol. 20, no. 1,
pp. 509–520, 2009.
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Background. Interleukin-37 (IL-37), a newly described member of IL-1family, functioned as a fundamental inhibitor of innate
inflammatory and immune responses, especially its isoform IL-37b.Objective.This study was undertaken to evaluate the expression
and regulation of IL-37b in children with allergic rhinitis (AR).Methods. Forty children with AR and twenty-five normal controls
were included. The relationship between IL-37b and Th1/2 cytokines production in serum and nasal lavage was examined
by enzyme-linked immunosorbent assay (ELISA). Peripheral blood mononuclear cells (PBMCs) were purified for in vitro
regulation experiment of IL-37b. Intranasal mometasone furoate was given in AR children and IL-37b change after one-month
treatment was detected using ELISA. Results. We observed significantly decreased IL-37b expression levels in both serum and
nasal lavage compared to controls. IL-37b was negatively correlated with Th2 cytokines. Our results also showed that IL-37b
downregulated Th2 cytokine expressed by PBMCs and this modulation was through mitogen-activated protein kinase (MAPK)
and phosphatidylinositol 3-kinase (PI3K) pathway. We also found that intranasal mometasone furoate therapy can promote nasal
IL-37b expression.Conclusion. IL-37bmay be involved inTh2 cytokine regulation inAR and its expressionwas related to the efficacy
of intranasal steroid therapy.

1. Introduction

Allergic rhinitis (AR) is a worldwide common disease in
children with occurrence of 10–40% [1, 2]. It affects both
life and performance of children and it is often accom-
panied by asthma [3]. T cell type-2 (Th2) inflammation
accompanied by infiltration with eosinophils is characteristic
pathological changes in AR [4, 5]. Infiltration of T cells, B
cells, plasma cells, eosinophils, basophils, and neutrophils
and activation of Th2 cells caused the occurrence of AR
[6]. Most studies about pathophysiological mechanism of
AR focused on proinflammatory cytokines, while anti-
inflammatory cytokines received less attention.

Interleukin-37 (IL-37) is a recently discovered anti-
inflammatory cytokine and can bind to IL-18-receptor (R)
and IL-18-binding protein (BP) [7, 8]. IL-37 can be secreted

by monocytes, macrophages, epithelial cells, and so on [9].
IL-37 is expressed in normal and tumor tissues in human
and it exerts anti-inflammatory effects by suppressing innate
immune responses through decreasing the production of
inflammatory cytokines [10]. IL-37 has five different iso-
forms, of which IL-37b is the largest isoform and it is
believed to suppress proinflammatory cytokine production
and dendritic cell (DC) activation [8]. The role of IL-37b in
autoimmune diseases was well characterized recently. It was
reported that IL-37b expression was elevated in rheumatoid
arthritis, in patients with Mycobacterium avium infections,
atherosclerotic coronary and carotid artery plaques, in pso-
riatic plaques, and in Crohn’s disease [10, 11]. However, the
role of IL-37b in allergic disease is not characterized.

In our present study, we sought to determine the expres-
sion of IL-37b in serum and nasal lavage of AR children and
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the effect of IL-37b on Th1/2 cytokines production and the
involved signaling pathway.

2. Methods

2.1. Patients. Forty children (<18 years old) with AR were
recruited in the study. The diagnosis was established on
history, clinical examination, skin prick test, and specific IgE
measurement, which is in accordance with Allergic Rhinitis
and its Impact on Asthma (ARIA) guideline (2010) [12]. Of
them, children with asthma were diagnosed according to the
global initiative for asthma (GINA) criteria [13]. Twenty-five
children of similar age and gender with no history of allergic
disease or wheezing were selected as the control group.
Those with chronic diseases (e.g., malnutrition, anatomic
malformation of the respiratory system, chronic lung disease,
heart disease, gastroesophageal reflux disease, and cystic
fibrosis) and those with a history of chronic drug use (e.g.,
oral or nasal corticosteroids, antiepileptics, and immune
suppressives) were excluded from the study. The tissues from
the inferior turbinate from nine AR children (13–17 years
old) and eight controls (13–16 years old) that underwent
inferior turbinectomy due to severe nasal congestion caused
by inferior turbinate hypertrophywere sampled for detection.

2.2. Blood and Nasal Lavage Samples Preparation and Anal-
ysis. Venous blood samples were collected into Vacuette
tubes and centrifuged at 1000 g for 15min at 4∘C. Serum
samples were stored at −80∘C. These samples were used
for enzyme-linked immunosorbent assay (ELISA) and qPCR
measurement.Thewhole blood cell counts weremeasured by
LH-785 system (Beckman Coulter, Mervue, Galway, Ireland).
Total serum IgE was measured by electrochemiluminescence
(ECLIA) method using an ELX-800 system.

Nasal lavage was performed using saline warmed to 37∘C.
The process was performed according to method described
elsewhere [14]. Due to cooperation of children, 28 AR
samples and 15 controls were collected. The samples were
centrifuged to remove cellular debris and aliquots of the
supernatants were stored at −20∘C in eppendorf tubes until
analysis. Total protein concentrations were determined with
Bio-Rad protein assays according to Bradford [15].

2.3. ELISA for Protein Expression and ECLIA for Eosinophil
Cationic Protein (ECP) Protein Expression. ELISA kits were
used for measuring IL-37b, IL-4, IL-13, IL-5, IL-12, IFN-𝛾,
and IL-10 (all from R&D systems, USA) level in serum, nasal
lavage, and supernatant of peripheral blood mononuclear
cells (PBMCs). ECP levels were detected by other ELISA
kit (EIAab, Wuhan, China), according to the manufacturer’s
protocols. The detection limits of the assays were as follows:
IL-37b (125 pg/mL), IL-4 (1.56 pg/mL), IL-13 (93.8 pg/mL),
IL-5 (7.8 pg/mL), IL-12 (2.5 pg/mL), IFN-𝛾 (12.5 pg/mL), and
IL-10 (3.9 pg/mL).

2.4. Real-Time PCR Analysis. Real-time PCR was performed
as described previously [16]. Total RNA was extracted from

mucosa tissues using TRIzol reagent (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Reverse transcription (RT) was performed, and cDNA
was synthesized from 2𝜇g of total RNA using an oligo
(dT) 18 primer andM-MLV reverse transcriptase (TAKARA,
Syuzou, Shiga, Japan). The mRNA expression was deter-
mined using an ABI PRISM 7300 Detection System (Applied
Biosystems, Foster City, CA, USA) and SYBR Premix Taq
(TAKARA).The sequences of the primers were as follows: IL-
37b, forward primer: 5-CTCCTGGGGGTCTCTAAAGG-3,
reverse primer: 5-TACAATTGCAGGAGGTGCAG-3; 𝛽-
actin, forward primer: 5-CAGAGCAAGAGAGGCATCCT-
3, reverse primer: 5-GTTGAAGGTCTCAAACATGATC-
3; PRISM samples contained 1× SYBR Green Master Mix,
1.5 𝜇L of 5 𝜇M primers, and 25 ng of synthesized cDNA in
a 25 𝜇L volume. Reaction mixtures were heated to 95∘C for
10min, followed by 40 cycles of denaturation at 95∘C for 10 s,
and annealing extension at 60∘C for 60 s. All PCR reactions
were performed in duplicate. Melting curve analysis was used
to control for amplification specificity. The mean value of the
replicates for each sample was calculated and expressed as
a cycle threshold (Ct) value. The relative expression of each
target gene was determined as the difference (ΔCt) between
the Ct value of the target gene and the Ct value of 𝛽-actin.
Fold changes in the target gene mRNA were determined as
2
−ΔΔCt.

2.5. Immunohistochemical (IHC) Staining. For immunohis-
tochemistry, the slides were placed in 0.3% H

2
O
2
for 20

minutes at room temperature to reduce nonspecific back-
ground staining caused by endogenous peroxidases. After
additional washing with PBS again, the slides were boiled
in 10mM citrate buffer for 15 minutes followed by cooling
at room temperature. Antibodies for IL-37b (Abcam and
Creative BioMart, USA), IL-12 (R&D systems, USA), IL-4
(R&D systems, USA), IL-1 (R&D systems, USA), and IgG (as
control, Dako, Denmark) were incubated overnight at 4∘C for
immunohistochemical staining, respectively. The next day,
the slides were washed with PBS and incubated with sec-
ondary antibody conjugated with streptavidin-horseradish
peroxidase (Gene Tech, Shanghai, China) at room tempera-
ture for 1 hour.

After washing, DAB (Gene Tech, Shanghai, China) stain-
ing was performed under microscope. After rinsing with
distilled water, the sections were counterstained withMayer’s
hematoxylin (Zhongshan Goldenbridge, Beijing, China) for
further 25 seconds, dehydrated with series of ethanol (v/v,
90%–100%), cleared from lipid with xylene (3 times), and
mounted with neutral balsam (Zhongshan Goldenbridge,
Beijing, China). Control for nonspecific staining was rou-
tinely performed with PBS but antibody and all proved
negative with secondary antibody.

The sections were blindly examined and coded with no
awareness of the clinical data. They were visualized with
an Olympus CX40 Microscope (Olympus Europa GmbH,
Germany). The number of positive cells (brown cells) was
counted in 10 high-magnification visual fields (×200) and
averaged.
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Table 1: Demographic characteristic of AR children and normal controls.

Groups AR without asthma group AR with asthma group Control
Number 30 10 25
Sex (male : female) 16 : 14 6 : 4 12 : 13
Age (months) 71.2 ± 34.0 63.2 ± 23.0 72.0 ± 31.8
History of asthma, 𝑛 (%) 0 100 0
Family history of atopy, 𝑛 (%) 15 (50)∗ 8 (80)# 3 (12)
Exposure to smoking, 𝑛 (%) 18 (60)∗ 7 (70)# 1 (4)
Eosinophila (count/mm3) 145 (60–1350)∗ 195 (60–1350)# 73 (5–230)
Neutrophila (count/mm3) 8430 (2000–16300) 12330 (9000–25700)# 7400 (3200–12500)
Basophila (count/mm3) 50 (10–150)∗ 160 (70–350)# 8 (4–16)
Monocytesa (count/mm3) 238 (70–2740) 268 (80–1960) 256 (60–2530)
Lymphocytea (count/mm3) 7900 (3100–15400) 7500 (4100–16600) 8300 (2500–16300)
ECPa (ng/mL) 38.2 (4.0–131.0)∗ 68.1 (35.0–188.0)# 10.9 (3.6–109.0)
IgEa (IU/mL) 101.1 (2.5–1200.0)∗ 198.2 (87.5–1600.0)# 31.0 (5.3–89.0)
aData presented as median values (minimum–maximum).
∗Compared with control group, 𝑃 < 0.05.
#Compared with AR group, 𝑃 < 0.05.

2.6. PBMCs Preparation. PBMCs were separated from 20mL
of heparinized whole blood from AR children. Specifically,
cells were isolated by Lymphoprep (Fresenius Kabi Norge
AS, Oslo, Norway) density-gradient centrifugation from
heparinized leucocyte-enriched buffy coats. Then, PBMCs
were cultured at 2∗106/mL in 24-well plates in culture
medium: RPMI 1640 supplemented with 5% human AB
serum, 5mmol/L glutamine, and penicillin, and streptomycin
solution (all from Invitrogen, except for serum from Sigma-
Aldrich). Stimulation was performed through addition of
rhIL-37b (1–100 ng/mL)with orwithout other cytokines (Poly
(I:C) (1 ng/mL), rhIL-4 (1–100 ng/mL), rhIL-5 (1–100 ng/mL),
rhIL-13 (1–100 ng/mL), rhIL-12 (1–100 ng/mL), rhIFN-𝛾 (1–
100 ng/mL), rhIL-10 (1–100 ng/mL), SB203580 (10 𝜇mol/L),
and LY294002 (10 𝜇mol/L). All the above stimulators were
from R&D systems.

2.7. Human Peripheral Blood Eosinophil Purification and
Assay. Eosinophils were obtained from the peripheral blood
of atopic donors (blood eosinophil levels 5–10%) by MACS-
negative immunomagnetic separation as described previ-
ously [17].The purity of cells was 98–100% (Kimura staining)
and the viability was larger than 98% (Trypan blue staining).
The isolated eosinophils were suspended in RPMI-1640 sup-
plemented with 10% heat-inactivated fetal calf serum (FCS),
2mM L-glutamine, 100U/mL penicillin, and 100 𝜇g/mL
streptomycin. Eosinophils (500𝜇L, 105/mL)were treatedwith
or without rh-IL-37 (1–100 ng/mL) and eotaxin (1 ng/mL).
ECP protein changes were detected by Unicap system.

2.8. IntranasalMometasone FuroateTherapy. All AR children
underwent a 4-week course of intranasalmometasone furoate
(50𝜇g per puff per nostril to both nostrils, once daily). At the
end of treatment, the nose symptoms (runny nose, sneezing,
and blocked nose), eye symptoms (streaming and swelling,
redness and itching), and lung symptoms (breathlessness,
cough, wheeze and chest tightness) were scored by the

children as follows: 0 = no symptoms, 1 = slight symptoms,
2 = moderate symptoms, and 3 = severe symptoms. Besides,
blood and nasal lavage samples were collected and changes of
IL-37b protein expression were detected with ELSIA.

2.9. Statistical Analysis. All data were expressed as mean ±
SD except additional note. Statistical significance between
different groupswas determined using nonparametricMann-
Whitney 𝑈 test. The Spearman rank correlation test was
used to analyze the correlation among the expression of
biomarkers and clinical stage. 𝑃 < 0.05 was considered as
significant difference.

3. Results

3.1. Demographic and Laboratory Characteristics of the Study
Population. This study was conducted with 65 children, 40
of whom suffered from AR, with ages ranging between 16
and 187 months (mean age: 73.2 ± 33.0 months, 22 males),
and 25 of whom were healthy controls with ages ranging
between 15 and 184 months (mean age: 72.0 ± 31.8months, 11
males).The demographic features and laboratory parameters
of the population are presented in Table 1. Asthma was found
to be 25% in the AR children. When the two groups were
compared, the basophil count, the eosinophil count, total
serum IgE, and ECP levels were found to be higher in the
AR without asthma group than those of the control group,
especially in AR with asthma group.

3.2. Decreased IL-37b mRNA and Protein Levels in Relation
to Th1/Th2/Treg Cytokines in AR. The serum and local IL-
37b mRNA and protein expression in AR were significantly
lower than those in the normal controls (𝑃 < 0.001, Figures
1(a)–1(d)). However, when we subdivided the AR group into
asthma and nonasthma group, we found no difference of IL-
37b expression levels between two groups. We also compared
IL-37 expression between AR children >6 yr and <6 yr and
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Figure 1: The serum and nasal lavage mRNA and protein expression of IL-37b in AR and normal control. (a) The serum IL-37b mRNA level
in AR and normal control; (b) the serum IL-37b protein level in AR and normal control; (c) the nasal lavage IL-37b mRNA level in AR and
normal control; (d) the nasal lavage IL-37b protein level in AR and normal control. ∗𝑃 < 0.05, comparing the two groups.

no differences were found (data not shown). Our results
showed enhanced IL-4, IL-13, and IL-5 protein expression,
especially in children with asthma and decreased IL-12, IFN-
𝛾, and IL-10 protein expression in serum and nasal lavage
of AR children compared with control group (𝑃 < 0.001,
Figures 2(a)–2(l)). Nasal IL-4, IL-5, and IL-13 were negatively
correlated with local IL-37b (𝑃 < 0.05, Figures 3(a)–3(c)).
The serum ECP and IgE levels as well as eosinophil counts
were found to be negatively correlated with serum IL-37b
expression (𝑃 < 0.05, Figures 3(g)–3(i)). No relationship
between IL-37b and IL-12, IFN-𝛾, and IL-10 was found
(Figures 3(d)–3(f)).

3.3. Decreased IL-37b Expression in AR by IHC. In normal
tissues, some epithelial cells, interstitial cells, and glandular
cells were positive for IL-37b and IL-37b immunoreactivity
was enhanced significantly in controls compared with AR
samples (Figures 4(a) and 4(b)). We also detected IL-12
(Figures 4(c) and 4(d)), IL-4 (Figures 4(e) and 4(f)), and
IL-1 (Figures 4(g) and 4(h)) and the results showed that the
number of IL-4 and IL-1 positive cells in AR was significantly
higher than that of control, while the IL-12 positive cells
presented as opposite trend (Table 2).

Table 2: Cell count of IL-37b and related cytokines in AR and
control tissue (median ± IQR).

Groups AR group Control group
IL-37b 4.8 ± 2.3∗ 16.4 ± 4.3
IL-4
IL-12

12.3 ± 4.5∗
11.3 ± 5.6∗

4.5 ± 1.9
22.1 ± 7.8

IL-1 25.2 ± 8.1∗ 8.1 ± 2.4
∗Compared with control group, 𝑃 < 0.05.

3.4. IL-37b Regulated Th2 Cytokines Expression in PBMCs
through Mitogen-Activated Protein Kinase (MAPK) and
Phosphatidylinositol3-Kinase (PI3K) Pathway. After stimula-
tion with various concentrations of rhIL-37b (1–100 𝜇g), we
found significant downregulation of Th2 cytokines (IL-4, IL-
5, and IL-13) in a dose and time dependent manner and
this effect was blocked after treatment with SB203580 and
LY294002 (Figures 5(a)–5(f)). However, our results showed
that IL-37b did not regulate Th1 cytokines and IL-10 expres-
sion. To investigate the effect of Th1/Th2/Treg cytokines on
IL-37b expression, we used rhIL-4, rhIL-13, rhIL-5, rhIL-
12, rhIFN-𝛾, and rhIL-10 to stimulate PBMCs for 24 hours
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Figure 2: Continued.
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Figure 2: The serum and nasal lavage protein expression of Th2 (IL-4, IL-5, and IL-13), Th1 (IL-12, IFN-𝛾) and Treg (IL-10) cytokines in AR
with asthma, AR without asthma, and control groups. (a)–(f) The serum and nasal lavage protein expression of Th2 (IL-4, IL-5, and IL-13)
cytokines in AR with asthma, AR without asthma, and control groups; (g)–(j) the serum and nasal lavage protein expression of Th1 (IL-12,
IFN-𝛾) cytokines in AR with asthma, AR without asthma, and control groups; (k), (l) the serum and nasal lavage protein expression of Treg
(IL-10) cytokines in AR with asthma, AR without asthma, and control groups. ∗𝑃 < 0.05, comparing the two groups.

and found that Th2 cytokines (rhIL-4, rhIL-13, and rhIL-
5) decreased IL-37b expression (Figures 6(a)–6(c)), whereas
Th1 cytokines (rhIL-12, rhIFN-𝛾) had no effect on IL-37b
expression (Figures 6(e) and 6(f)). Interestingly, rhIL-10 can
upregulate IL-37b expression by PBMCs (Figure 6(d)).

3.5. IL-37b Induces ECP Production by Eosinophils. After
stimulation with various concentrations of rhIL-37b (1–
100 ng/mL), we found significant downregulation of ECP
level by eosinophils in a dose and time dependent manner
(Figures 7(a) and 7(b)).

3.6. Intranasal Mometasone Furoate Therapy Downregulates
Local IL-37b Expression. After 4-week course of intranasal
mometasone furoate (50 𝜇g per puff per nostril to both nos-
trils, once daily), we found significant relieve of symptoms of
AR children (Table 3). Nasal lavage IL-37b protein expression
was enhanced significantly after treatment and its expression
was negatively related with total symptom scores (Figures
8(a) and 8(b)).

Table 3: Clinical outcome of 40 AR children after treatment
(median ± IQR).

Before treatment After treatment
Symptom scores

nose symptom 2.3 ± 0.5 0.7 ± 0.1∗

lung symptom 1.5 ± 0.4 1.0 ± 0.2∗

eye symptom 1.8 ± 0.3 0.9 ± 0.4∗

Total scores 5.6 ± 1.2 2.4 ± 0.5∗
∗Compared with baseline level, 𝑃 < 0.05.

4. Discussion

AR is a common disease in children which is characterized
by persistent inflammation of the nasal mucosa, typically
showing a Th2 skewed eosinophilic inflammation with high
levels of IL-5 and IgE. Th2 cytokines play an important role
in the development and deterioration of AR. At present,
intranasal steroid is the first-line treatment for AR and
its mechanism includes regulation of Th1/Th2 balance and
inhibition of inflammatory cytokines.
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Figure 5:The regulation ofTh2 cytokines (IL-4, IL-5, and IL-13) by IL-37b in PBMC in a dose and time dependentmanner. (a) IL-4 expression
by PBMC after stimulated with different concentration of IL-37b with or without SB203580 and LY294002; (b) IL-5 expression by PBMC after
stimulated with different concentration of IL-37b with or without SB203580 and LY294002; (c) IL-13 expression by PBMC after stimulated
with different concentration of IL-37b with or without SB203580 and LY294002; (d) IL-37b decreased IL-4 expression by PBMC in a time
dependent manner; (e) IL-37b decreased IL-5 expression by PBMC in a time dependent manner; (f) IL-37b decreased IL-13 expression by
PBMC in a time dependent manner. ∗𝑃 < 0.05, comparing the two groups.
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Figure 6: Regulation of IL-37b expression by Th2 cytokines (rhIL-4, rhIL-5, rhIL-13), Th1 cytokines (rhIL-12, rhIFN-𝛾), and Treg cytokine
(rhIL-10) in PBMC. (a) IL-37b expression in a dose dependent manner by PBMC after 24 h stimulation with rhIL-4; (b) IL-37b expression
in a dose dependent manner by PBMC after 24 h stimulation with rhIL-5; (c) IL-37b expression in a dose dependent manner by PBMC after
24 h stimulation with rhIL-13; (d) IL-37b expression in a dose dependent manner by PBMC after 24 h stimulation with rhIL-10; (e) IL-37b
expression was not affected after 24 h stimulation with rhIL-12; (f) IL-37b expression was not affected after 24 h stimulation with rhIFN-𝛾.
∗
𝑃 < 0.05, comparing the two groups.
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Figure 7: Regulation of ECP expression by EOS after stimulation with IL-37b. (a) ECP expression in a dose dependent manner by EOS after
stimulation with rhIL-37b; (b) ECP expression in a time dependent manner by EOS after stimulation with rhIL-37b. ∗𝑃 < 0.05, comparing
the two groups.
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Figure 8: Nasal lavage IL-37b protein expression after treatment and its correlation with total symptom scores. (a) Nasal lavage IL-37b
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treatment. ∗𝑃 < 0.05, comparing the two groups.

At present, most studies on pathogenesis of AR concen-
trated on the production of inflammatory cytokines instead
of anti-inflammatory cytokines. IL-37 (IL-1F7) is a newly
reported molecular of IL-1 family with anti-inflammatory
effect [18]. IL-37 expression was found in many cancer cells
such as stroma of colon carcinomas, and ductal mammary
carcinoma and also in blood monocytes, fully differentiated
keratinocytes in stratum granulosum of skin, PBMC, and
dendritic cell [19, 20]. IL-37b has potent anti-inflammatory
properties and many studies have elucidated its precise role
in autoimmune disease such as systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA), inflammatory bowel dis-
ease (IBD), guillain-Barré syndrome, and atopic dermatitis

(AP) [21, 22]. However, its role in respiratory disease was not
reported.

As IL-37b was believed to be the most important isoform
of IL-37, thus our study focuses on it and we provide the
first evidence that IL-37b expression was negatively related to
enhancedTh2 inflammation in AR. In normal nasal mucosa,
we found that IL-37b was expressed by epithelial, interstitial
cells, and glandular cells. However, IL-37b expression in
AR was relatively weak. Interestingly, we found that IL-
37b expression was not affected by the state of asthma and
age in children. Consistent with our results, Fujita et al.
[22] detected IL-37b expression in AP and their results
showed that most AP patients presented as high IL-37 level,
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but several severe AD showed low level of IL-37. These
results suggested that IL-37 played different roles in different
disease states and IL-37 isoformsmay represent even different
functions. Besides, whenMAPK and PI3K pathway inhibitor
were added to PBMCs, the inhibitory effect onTh2 cytokines
by IL-37b was significantly decreased, suggesting that MAPK
and PI3K pathways were involved in IL-37b mediated Th2
inflammation regulation, which was consistent with previous
report [23].

In Imaeda’s study [23], IL-37b was found to inhibit
CXCL10, a Th1-chemokine, suggesting its potential role in
inhibiting Th1 inflammation. On the contrary, our data
showed that Th1 cytokines were not correlated with IL-37b.
We also found that IL-37b did not affect IL-10 expression.
These results suggested that IL-37 regulation ofTh2 cytokines
is not IL-10 dependent, which is inconsistent withMcnamee’s
study [11], who reported that IL-37 isoforms not only suppress
Th2 cytokines, but also induce IL-10. However, our data
showed that rhIL-10 can upregulate IL-37b expression by
PBMCs and its mechanism needs further exploration.

Eosinophils mediate epithelial damage via the release of
preformed effector molecules, such as major basic protein
and ECP. Eosinophils play a critical role in the maintenance
and progression of AR by promoting airway dysfunction and
tissue remodeling. Our results show serum ECP and IgE
levels and eosinophil counts were negatively correlated with
serum IL-37b. Thus, we purified eosinophils and found that
IL-37b can inhibit ECP expression by eosinophils directly in a
dose and time dependent manner. Our results provide a new
eosinophil regulator in the development of AR.

Finally, we analyzed the IL-37b expression after intranasal
steroid treatment. We found the treatment decreased nasal
IL-37b expression and disease symptoms, suggesting that
intranasal steroid may improve symptoms through regula-
tion of IL-37b expression. However, inconsistent with our
results, Song’s study [24] showed that glucocorticoid can
downregulate the expression of IL-37b and other cytokines
in SLE patients. These differences in expression of IL-37b
in above-mentioned diseases suggested that IL-37b played
various roles in different backgrounds.

5. Conclusions

In summary, we have shown the expression, distribution,
and regulation of IL-37b in AR children and demonstrated
the importance of decreased IL-37b level in regulation of
Th1/Th2/Treg balance and activation of eosinophils. Our
findings may be beneficial for designing a potential strategy
for the optimal prevention and management of AR children.
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Received 4 February 2014; Accepted 29 May 2014; Published 17 June 2014

Academic Editor: Arkadiusz Orzechowski
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Inflammatory bowel disease (IBD) is a group of inflammatory conditions of the gastrointestinal tract of unclear aetiology of which
twomajor forms are Crohn’s disease (CD) and ulcerative colitis (UC). CD andUC are immunologically distinct, although they both
result fromhyperactivation of proinflammatory pathways in intestines and disruption of intestinal epithelial barrier.Members of the
tumour necrosis factor superfamily (TNFSF) are molecules of broad spectrum of activity, including direct disruption of intestinal
epithelial barrier integrity and costimulation of proinflammatory functions of lymphocytes. Tumour necrosis factor (TNF) has a
well-established pathological role in IBD which also serves as a target in IBD treatment. In this review we discuss the role of TNF
and other TNFSF members, notably, TL1A, FasL, LIGHT, TRAIL, and TWEAK, in the pathogenesis of IBD.

1. Introduction

Inflammatory bowel disease (IBD) is a group of inflammatory
conditions of the gastrointestinal (GI) tract. Its two major
forms are ulcerative colitis (UC) and Crohn’s disease (CD).
Crohn’s disease affects mainly small intestine and colon,
although any other segment of the GI tract may also be
involved. CD is characterized by discontinuous ulcerations
and bowel wall inflammation. UCmanifests by inflammation
of the colonmucosa that in most cases extends to the rectum.
Typical symptoms of IBD are abdominal pain, diarrhoea,
and rectal bleeding as well as weight loss, fever, and fatigue.
Furthermore, CD patients often develop strictures between
segments of the bowel or between the bowel and other organs
[1]. IBD is an autoimmune disorder of unknown aetiology
that results from excessive immune responses to intestinal
microbiota which are triggered by increased activity of
effector T cells and/or decreased activity of regulatory T cells,
changes in the composition of intestinal microflora, and/or
damaged epithelial barrier [1, 2]. Recently, Hand et al. [3]
showed in a mouse model that acute infection of the GI
tract results in the loss of CD4(+) T cell tolerance of com-
mensal antigens and priming of adaptive immune response
directed against commensal bacteria which contributes to

the development of IBD. Furthermore, 5–16% of IBD patients
report a family history of the disease [4] which indicates
that it may be associated also with a genetic background.
Indeed, there are several genetic factors that contribute to
the pathogenesis of the IBD which include genetic mutations
leading to enhanced inflammatory response [5–7], defective
elimination of intracellular bacteria [8, 9], or disruption of
the intestinal epithelial barrier [10]. There are also certain
environmental risk factors for IBD that include (1) treatment
with nonsteroidal anti-inflammatory drugs which damage
intestinal mucosa, making it more permeable to bacteria; (2)
taking oral contraceptives that elevate the level of estrogens
which act as enhancers of humoral immunity; (3) smoking
that increases risk of acquiringCD, although it appears to play
a protective role in UC through yet unknown mechanisms;
and (4) limitation of exposure to enteric pathogens in
childhood due to antibiotic treatment or living in hygienic
environment [2]. Association of IBDwith other environmen-
tal factors such as diet rich in sugars and fats and living in
urban environment or stress remains currently controversial
[2].

Considering the type of immune response, IBD is not a
uniform disease; in CD the inflammation is mainly driven
by T helper 1 (Th1) or T helper 17 (Th17) cells, while UC
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is considered to be generally a T helper 2- (Th2-) medi-
ated condition [11]. It has to be noted, however, that the
strict polarization model of Th1, Th2, and Th17 is not fully
applicable in IBD due to a redundancy of effector and
regulatory pathways affected by factors such as the phase of
the disease (remission or acute bouts), innate inflammatory
mechanisms, or anti-inflammatory treatment of patients [12].
For example, during the remission phase of the disease, the
level of a Th2 cytokine, interleukin 13 (IL-13), is higher in
peripheral blood mononuclear cells (PBMCs) isolated from
patients with CD than in PBMCs isolated from patients
with UC [13]. Other reports show that the frequency of Th1
(IFN-𝛾(+) CD4(+)) T cells is lower in the peripheral blood
of paediatric IBD patients than in healthy control subjects
[14, 15] and it increases with patients’ age [15]. Furthermore,
the cytokine expression profile in IBD patients does not
usually reflect fully differentiated Th1, Th2, or Th17 immune
responses [12]. In UC, expression of a typical Th2 cytokine,
IL-4, was not elevated in intestinal mucosa of UC patients
[12]. Instead, it has been suggested that the central role in
the pathogenesis of UC is played by IL-13 [12, 16] which not
only acts as a Th2 effector cytokine [17] but also disrupts
the continuity of colonic epithelium by inducing apoptosis
of epithelial cells and upregulating expression of claudin-
2, a pore-forming tight junction protein [18]. To add more
complexity to the pathogenesis of IBD, a recent report by
Mannon et al. [19] has showed that in some patients UC
is characterized by elevated production of a Th17-specific
cytokine, IL-17A, by intestinal lamina propria T cells.

2. Tumour Necrosis Factor Superfamily

There are 19 ligands and 29 receptors identified to date that
constitute the tumour necrosis factor superfamily (TNFSF)
[20]. Their expression pattern and structural attributes allow
them to activate signalling pathways that lead to cell survival,
proliferation, differentiation, or apoptosis. TNFSF receptors
can be divided into two groups depending on the presence
or absence of the intracellular death domain (DD). Sig-
nalling via the death domain requires the participation of
adaptor proteins FADD (Fas-associated death domain) and
TRADD (TNF receptor-associated death domain) and leads
to activation of caspases which typically results in apoptotic
death of a cell [21]. The second group of TNFSF receptors
signals only via adaptor proteins termed TRAFs (tumour
necrosis factor receptor-associated proteins), although DD-
containing receptors can also utilize this pathway. TRAFs
bind either to TRADD or directly to the cytoplasmic part
of the receptor and initiate signal transduction pathways
that lead to the activation of several transcription factors,
such as AP-1 and NF-𝜅B, responsible for the activation of
prosurvival genes [21], although they are involved also in
proapoptotic signalling [22–24]. Hence, functional activity of
TNFSF receptors largely depends on the cellular context and
the balance between pro- and antiapoptotic factors inside the
cell and in the environment.

Most TNFSF members are expressed on cells of the
immune system and play an important role in maintaining

the equilibriumof T cell-mediated immune responses by pro-
viding direct signals required for full activation of effector and
regulatory T cells, regulation of their expansion, contraction
of the T cell effector pool, and survival ofmemory T cells [25–
30]. For these reasons, members of the TNFSF are involved
in the pathogenesis of many T cell-mediated autoimmune
diseases, such as asthma, diabetes, or arthritis [26]. Many
recent reports indicate that certain TNFSFmembers, notably,
TNF (tumour necrosis factor, TNFSF2, also known as TNF-
𝛼) [31], TL1A (TNF-like protein 1A, TNFSF15) [32, 33],
FasL (TNFSF6) [34–36], LIGHT (lymphotoxin-like inducible
protein that competes with glycoprotein D for binding her-
pesvirus entry mediator on T cell, TNFSF14) [37], TRAIL
(TNF-related apoptosis inducing ligand, TNFSF10) [38], and
TWEAK (TNF-like weak inducer of apoptosis, TNFSF12)
[39], contribute to the pathogenesis of IBD not only by
enhancing proinflammatory function of T cells but also by
direct disruption of the integrity of intestinal epithelium
(Table 1).

3. TNF

Tumour necrosis factor (TNF; TNF-𝛼; TNFSF2) is biolog-
ically active in the form of homotrimeric transmembrane
or soluble protein [40]. It is expressed by macrophages, T
cells, B cells, NK cells, mast cells, endothelial cells, fibroblasts,
and neurons; its expression is strongly upregulated by certain
proinflammatory factors such as lipopolysaccharide (LPS) or
other bacterial products and IL-1𝛽 [20, 24, 41]. There are two
types of TNF receptors, the death domain-containing TNFR1
(TNF receptor 1, also known as p55 or TNFRSF1A), which is
constitutively expressed on most nucleated mammalian cells
and is activated by both the transmembrane and soluble form
of TNF [20], and TNFR2 (TNF receptor 2, also known as
p75 or TNFRSF1B) which does not contain the death domain
and is activated only by the transmembrane form of TNF
[24]. Expression of TNFR2 is strictly regulated and found
mostly on certain populations of lymphocytes, including T-
regulatory cells (Tregs), endothelial cells, microglia, neuron
subtypes, oligodendrocytes, cardiac myocytes, thymocytes,
and human mesenchymal stem cells [20, 42].

Elevated expression of TNF was detected in IBD patients
more than 20 years ago [52]. The level of TNF mRNA was
upregulated in involved colonic tissue of CD patients [53] as
well as in both involved and uninvolved colonic tissue of UC
patients [54] compared to healthy subjects. A recent report
[55] showed that elevated concentration of TNF protein that
correlated with the activity of the disease was present in
blood serum of CD patients while other groups [52, 56]
found increased levels of TNF protein both in serum [52, 56]
and in the intestinal lamina propria of both CD and UC
patients as well as the intestinal submucosa of CD patients
[57]. The production of TNF in the colon mucosa of UC
patients was localized to lamina propria macrophages [57].
Although several groups did not detect increased levels of
TNF protein or mRNA in blood serum or colon mucosa of
IBD patients, respectively [58, 59], successful use of anti-TNF
agents in IBD therapy [31] documents that TNF belongs to
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Table 1: Overview of the expression and function of the major members of TNSF superfamily in IBD.

TNFSF member and
its expression Receptors and their expression Role in IBD pathogenesis References

TNF—macrophages,
NK cells, T cells, and
B cells

(i) TNFR1—intestinal epithelial cells
(ii) TNFR2—intestinal epithelial cells

Disruption of intestinal epithelium
integrity by induction of adhesion
proteins rearrangement and induction of
intestinal cells apoptosis

[20, 43, 44]

TL1A—antigen-
presenting cells and T
cells

(i) DR3—T cells, NK cells, NKT cells, and
regulatory T cells
(ii) DcR3 (decoy)—activated T cells

Promotion of proinflammatory activity of
T cells and inhibition of suppressive
activity of regulatory T cells

[45, 46]

FasL—T cells, NK
cells, monocytes, and
Paneth cells

(i) Fas—intestinal epithelial cells and T cells
(ii) DcR3 (decoy)—activated T cells

Possible disruption of intestinal
epithelium integrity by induction of
epithelial cells apoptosis. Possible
involvement in accumulation of
proinflammatory T cells in intestinal
lamina propria

[20, 47, 48]

LIGHT—T cells,
monocytes,
granulocytes, and
dendritic cells

(i) HVEM—T cells, B cells, and monocytes
(ii) LT𝛽R—nonlymphoid hematopoietic
cells and stromal cells
(iii) DcR3 (decoy)—activated T cells

Possible promotion of proinflammatory
activity of Th1 cells [20, 49]

TRAIL—intestinal
epithelium, T cells,
NK cells, and
dendritic cells

(i) TRAIL-R1—almost all cell types
(ii) TRAIL-R2—almost all cell types
(iii) TRAIL-R3 (decoy)—almost all cell types
(iv) TRAIL-R4 (decoy)—almost all cell types
(v) OPG (decoy)—osteoclasts’ precursors,
endothelial cells, and other cell types

Disruption of intestinal epithelium
integrity by induction of epithelial cells
apoptosis. Possible contribution to
development of fistulas and strictures in
CD patients

[20, 38, 50]

TWEAK—T cells,
macrophages, and
dendritic cells

Fn14—intestinal mucosa and fibroblasts

Possible upregulation of proinflammatory
cytokines and infiltration of lamina
propria by inflammatory cells. Induction
of intestinal cells apoptosis in
cooperation with IL-13

[20, 39, 51]

the major effector molecules involved in the pathogenesis
of CD and UC. It is worth to note, however, that a recent
study on a mouse model of T cell-mediated colitis has
shown that only neutralization of the transmembrane, but
not soluble, TNF form induced remission of experimental
colitis [60]. Pathogenesis of IBD is associated alsowith altered
expression of TNF receptors since both CD and UC patients
showed elevated expression of TNFR2 on colonic epithelial
cells [61]. Moreover, a positive correlation was observed
between CD and UC activity and serum concentration of
soluble forms of TNFR1 and TNFR2 [55]. Furthermore,
upregulated expression of TNFR2 (but not TNFR1)was found
on intestinal lamina propria CD4+ cells as well as peripheral
blood T cells of CD patients [62].

3.1. Role of TNF in the Dysregulation of Intestinal Barrier
Permeability. Several studies showed that TNF contributes
to the disruption of intestinal epithelial barrier which allows
for intestinal penetration of luminal antigens and promotes
intestinal inflammation (Table 2) [63–65]. Intestinal epithe-
lium integrity is provided by the presence of tight junctions
(TJ) located in the apical region of intestinal epithelial
cells. Data obtained in vitro by Ma et al. [63] showed that
stimulation of colonic epithelial Caco-2 cells withTNFdown-
regulated the expression of TJ-associated zonula occludens-1

proteins and altered their junctional localization in an NF-
𝜅B-dependent manner.

Transmembrane expression of TNF is regulated by a
pleiotropic metalloproteinase ADAM17 which is involved
in the cleavage of transmembrane TNF and its shedding
from the cell surface [66]. Cesaro et al. [67] reported
early posttranscriptional upregulation of ADAM17 in
intestinal mucosa of patients with highly active CD and, in
an in vitro model, in intestinal epithelial cells, which was
linked to transepithelial migration of polymorphonuclear
neutrophils. Treatment of TIMP3-deficient colonic epithelial
cell line HT29-C1.16E with TIMP3, an inhibitor of ADAM17
activity, decreased TNF shedding and sensitized the cells
to TNF-mediated epithelial hyperpermeability due to the
downregulation of zonula occludens-1 proteins [64]. Other
reports showed that IBD patients had also elevated mucosal
expression of another TNF sheddase, metalloprotease
ADAM19, localized mainly in epithelial cells [68], whereas
a mouse study demonstrated that shedding of TNF can be
mediated also by matrix metalloproteinase 13 (MMP13)
[69].

Epithelial barrier dysfunction can be mediated also by
increased expression of myosin light chain kinase (MLCK)
followed by subsequent phosphorylation of myosin II reg-
ulatory light chain (MLC) which results in the contraction
of the perijunctional ring composed of actin and myosin
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Table 2: Biological effects of TNF exerted on intestinal epithelium.

TNF function Model References
(1) Rearrangement of cytoskeletal elements

(i) Downregulation of zonula occludens-1 expression and
alteration of its intracellular localization

(i) Caco-2 cells (in vitro)
(ii) HT29-C1.16E cells (in vitro) [63, 64]

(ii) Upregulation of myosin light chain kinase expression (i) Caco-2 cells (in vitro)
(ii) Mouse model (in vivo) [65, 70]

(iii) Redistribution of zonula occludens-1, occludins, claudins,
E-cadherins, and myosin light chain kinase to basolateral
membranes of intestinal cells

Mouse model (in vivo) [71]

(2) Induction of intestinal epithelial cells’ apoptosis
(i) Induction of intestinal cells’ apoptosis via activation of caspase-3 Mouse model (in vivo) [71]
(ii) Induction of intestinal epithelial cells’ apoptosis via
upregulation of iNOS and p53 Mouse model (in vivo) [44, 72]

filaments [73]. Expression of MLCK was elevated in ileal and
colonic epithelium of CD and UC patients and correlated
with the activity of the disease [74]. In vitro investiga-
tion showed that TNF upregulated expression of MLCK
in Caco-2 cells pretreated with IFN-𝛾 which increased
expression of TNF receptors on the cell surface [65]. A
recent study on TNFR1 or TNFR2-deficient mice showed
that upregulation of MLCK and the loss of intestinal
epithelial barrier in CD4(+) CD45RB (high) T cell trans-
fer model of intestinal inflammation were dependent on
TNFR2 expressed on intestinal epithelium but not TNFR1
[70].

In an elegant in vivo study on mouse models, Marchi-
ando et al. [71] showed that TNF induced redistribution of
several TJ and adherens junction proteins, including zonula
occludens-1, occludins, claudins, and E-cadherin, as well as
MCLK, to basolateralmembranes of intestinal epithelial cells.
Furthermore, administration of TNF resulted not only in
the rearrangement of junctional proteins but also in the
shedding of whole cells from intestinal epithelium. These
events were preceded by caspase-3 activation due to the TNF-
induced activation of NF-𝜅B-dependent signalling pathway
and of proapoptotic pathways [71]. These data suggest that
TNF-triggered loss of intestinal epithelium integrity is a
complex process which involves not only rearrangement of
cytoskeletal elements but also direct induction of intestinal
cells’ apoptosis by TNF. Indeed, studies onmice showedTNF-
induced apoptosis of intestinal epithelial cells in a TNFR1-
and TNFR2-dependent manner [44, 72] which resulted in
increased intestinal permeability in vivo [44]. TNF signalling
upregulated expression of inducible nitric oxide synthase
(iNOS) which led to enhanced expression of a proapoptotic
protein p53 [72]. On the other hand, TNF participates
also in transactivation of epidermal growth factor receptor
(EGFR) [75] which signaling upregulates the expression
of cyclooxygenase-2 (COX-2) [76]. Increased expression of
COX-2 has been associated with enhanced cell resistance to
apoptosis, inflammation, and promotion of tumour progres-
sion [77]; therefore this aspect of TNF activity might have
relevance to development of IBD-associated cancers of the GI
tract [78].

3.2. Anti-TNF Agents in IBDTherapy. Currently, IBD therapy
based on blocking biological activity of TNF involves the
use of the following anti-TNF agents approved by Food
and Drug Administration (FDA) and European Medicines
Agency (EMA): (1) infliximab: chimeric monoclonal anti-
TNF antibody (approved by FDA and EMA for treatment
of CD and UC); (2) adalimumab: human monoclonal anti-
TNF antibody (approved by FDA for treatment of CD in
adults and by EMA for treatment of CD and UC); (3)
certolizumab pegol: humanized Fab’ fragment of anti-TNF
antibody conjugated to polyethylene glycol (approved by
FDA only for treatment of CD) [79]; (4) golimumab: human
monoclonal anti-TNF antibody (approved by FDA and EMA
for treatment of UC) [80]. Infliximab, adalimumab [81], and
certolizumab pegol [82] are effective in the treatment of
patients with moderate and severe CD who do not respond
to standard anti-inflammatory drugs and also when used as
a first-line therapy in CD. Moreover, randomised, controlled
trials showed also that infliximab [83, 84], adalimumab [85,
86], and golimumab [87, 88] induced remission in steroid-
or immunosuppressant-refractory patients with moderate or
severe UC. However, 10 to 40% of CD patients (depending
on selection criteria) and up to 50% of UC patients do not
respond to anti-TNF therapy (primary resistance) and about
one-third become resistant (secondary loss of response) at
12 months after initiation of anti-TNF treatment [89–91].
Interestingly, switching to another anti-TNF agent is effective
in over 50% of nonresponsive patients [92, 93]. Failure to
respond to anti-TNF therapy may result from pharmacoki-
netics of drugs, development of antibodies against the drugs,
or activity of other, TNF-independent, proinflammatory
pathways in IBD patients [91, 94, 95].

It has also to be noted that blockade of TNF biological
activity in IBD therapy may result in several adverse side
effects [82], including acute or delayed hypersensitivity reac-
tions to anti-TNF agents [96, 97], elevated risk of bacterial,
mycobacterial, viral, and fungal infections [98] (although
meta-analysis of clinical trials did not show increased rate
of infections in the course of anti-TNF treatment [89]), or
neurological complications [99–101]. Combinatory therapy
of CD patients with glucocorticoids, immunomodulators,
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and TNF inhibitors may be associated with an increased
risk of non-Hodgkin’s lymphoma, lung, skin, and other types
of cancers, although no causative relationship of anti-TNF
antibodies and carcinogenesis has been proven [90]. Anti-
TNF therapy may lead also to paradoxical inflammatory skin
(eczema and psoriasis) and joint (polyarthralgia) or ocular
(uveitis and scleritis) manifestations [102]. Other paradoxical
reactions include also demyelinating central nervous system
disorders, sarcoidosis, development of anti-nuclear antibod-
ies, and, in rare cases, lupus [89].Mechanisms leading to these
paradoxical reactions are not currently well known and most
probably involvemultiple pathogenic pathways. For example,
it has been recently reported that psoriasiform skin lesions
characterised by Th17 and Th1 cell infiltrates developed in
nearly 5% of anti-TNF-treated patients with IBD and that
smoking was identified as a main risk factor. Interestingly,
anti-IL-12/IL-23 antibody treatment was found to be a highly
effective therapy for these lesions [103].

Despite high efficacy of the majority of anti-TNF anti-
bodies in the therapy of a considerable proportion of both
CD and UC patients [90], the precise mechanisms of action
underlying the efficacy of anti-TNF agents in IBD therapy
have not been fully explained. In the last decade multiple
mechanisms of the anti-TNF antibodies such as blocking and
neutralizing of TNF molecules, regulation of cell adhesion
molecule expression, induction of regulatory macrophages,
or direct induction of apoptosis of T lymphocytes and
macrophages in the mucosal lamina propria and peripheral
blood have been proposed [104, 105]. However, the results of
newer studies suggest that increased apoptosis of Treg cells,
an important subset of T lymphocytes,may play an important
role in the pathogenesis of IBD and can be reversed by anti-
TNF𝛼 treatment [106, 107]. Moreover, infliximab and adal-
imumab (but not etanercept and certolizumab) were shown
to induce regulatorymacrophages (CD206+) in an Fc region-
dependent manner. In vitro these macrophages produced
anti-inflammatory cytokines and inhibited proliferation of
activated T cells [108], whereas in vivo a significant induction
of regulatory macrophages was observed in IBD patients
withmucosal healing after treatment with infliximab and this
induction was absent in patients without mucosal healing
response [109].

Recently, Leal et al. [110] using whole-genome transcrip-
tional analysis have found that anti-TNF treatment reduced
expression of a set of proinflammatory genes (including IL-
6, IL-23p19, and MMP9) as well as genes of cell-activation
markers (CD69, CD83, and VCAM-1) in patients who both
did and did not respond to this kind of therapy, suggesting
that it is not only the proinflammatory function of TNF that is
targeted by anti-TNF therapy. Moreover, they identified IL1B
and IL17A as genes that remained altered in nonresponders,
which suggests that respective proteins or their signaling
pathways may present a novel therapeutic target in IBD.

Since many studies have linked TNF to increased perme-
ability of intestinal epithelium [63–65], it is highly possible
that anti-TNF agents are involved in the protection of epithe-
lial barrier. Indeed, administration of infliximab restored
the proper function of intestinal epithelium in CD patients
[42, 111] and prevented TNF-induced rearrangement of tight

junction proteins (notably, occludin and zonula occludens-
1) in dinitrobenzene sulfonic acid- (DNBS-) induced col-
itis in mice [112]. These findings have been supported by
a recent in vitro study on intestinal epithelial cell lines
Caco-2 and T84 which showed that adalimumab restored
expression of tight junction proteins claudin-1, claudin-2,
and claudin-3 downregulated by exposure to TNF and IFN-
𝛾 [113]. Other studies demonstrated that infliximab and
adalimumab induced apoptosis of CD4(+) helper T cells
expressing TNFR2 and macrophages isolated from colonic
lamina propria of CD patients but not healthy subjects [23].
Furthermore, Eder et al. [114, 115] found that infliximab and
adalimumab promoted apoptosis of intestinal lamina propria
mononuclear cells present in inflamed but not noninflamed
areas of CD patients’ colonic mucosa via intrinsic pathway
mediated by Bcl-2 family proteins. Thus, infliximab and
adalimumab not only protect intestinal epithelial integrity
but also may suppress inflammatory process by inducing
apoptosis of immune cells present in intestinal mucosa.

The ongoing research aimed at the elucidation of the
cellular and molecular mechanisms of the anti-inflammatory
activity of some but not all anti-TNF antibodies in IBD should
help in designing more target-effective biological drugs.
Etanercept, a nonantibody soluble fusion protein composed
of the extracellular domain of TNFR2 and the hinge and
Fc fragments of human IgG1 antibody [116], is an anti-
TNF agent approved by FDA and EMA for treatment of
rheumatoid arthritis, psoriasis, psoriatic arthritis, ankylosing
spondylitis, and juvenile idiopathic arthritis but not IBD.
Even though experiments on mice with DNB-induced colitis
showed that etanercept reduced levels of circulating TNF and
prevented apoptosis of enterocytes equally well as infliximab
[112], studies on humans proved that response rates to
etanercept in CD treatment were comparable to placebo
[117]. A study by Scallon et al. [116] showed that infliximab
binds both monomeric and trimeric forms of soluble and
transmembraneTNF,whereas etanercept forms only unstable
complexes with soluble TNF which may contribute to pro-
longed half-life of circulating TNF. Furthermore, in contrast
to infliximab, etanercept did not induce apoptosis of acti-
vated T cells isolated from CD patients and healthy control
subjects [104]. The failure of etanercept in IBD therapy can
be attributed to its inability, in contrast to infliximab and
adalimumab, to inhibit T cell proliferation and to induce
regulatorymacrophages [108], caused probably by differences
in infliximab and etanercept binding to TNF.

4. TL1A

TL1A (TNF-like molecule 1A; TNFSF15) is the most recently
discovered member of the TNF superfamily, identified for
the first time in 2002 [118]. In humans, there are three dif-
ferent isoforms of the protein generated from TNFSF15gene
as a result of alternative splicing: VEGI-174 (174 amino
acids), VEGI-192 (192 amino acids), and the full-length
product, TL1A (VEGI-252; 252 amino acids) [118–120],
although VEGI-174 is most probably a cloning artefact
[118]. Primary function of VEGI-192 is the inhibition of
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angiogenesis [121], whereas TL1A is a proinflammatory factor
involved in the pathogenesis of several autoimmune diseases,
including arthritis, allergic lung inflammation, autoimmune
encephalomyelitis, and inflammatory bowel disease [26, 122–
124].

Similarly to TNF, TL1A exists in a soluble or transmem-
brane form [125–128]. It has been shown that recombinant
human TL1A forms a homotrimer resembling the trimeric
structure of other TNF superfamily members [129]; however,
still very little is known about the quaternary structure of the
native form of TL1A molecule.

TL1A expression is primarily found on activated cells of
the immune system, such as dendritic cells, macrophages
[128], andCD4(+) andCD8(+)T cells [122, 123], whereas very
little TL1A was found on nonactivated immune cells [118].
Known inducers of TL1A expression are TNF, IL-1 [118], Fc
fragments of IgG1 antibodies [128], and certain parasite- or
bacteria-related toll-like receptors (TLR) ligands, including
synthetic bacterial lipoprotein Pam3CSK4 (ligand for TLR1
and TLR2), lipopeptide FSL (ligand for TLR2), polyinosinic-
polycytidylic acid (ligand for TLR3), LPS (ligand for TLR4),
single-stranded RNA (ligand for TLR7), unmethylated DNA
sequences (ligands for TLR9), and tachyzoite antigen (ligand
for TLR11) [123, 130].

The main receptor for TL1A is death receptor 3 (DR3;
TNFRSF25) [118], structurally similar to TNFR1 [131]. DR3
was found to be strongly upregulated on activatedmonocytes
[132], NK cells [133], NKT cells [122], and B cells [134], as well
as CD4(+) T helper and CD8(+) T cytotoxic cells [133, 135].
TL1A, similarly to FasL and LIGHT, binds also soluble decoy
receptor 3 (DcR3, TNFRSF6B) which prevents functional
TL1A/DR3 signalling [127, 136].

Even though DR3 contains the death domain, TL1A has
been shown to induce apoptosis only in the erythroleukaemic
cell line TF-1 treated with an inhibitor of protein synthesis,
cycloheximide (CHX) [118, 137]. In activated T cells, however,
TL1A did not induce apoptosis even in the presence of CHX
[118]. Instead, TL1A/DR3 interactions in lymphocytes trig-
gered proliferative and costimulatory signals through acti-
vation of NF-𝜅B-mediated pathways [123, 133]. Thus, TL1A
is a proinflammatory molecule which primarily costimulates
proliferation and effector functions of CD8(+) cytotoxic T
cells [138] as well asTh1,Th2, andTh17 [30, 123, 126, 139, 140]
cells in the presence of TCR stimulation; however, in physio-
logical conditions, TL1A is not required for the differentiation
of these lymphocytes [123]. Furthermore, TL1A promotes
also maturation of dendritic cells [141, 142] and production
of proinflammatory cytokines (TNF, IL-8, and monocyte
chemotactic protein 1, MCP-1) by macrophages [132]. Apart
from conventional CD4(+) and CD8(+) T cells, TL1A/DR3
interaction promotes also proliferation of regulatory T cells
(Tregs) [143, 144], although sustained TL1A stimulation
in vitro dampens suppressive activity of Tregs [143–145].
Interestingly, in vitro studies also showed that TL1A inhibited
differentiation of Tregs from their precursor cells [143, 145].

Certain alleles of TNFSF15gene which encode TL1A
are associated with enhanced activity of TNFSF15promoter
region and are considered to increase susceptibility to Crohn’s
disease [146]. TL1A protein and mRNA were upregulated in

IBD and their synthesis was localized in CD patients to lam-
ina propria infiltrating cells such as macrophages, dendritic
cells, and CD4(+) and CD8(+) T cells [139, 140, 147] as well
as plasma cells isolated from colon mucosa of UC patients
[125]. IBD patients had also a higher proportion of DR3-
expressing lamina propria T cells than healthy subjects [125,
126] and the amount of TL1A protein as well as the number of
TL1A-positive cells correlated positively with the severity of
inflammation, most significantly in CD [125]. Furthermore,
studies on transgenic mice showed that constitutive elevated
expression of TL1A on T cells or dendritic cells resulted in
enhanced T cell activation and upregulation of IL-13, IL-17A,
and IFN-𝛾mRNA levels in intestinal mucosa and mesenteric
lymph nodes as well as spontaneous development of bowel
inflammation [143, 144].

Recently, a population of CD161(+)CD4(+) T cells has
been identified as a primary target of TL1A in IBD [148],
although other subpopulations of T cells may also respond
to TL1A costimulation. CD161(+)CD4(+) T cells express
DR3 [149] and their gut tropism is established by high
expression of intestine-homingmolecules such as integrin 𝛽7
and chemokine CCR6 [149, 150]. They bear characteristics of
Th17 cells and have been shown to produce proinflammatory
cytokines IL-17, IL-22, and IL-13. In inflammatory conditions,
however, they may revert their phenotype to Th1 type and
produce IFN-𝛾 [149–151]. In synergy with other proinflam-
matory cytokines, such as IL-12 and IL-18 or IL-23, TL1A
further enhances the inflammatory process by increasing
production of IFN-𝛾, IL-8, and IL-6 by lymphocytes [30, 125,
139, 140]. Thus, TL1A involvement in IBD pathomechanisms
may result from enhanced costimulation of effector T cells
and local upregulation of proinflammatory cytokines produc-
tion in parallel to defective generation of peripheral Tregs
and inhibition of suppressive activity of preexisting Tregs
[45, 46].

As one of the key regulators of inflammatory pathways,
TL1A appears to be a promising therapeutic target for patients
with T cell-mediated autoimmune diseases, including IBD,
although to this day none of TL1A blocking agents has yet
been tested in clinical trials. There are, however, reports
showing that antibody-mediated inhibition of TL1A biolog-
ical activity prevents the development of dextran sodium
sulphate- (DSS-) induced and T cell transfer-induced exper-
imental bowel inflammation in mice [139].

5. FasL

Fas ligand (FasL, CD95L, and TNFSF6) and its receptor
Fas (CD95, TNFRSF6) are other members of the TNF
superfamily involved in the pathogenesis of IBD. Cytotoxic T
cells and natural killer (NK) cells use FasL to kill tumour cells
or viruses-infected cells which express Fas. FasL is involved
also in maintaining immune homeostasis and preventing
autoimmunity via amechanism known as activation-induced
cell death (AICD) which relies on killing activated T cells
following their expansion and differentiation in a FasL-/Fas-
dependentmanner, thus preventing hyperactivation of T cell-
mediated immunity [47, 152].
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FasL is a transmembrane molecule, although it can be
enzymatically cleaved from cells [153]. An in vivo mouse
study showed, however, that only the transmembrane, but not
soluble, FasL was capable of triggering cell death [154]. In
contrast to Fas which is constitutively or inducibly expressed
on many different cell types, including colon epithelial
cells [155], FasL expression is tightly regulated and limited
to activated CD4(+) and CD8(+) T cells, NK cells, and
monocytes [47]. In physiological conditions, Paneth cells
are the only cells of the intestinal epithelium which express
FasL [156]. Expression of FasL was found also in tissues and
organs that lack resident or infiltrating lymphocytes (e.g., eye,
trophoblast, or testis) and onneurons and astrocytes aswell as
in several tumours where itmay contribute to the suppression
of local immune responses via induction of T cell apoptosis
[47].

The majority of studies concerning the role of FasL and
Fas in IBD have been conducted in patients with ulcerative
colitis rather than Crohn’s disease. Expression of FasL was
significantly elevated on CD3(+) lymphocytes infiltrating
colonic lamina propria in patients with active UC but not in
UC remission, active or remissionCD, or healthy subjects [34,
35]. Furthermore, serum concentration of systemic soluble
Fas was lower in patients with active UC compared to healthy
controls [35]. Nevertheless, there are also studies which
showed upregulation of FasL in colonic lamina propria and
intraepithelial lymphocytes of CD patients’ mucosa [36].

The exact role of Fas/FasL system in IBD has not been
fully elucidated. Taking into account the primary, proapop-
totic function of Fas/FasL signalling, its possible role in IBD
initially appeared to be similar to TNF/TNFR1 signalling:
intestinal epithelial cells expressing Fas targeted by FasL(+)
lymphocytes undergo apoptosis which may lead to the
increased permeability of intestinal epithelium [157]. Indeed,
an in vitro study demonstrated that ligation of Fas resulted
in apoptotic death of intestinal epithelial cells isolated from
mucosa of UC patients [158]. This concept was supported
also by the fact that in healthy colon expression of FasL
was restricted only to few mononuclear cells of lamina
propria, suggesting that proapoptotic function of Fas/FasL
systemwas not involved in regeneration of colonic epithelium
but in pathogenesis of IBD [159]. A more recent study,
however, showed that colonocytes isolated from patients with
active UC had attenuated response to Fas-mediated apoptosis
induction compared to healthy subjects and patients in
remission [160]. Furthermore, authors of two mouse studies
demonstrated that Fas-deficient mice were hypersensitive to
dextran sodium sulphate- (DSS-) induced colitis [161] and
did not show any significant reduction in tissue damage,
even though they exhibited an increased rate of intestinal
epithelial cell apoptosis in gut inflammation model based
on administration of T cell activating anti-CD3 antibody
[162]. These findings suggest that colonocytes may activate
cytoprotective programs in response to inflammation and
may not be oversensitive to Fas-dependent apoptosis as had
been initially proposed [160].

Several studies showed that T cells from inflamed
mucosa of CD and UC patients were more resistant to
Fas-mediated apoptosis than control T cells from healthy

individuals [163–165]. Suzuki et al. [166] found that in UC
mucosa the population of CD45RO(+)CD4(+) T cells was
less prone to Fas-mediated cell death than the population
of CD45RO(+)CD8(+) T cells. Thus, potentially harmful,
proinflammatory T cells may accumulate in the intestinal
mucosa of IBD patients and induce tissue damage.

Fas and FasL, while playing an important role in the
regulation of apoptosis, have also nonapoptotic functions.
Fas contains the death domain and, in contrast to TNFR1,
had been thought to be involved only in proapoptotic but
not prosurvival signalling [167]. However, it has been shown
recently that although strong Fas stimulation blocked activa-
tion of human CD4(+) helper T cells, weak Fas stimulation
together with TCR signalling augmented their proliferation
via activation of MAP kinases, transcription factors, and cell
cycle activators [168].

FasL contributes to costimulation of T cells also by a
phenomenon termed “reverse signalling.” Under this con-
dition ligation of transmembrane FasL by functional Fas
or DcR3 (a soluble decoy receptor for FasL, TL1A, and
LIGHT) triggers signal transduction from FasL, resulting in
the enhanced proliferation of mouse CD8(+) cytotoxic T
cells [169–172]. These findings add much more complexity to
possible roles of Fas/FasL system in the pathomechanisms of
IBD which, theoretically, can be involved not only in direct
disruption of epithelial continuity but also in costimulation
of proinflammatory T cells. Since the details of Fas/FasL role
in IBD still remain largely unknown, agents directly inter-
fering with Fas signalling have yet not been tested for IBD
treatment.

6. LIGHT

LIGHT (lymphotoxin-like inducible protein that competes
with glycoprotein D for binding herpesvirus entry mediator
on T cell, TNFSF14), ligand for the lymphotoxin beta recep-
tor (LT𝛽R, TNFRSF3), and the herpesvirus entry mediator
(HVEM; TNFRSF14) are expressed mostly on activated T
cells, although they were found also on monocytes, granu-
locytes, and immature dendritic cells [173, 174]. LT𝛽R and
HVEM receptors do not contain the death domain; therefore
they are considered to be involved in prosurvival signalling
[167]. Indeed, interaction between LIGHT and HVEM was
found to enhance proliferation and effector functions of
CD8(+) cytotoxic T cells [25], stimulate expansion of CD4(+)
helper T cells, and promote their differentiation intoTh1 cells
[28].

Several studies indicate that LIGHT contributes to the
development of intestinal inflammation. Transgenic mice
with elevated expression of LIGHT spontaneously develop
colitis [175]. Adoptive transfer of mesenteric lymph node
cells expressing LIGHT into immunodeficient RAG−/−mice
resulted in Th1-mediated intestinal inflammation dependent
on both LIGHT receptors (LT𝛽R and HVEM) [49]. Fur-
thermore, induction of colitis in mice by DSS resulted in
strong upregulation of LIGHT mRNA in colon mucosa,
whereas LIGHT-deficient mice showed significantly reduced
symptoms of DSS-induced colon inflammation [176].
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The pathological role of LIGHT in human IBD has been
hardly investigated, although in IBD patients upregulation
of LIGHT mRNA in inflamed intestinal mucosa when com-
pared to noninflamed areas has been demonstrated [37].
Blockade of LIGHT as a way of IBD treatment has not been
tested in clinical settings, although administration of anti-
LIGHT antibodies reduced symptoms of DSS-induced colon
inflammation in mice [176].

7. DcR3

DcR3, soluble receptor for TL1A, FasL, and LIGHT, is a
member of the TNF receptor superfamily that does not
contain the transmembrane domain [127, 136]. As a soluble
receptor, it inhibits the interaction between its ligands and
their membrane-bound receptors, thus suppressing their
biological activity. Elevated expression of DcR3 was detected
in inflamed mucosa and serum of CD and UC patients [177–
179].The biological significance of this phenomenon remains
unclear, although DcR3 is thought to play a protective role
in IBD. For example, Funke et al. [179] showed that DcR3,
acting as a soluble decoy receptor, limited the bioavailability
of FasL and protected intestinal epithelial cells from FasL-
mediated apoptosis. In a similar way, DcR3 may also prevent
the proinflammatory effect exerted by TL1A; thus, it has
been proposed that upregulation of DcR3 expression during
intestinal inflammationmay have a compensatory, protective
effect [45].

8. TRAIL

Certain reports indicate that another member of the TNF
superfamily, TRAIL (TNF-related apoptosis inducing ligand,
TNFSF10), expressed in a large variety of tissues including
intestines may be involved in the pathogenesis of IBD [159].
Similarly to TNF, TRAIL is able to induce apoptosis and can
also activate the prosurvival transcription factor NF-𝜅B. Five
receptors of TRAIL have been identified to date. TRAIL-
R1 (TNFRSF10A; DR4) and TRAIL-R2 (TNFRSF-10B; DR5)
contain the death domain in their cytoplasmic fragments
and are involved in functional TRAIL signalling [128].
Other molecules, TRAIL-R3 (TNFRSF10C; DcR1) without
the death domain and TRAIL-R4 (TNFRSF10D; DcR2) with
defective death domain and soluble osteoprotegerin (OPG,
TNFRSF11B), are considered to be decoy receptors [167].

Expression of TRAIL was found to be downregulated in
intestinal epithelial cells of IBD patients [180]; however, it
was significantly elevated inmononuclear cells of the resected
inflamed mucosa in both CD and UC patients with highly
active, steroid-refractory disease [38, 180].

Even though the exact role of TRAIL in IBD pathogenesis
remains undefined, the available data suggest that TRAIL-
expressing mononuclear cells present in lamina propria
disrupt the integrity of intestinal epithelium by inducing
apoptosis of enterocytes. This notion was supported by an
ex vivo study on ileal organ cultures which revealed that
under inflammatory conditions TRAIL became a potent
inducer of apoptosis in intestinal epithelial cells [38]. TRAIL

is also a potent mediator of apoptotic death of intestinal
fibroblasts in fibrostenosing intestinal areas in CD. Since
collagen deposits and fibroblast proliferation are factors
contributing to the development of strictures and fistulas,
relatively common in CD patients, TRAIL can be involved
also in tissue remodelling associated with CD [50].

9. TWEAK

TWEAK (TNF-like weak inducer of apoptosis, TNFSF12)
acts through its receptor Fn14 (TNFRSF12; TWEAK-R) and
has multiple biological activities, including stimulation of
cell growth, induction of proinflammatory cytokines, and,
in certain experimental settings, induction of apoptosis.
TWEAK protein is expressed mostly in immune cells such
as T cells, macrophages, or dendritic cells, although it was
found also in nonhematopoietic cell types like astrocytes
or endothelial cells [181]. Expression of TWEAK receptor,
Fn14, was found on a variety of cells, including cells of
intestinal mucosa. Fn14 does not contain the death domain
and its stimulation with TWEAK results in activation of the
transcription factor NF-𝜅B [181, 182].

There are very few studies concerning the role of TWEAK
in IBD pathogenesis; however in the intestinal mucosa of
UC patients messenger RNA levels of IL-13, TWEAK, and
Fn14 increased with disease activity [39]. TWEAK deficiency
or reduction of its biological activity by anti-TWEAK mon-
oclonal antibodies reduced expression of proinflammatory
cytokines, neutrophil, and macrophage infiltration decreas-
ing severity of trinitrobenzenesulfonic (TNBS) acid-induced
colitis inmice [51]. Furthermore, even though TWEAK alone
did not induce damage or apoptosis of intestinal epithelial
cells, it was required, together with Fn14 and TNF, for IL-13-
induced activation of caspase-3 in enterocytes isolated from
𝛾-irradiatedmice [39]. In vitro studies on rhabdomyosarcoma
cell line Kym-1 showed that TWEAK upregulated expression
of transmembrane TNF which in turn induced cell apoptosis
via TNFR1 [183]. Furthermore, TWEAK stimulation syner-
gistically enhanced TNFR1-mediated apoptotic cell death of
Kym-1 cells [183] which can be explained by the fact that
TWEAK induces translocation of antiapoptotic adaptor pro-
tein TRAF2 from the TNFR1 signalling complex, enhancing
proapoptotic signalling of this receptor [184]. The question
whether these mechanisms are active also in vivo in intestinal
epithelium has not yet been studied.

10. Conclusions

Members of the TNF superfamily contribute to the patho-
genesis of IBD in two ways. (i) They disrupt the integrity of
intestinal epithelium by altering the arrangement of adhesion
proteins in enterocytes (TNF), inducing apoptotic death
of enterocytes (TNF, FasL, TRAIL, and TWEAK), and/or
(ii) they promote the proinflammatory activity of mucosa-
infiltratingmononuclear cells (TNF, TL1A, LIGHT, TWEAK,
and possibly FasL) and affect the activity of regulatory T cells
and regulatory macrophages (Figure 1).
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Figure 1: Two major mechanisms which implicate the molecules belonging to the TNFSF in the pathomechanisms of IBD. (a) Disruption of
intestinal epithelium integrity allows luminal bacterial antigens to cross the epithelial barrier and migrate into the intestinal mucosa where
they elicit immune responses. (b) Activation of mucosa-infiltrating T lymphocytes.

TNF superfamily members have attracted large attention
as potential therapeutic targets in IBD treatment. Currently,
however, the only TNFSF member targeted in clinical treat-
ment of IBD is TNF. Another promising target, although still
not tested in clinical trials, is TL1A which appears to be one
of the key factors regulating the inflammatory pathways in
IBD. The other members of TNF superfamily involved in
IBD pathogenesis (FasL, LIGHT, TRAIL, and TWEAK) still
require more in-depth studies to clearly define their function
in intestinal inflammation. It has to be emphasized, however,
that inflammatory injury of intestinalmucosa, amajor feature
of IBD, is mediated not only by the cross talk between various
TNF superfamily members and their respective receptors
since it results from the interactions of many cell types and
inflammatory mediators which trigger multiple intracellular
signalling pathways. Therefore, despite great therapeutic
progress achieved in the treatment of Crohn’s disease and
ulcerative colitis by targeting TNF with various types of
antibodies, further detailed studies are necessary to better
understand the pathomechanisms of tissue injury in IBD
aimed at defining more specific therapeutic targets.
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[68] E. Franzè, R. Caruso, C. Stolfi et al., “High expression of the
“A disintegrin and metalloprotease” 19 (ADAM19), a sheddase
for TNF-a in the mucosa of patients with inflammatory bowel
diseases,” Inflammatory Bowel Diseases, vol. 19, no. 3, pp. 501–
511, 2013.

[69] R. E. Vandenbroucke, E. Dejonckheere, F. VanHauwermeiren et
al., “Matrix metalloproteinase 13 modulates intestinal epithelial
barrier integrity in inflammatory diseases by activating TNF,”
EMBOMolecular Medicine, vol. 5, no. 7, pp. 932–948, 2013.

[70] L. Su, S. C. Nalle, L. Shen et al., “TNFR2 activates mlck-
dependent tight junction dysregulation to cause apoptosis-
mediated barrier loss and experimental colitis,” Gastroenterol-
ogy, vol. 145, no. 2, pp. 407–415, 2013.

[71] A. M. Marchiando, L. Shen, W. V. Graham et al., “The epithelial
barrier is maintained by in vivo tight junction expansion during
pathologic intestinal epithelial shedding,”Gastroenterology, vol.
140, no. 4, pp. 1208–1218, 2011.

[72] T. Goretsky, R. Dirisina, P. Sinh et al., “P53 mediates TNF-
induced epithelial cell apoptosis in IBD,” American Journal of
Pathology, vol. 181, no. 4, pp. 1306–1315, 2012.

[73] K. E. Cunningham and J. R. Turner, “Myosin light chain kinase:
pulling the strings of epithelial tight junction function,” Annals
of the New York Academy of Sciences, vol. 1258, no. 1, pp. 34–42,
2012.

[74] S. A. Blair, S. V. Kane, D. R. Clayburgh, and J. R. Turner,
“Epithelial myosin light chain kinase expression and activity
are upregulated in inflammatory bowel disease,” Laboratory
Investigation, vol. 86, no. 2, pp. 191–201, 2006.

[75] T. Yamaoka, F. Yan, H. Cao et al., “Transactivation of EGF
receptor and ErbB2 protects intestinal epithelial cells from
TNF-induced apoptosis,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 105, no. 33, pp.
11772–11777, 2008.

[76] S. S. Hobbs, J. A. Goettel, D. Liang et al., “TNF transactiva-
tion of EGFR stimulates cytoprotective COX-2 expression in
gastrointestinal epithelial cells,”American Journal of Physiology-
Gastrointestinal and Liver Physiology, vol. 301, no. 2, pp. G220–
G229, 2011.

[77] K. Xu, L. Wang, and H. K. Shu, “COX-2 overexpression
increases malignant potential of human glioma cells through
Id1,” Oncotarget, vol. 5, no. 5, pp. 1241–1252, 2014.

[78] M. Lukas, “Inflammatory bowel disease as a risk factor for
colorectal cancer,” Digestive Diseases, vol. 28, no. 4-5, pp. 619–
624, 2010.

[79] I. Pache, G. Rogler, and C. Felley, “TNF-𝛼 blockers in inflam-
matory bowel diseases: practical consensus recommendations

and a user's guide,” Swiss Medical Weekly, vol. 139, no. 19-20, pp.
278–287, 2009.

[80] E. G. Boyce, J. Halilovic, and O. Stan-Ugbene, “Golimumab:
review of the efficacy and tolerability of a recently approved
tumor necrosis factor-𝛼 inhibitor,”ClinicalTherapeutics, vol. 32,
no. 10, pp. 1681–1703, 2010.

[81] J. Dretzke, R. Edlin, J. Round et al., “A systematic review and
economic evaluation of the use of tumour necrosis factor-alpha
(TNF-𝛼) inhibitors, adalimumab and infliximab, for crohn's
disease,”Health Technology Assessment, vol. 15, no. 6, pp. 1–250,
2011.

[82] O. H. Nielsen, J. B. Seidelin, L. K. Munck, and G. Rogler, “Use
of biological molecules in the treatment of inflammatory bowel
disease,” Journal of Internal Medicine, vol. 270, no. 1, pp. 15–28,
2011.

[83] M. M. Lawson, A. G. Thomas, and A. K. Akobeng, “Tumour
necrosis factor alpha blocking agents for induction of remission
in ulcerative colitis,” Cochrane Database of Systematic Reviews,
vol. 3, Article ID CD005112, 2006.

[84] S. M. Wilhelm, K. A. McKenney, K. N. Rivait, and P. B. Kale-
Pradhan, “A review of infliximab use in ulcerative colitis,”
Clinical Therapeutics, vol. 30, no. 2, pp. 223–230, 2008.

[85] W.Reinisch,W. J. Sandborn,D.W.Hommes et al., “Adalimumab
for induction of clinical remission in moderately to severely
active ulcerative colitis: results of a randomised controlled trial,”
Gut, vol. 60, no. 6, pp. 780–787, 2011.

[86] W. J. Sandborn, G. Van Assche, W. Reinisch et al., “Adali-
mumab induces and maintains clinical remission in patients
with moderate-to-severe ulcerative colitis,” Gastroenterology,
vol. 142, no. 2, pp. 257–265, 2012.

[87] W. J. Sandborn, B. G. Feagan, C. Marano et al., “Subcutaneous
golimumab induces clinical response and remission in patients
with moderate-to-severe ulcerative colitis,” Gastroenterology,
vol. 146, no. 1, pp. 85–95, 2014.

[88] W. J. Sandborn, B. G. Feagan, C. Marano et al., “Subcuta-
neous golimumab maintains clinical response in patients with
moderate-to-severe ulcerative colitis,” Gastroenterology, vol.
146, no. 1, pp. 96.e1–109.e1, 2014.

[89] L. Peyrin-Biroulet, P. Deltenre, N. de Suray, J. Branche, W.
J. Sandborn, and J. Colombel, “Efficacy and safety of tumor
necrosis factor antagonists in Crohn's disease: meta-analysis of
placebo-controlled trials,” Clinical Gastroenterology and Hepa-
tology, vol. 6, no. 6, pp. 644–653, 2008.

[90] O. H. Nielsen and M. A. Ainsworth, “Tumor necrosis factor
inhibitors for inflammatory bowel disease,” New England Jour-
nal of Medicine, vol. 369, no. 8, pp. 754–762, 2013.

[91] A. J. Yarur, M. T. Abreu, A. R. Deshpande et al., “Therapeutic
drug monitoring in patients with inflammatory bowel disease,”
World Journal of Gastroenterology, vol. 20, no. 13, pp. 3475–3484,
2014.

[92] S. Danese, G. Fiorino, L. Peyrin-Biroulet et al., “Biological
agents for moderately to severely active ulcerative colitis: a sys-
tematic review and network meta-analysis,” Annals of Internal
Medicine, vol. 160, no. 10, pp. 704–711, 2014.

[93] S. Ben-Horin, U. Kopylov, and Y. Chowers, “Optimizing anti-
TNF treatments in inflammatory bowel disease,”Autoimmunity
Reviews, vol. 126, no. 6, pp. 1593–1610, 2014.

[94] R. Altwegg and T. Vincent, “TNF blocking therapies and
immunomonitoring in patients with inflammatory bowel dis-
ease,”Mediators of Inflammation, vol. 2014, Article ID 172821, 7
pages, 2014.



Mediators of Inflammation 13

[95] G. R. Lichtenstein, “Comprehensive review: antitumor necro-
sis factor agents in inflammatory bowel disease and factors
implicated in treatment response,” Therapeutic Advances in
Gastroenterology, vol. 6, no. 4, pp. 269–293, 2013.

[96] P. Campi, M. Benucci, M.Manfredi, and P. Demoly, “Hypersen-
sitivity reactions to biological agents with special emphasis on
tumor necrosis factor-𝛼 antagonists,”CurrentOpinion inAllergy
and Clinical Immunology, vol. 7, no. 5, pp. 393–403, 2007.

[97] A. Barbaud, F. Granel, J. Waton, and C. Poreaux, “How to man-
age hypersensitivity reactions to biological agents?” European
Journal of Dermatology, vol. 21, no. 5, pp. 667–674, 2011.

[98] P. Deepak, D. J. Stobaugh, and E. D. Ehrenpreis, “Infectious
complications of TNF-alpha inhibitor monotherapy versus
combination therapy with immunomodulators in inflamma-
tory bowel disease: analysis of the Food and Drug Administra-
tion Adverse Event Reporting System,” Journal of Gastrointesti-
nal and Liver Diseases, vol. 22, no. 3, pp. 269–276, 2013.

[99] P. Lozeron, C. Denier, C. Lacroix, and D. Adams, “Long-term
course of demyelinating neuropathies occurring during tumor
necrosis factor-a-blocker therapy,” Archives of Neurology, vol.
66, no. 4, pp. 490–497, 2009.

[100] P. Deepak, D. J. Stobaugh, M. Sherid, H. Sifuentes, and E. D.
Ehrenpreis, “Neurological events with tumour necrosis factor
alpha inhibitors reported to the Food and Drug Administration
Adverse Event Reporting System,” Alimentary Pharmacology
andTherapeutics, vol. 38, no. 4, pp. 388–396, 2013.

[101] G.Moris, “Inflammatory bowel disease: an increased risk factor
for neurologic complications,” World Journal of Gastroenterol-
ogy, vol. 20, no. 5, pp. 1228–1237, 2014.

[102] G. Fiorino, S. Danese, B. Pariente, and M. Allez, “Paradox-
ical immune-mediated inflammation in inflammatory bowel
disease patients receiving anti-TNF-𝛼 agents,” Autoimmunity
Reviews, vol. 13, no. 1, pp. 15–19, 2014.

[103] C. Tillack, L. M. Ehmann, M. Friedrich et al., “Anti-TNF
antibody-induced psoriasiform skin lesions in patients with
inflammatory bowel disease are characterised by interferon-
gamma-expressing Th1 cells and IL-17A/IL-22-expressing Th17
cells and respond to anti-IL-12/IL-23 antibody treatment,” Gut,
vol. 63, no. 4, pp. 567–577, 2014.

[104] J. M. H. Van den Brande, H. Braat, G. R. Van den Brink et
al., “Infliximab but not etanercept induces apoptosis in lamina
propria T-lymphocytes from patients with Crohn's disease,”
Gastroenterology, vol. 124, no. 7, pp. 1774–1785, 2003.

[105] J. Mudter and M. F. Neurath, “Apoptosis of T cells and the con-
trol of inflammatory bowel disease: therapeutic implications,”
Gut, vol. 56, no. 2, pp. 293–303, 2007.

[106] C. Veltkamp, M. Anstaett, K. Wahl et al., “Apoptosis of regula-
tory T lymphocytes is increased in chronic inflammatory bowel
disease and reversed by anti-TNF𝛼 treatment,” Gut, vol. 60, no.
10, pp. 1345–1353, 2011.

[107] G. Boschetti, S. Nancey, F. Sardi, X. Roblin, B. Flourié, and D.
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Tumor necrosis factor alpha (TNF-𝛼) is a proinflammatory cytokine that exerts both homeostatic and pathophysiological roles in
the central nervous system. In pathological conditions,microglia release large amounts of TNF-𝛼; this de novo production of TNF-𝛼
is an important component of the so-called neuroinflammatory response that is associated with several neurological disorders.
In addition, TNF-𝛼 can potentiate glutamate-mediated cytotoxicity by two complementary mechanisms: indirectly, by inhibiting
glutamate transport on astrocytes, and directly, by rapidly triggering the surface expression of Ca+2 permeable-AMPA receptors and
NMDA receptors, while decreasing inhibitory GABAA receptors on neurons.Thus, the net effect of TNF-𝛼 is to alter the balance of
excitation and inhibition resulting in a higher synaptic excitatory/inhibitory ratio. This review summarizes the current knowledge
of the cellular and molecular mechanisms by which TNF-𝛼 links the neuroinflammatory and excitotoxic processes that occur in
several neurodegenerative diseases, but with a special emphasis on amyotrophic lateral sclerosis (ALS). Asmicroglial activation and
upregulation of TNF-𝛼 expression is a common feature of several CNS diseases, as well as chronic opioid exposure and neuropathic
pain, modulating TNF-𝛼 signaling may represent a valuable target for intervention.

1. Introduction

Tumor necrosis factor alpha (TNF-𝛼) was originally iden-
tified as a factor that leads to rapid necrosis of trans-
plantable tumors in mice [1] and now it is considered a
proinflammatory cytokine involved in the innate immune
response [2]. In the central nervous system (CNS) TNF-𝛼
exerts both homeostatic and pathophysiological roles [3, 4].
In the healthy CNS TNF-𝛼 has regulatory functions on
crucial physiological processes such as synaptic plasticity
[5, 6], learning and memory [7, 8], sleep [9], food and
water intake [10], and astrocyte-induced synaptic strength-
ening [11]. In pathological conditions, astrocytes and mainly
microglia release large amounts of TNF-𝛼; this de novo
production of this cytokine is an important component of
the so-called neuroinflammatory response that is associated
with several neurological disorders [3, 12–14]. In addition,
TNF-𝛼 can potentiate glutamate-mediated cytotoxicity by
two complementary mechanisms: indirectly, by inhibiting

glutamate transport on astrocytes, and directly, by increasing
the localization of ionotropic glutamate receptors to synapses
[15]. Neuroinflammation and excitotoxicity have key roles
as triggers and sustainers of the neurodegenerative process
and thus, elevated levels of TNF-𝛼 have been found in
traumatic brain injury [16], ischemia [17, 18], Alzheimer’s
disease (AD) [19, 20], Parkinson’s disease (PD) [21, 22],
multiple sclerosis (MS) [23, 24], and amyotrophic lateral
sclerosis (ALS) [25, 26]. This review summarizes the current
knowledge of the cellular and molecular mechanisms by
which TNF-𝛼 potentiates excitotoxicity and describes its
key role in linking the neuroinflammatory and excitotoxic
processes that take place not only in ALS but also in other
common neurodegenerative diseases.

2. TNF-𝛼 Signaling

TNF-𝛼 is first synthesized as a transmembrane protein
(tmTNF-𝛼). The cleavage of the extracellular domain of
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tmTNF-𝛼 by the matrix metalloprotease TNF-𝛼-converting
enzyme (TACE) releases a soluble TNF-𝛼 (sTNF-𝛼)
homotrimer. Remarkably, both tmTNF-𝛼 and sTNF-𝛼 are
biologically active and their signal transduction involves
binding to two distinct surface receptors, TNF-𝛼 receptor
1 (TNFR1 or p55TNFR) and TNF-𝛼 receptor 2 (TNFR2 or
p75TNFR), which are different in their expression pattern,
downstream signal-transduction cascades, and binding
affinity for TNF-𝛼 [27–29]. The cytoplasmic tail of TNFR1
contains a death domain; however, this motif is missing in
TNFR2. Although initially it was considered that TNFR1
activation was involved in the cytotoxic and apoptotic effects
of TNF-𝛼, and those related to cell survival and proliferation
involved TNFR2 activation, now it is becoming clear that
TNFR2 can also induce cell death [30]. Binding of the TNF-𝛼
trimer to the extracellular domain of TNFR1 induces receptor
trimerization and recruitment of the adaptor protein TNF
receptor-associated death domain (TRADD), which in turn
recruits additional adaptor proteins: receptor-interacting
protein (RIP), TNF receptor-associated factor 2 (TRAF2),
and Fas-associated death domain (FADD).This latter protein
mediates recruitment and activation of caspases 8 and 10
that initiate a protease cascade that leads to apoptosis [31].
TNFR1 signaling also results in the activation of the following
signal transduction pathways: the nuclear factor-kappa B
(NF-𝜅B), the extracellular signal-regulated kinase (ERK), the
c-Jun N-terminal kinase (JNK), the p38 mitogen-activated
protein kinase (p38 MAPK), the acidic sphingomyelinase
(A-SMase), and the neutral sphingomyelinase (N-SMase)
pathways. These pathways regulate the expression of several
genes, and some of them, particularly those regulated
by the NF-𝜅B pathway, have antiapoptotic effects. With
the exception of the SMase pathways, the above signal
transduction pathways can also be induced through TNFR2
signaling because TRAF2 (along with TRAF1) can directly
associate to the intracellular domain of the TNFR2 receptor
(reviewed by [32, 33]).

3. TNF-𝛼 and Neuroinflammation

Neuroinflammation in the CNS refers to the collective
response of microglia, and to a lesser extent of astro-
cytes and oligodendrocytes, against diverse insults (invading
pathogens, trauma, aggregated or modified proteins, stroke,
etc.) designed to remove or inactivate the noxious agents
and to inhibit and reverse their detrimental effects. The glial
response can be considered as an innate immunemechanism,
whereas the participation in the neuroinflammatory process
of lymphocytes (mainly T cells) carrying binding sites for spe-
cific antigens is an acquired immunemechanism [14]. In neu-
rodegenerative diseases, both innate and acquired immune
mechanisms are unable to resolve the triggers, creating a
self-sustaining environment where the neuroinflammation
persists, thus leading to a chronic neuroinflammation.

Although astrocytes and neurons are able to produce
TNF-𝛼 [34–36], it is assumed that microglia are the major
source of this cytokine during neuroinflammation [37, 38].
The cytokine interferon gamma (IFN-𝛾) is a potent inducer
of TNF-𝛼 gene expression in microglia [38–40], and also

it upregulates the expression of adhesion/costimulatory
molecules, like the major histocompatibility complex (MHC)
class II molecules to sustain antigen-dependent T-cell activa-
tion [41, 42]. The different inflammatory stimuli that activate
microglia during neuroinflammation trigger different signal-
ing pathways including p38MAPK, JNK, NF-𝜅B, and ERK1/2
[43–46], making it difficult to determine which of them is
in fact implicated in the induction of TNF-𝛼 expression.
In our laboratory, we demonstrated that the sole inhibition
of the mitogen-activated protein kinase and ERK kinase
(MEK)/ERK signaling pathway with U0126 or apigenin was
enough to inhibit the LPS or the IFN-𝛾-stimulated TNF-𝛼
expression in the BV-2microglial cell line [47]. Similar results
had been previously published in human monocytes [48]. As
IFN-𝛾 is produced by T cells but not in significant amounts
by any CNS resident cells, including microglia [49, 50], it has
been proposed that, in neurodegenerative diseases, activated
T cells would infiltrate into the parenchyma of the CNS [51–
54] releasing their own inflammatory mediators, including
IFN-𝛾 [55, 56]. In this sense, in ALS, lymphocytic infiltrates
and antibody deposits were detected in postmortem CNS
tissues [57] and, more recently, increased CD4+ and CD8+ T
cells were found to invade the brain in postmortem human
specimens and in a mouse model of PD [58]. Although the
role of the infiltrated T cells in the CNS is controversial, since
both CD4+ and CD8+ T cells can have detrimental [59] or
protective effects [60–62], it may be proposed that, during the
neuroinflammatory process, these infiltrated cells release the
cytokine IFN-𝛾 which, via the MEK/ERK signaling pathway,
induces in microglia an increased de novo TNF-𝛼 production
and release (Figure 1). However, T cells may not be present
in the CNS at early disease stages; for example, in ALS,
T cells infiltrate the spinal cord as disease progresses [63].
Thus, microglia can be activated to release TNF-𝛼 at early
asymptomatic disease stages by sensing the earliest neuronal
stress and later, infiltrated T cells releasing IFN-𝛾would keep
microglia in an active state [64, 65].

These findings indicate that IFN-𝛾 and TNF-𝛼 have
key roles in the glial-T-cell dialogue that occurs during
neuroinflammation, as they are involved in T-cell adhesion to
endothelial cells, extravasation, and T-cell and glial activation
[54]. In this regard, we have demonstrated that IFN-𝛾 and
TNF-𝛼 have complementary roles in inducible microglial
nitric oxide generation [47] and that both cytokines, through
the induction of the expression of several prooxidative
enzymes, cooperatively induce oxidative stress andmotoneu-
ron death [66].

4. TNF-𝛼 and Excitotoxicity

Glutamate is the main excitatory neurotransmitter in the
mammalian CNS and is involved in many aspects of normal
brain function [67]. Excitotoxicity refers to a process of
neuronal death caused by excessive or prolonged activation of
receptors for this excitatory amino acid [68]. A role for excito-
toxicity in the aetiology or progression of many human acute
or chronic neurodegenerative diseases, including ischemia,
AD, PD, MS, and ALS has been proposed (reviewed by [69]).
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The first reports demonstrating that TNF-𝛼 was able
to potentiate excitotoxicity were performed in human neu-
ronal cultures. Gelbard et al. demonstrated that subtoxic
doses of both TNF-𝛼 and 𝛼-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) were neurotoxic when
combined [70]. Similar results were published one year later
showing that TNF-𝛼 potentiated glutamate neurotoxicity and
that this effect could be blocked by competitive (2-APV) and
noncompetitive (MK-801) NMDA receptor antagonists [71].
Later, and by working on rat spinal cord, it was demonstrated
that nanoinjections of nontoxic doses of either TNF-𝛼 or
kainate (KA) alone into the thoracic gray matter resulted
in almost no tissue damage; however, the combination of
these substances at the same doses produced a large area of
tissue necrosis and neuronal cell death, an effect that could
be reverted by the AMPA receptor antagonist 6-cyano-7-
nitroquinoxaline 2,3-(1H,4H)-dione (CNQX) [72].

5. Potentiation of Excitotoxicity by
TNF-𝛼: Role of Glial Cells

After the above previous works, the role of glial cells in
TNF-𝛼 induced neuronal death was investigated. In mouse
primary microglia it was demonstrated that TNF-𝛼, through
the TNFR1 pathway, induces excitotoxicity by promoting
microglial glutamate release from hemichannels of gap junc-
tions in an autocrine manner [73]. Moreover, in rat primary
microglia it was found that agonist stimulation of group 2
metabotropic glutamate receptors (mGluR2) induced TNF-𝛼
release, and when this microglial-conditioned medium was
added to cerebellar granule neurons in culture resulted in
caspase-3 activation and apoptotic cell death. The authors
also identified microglial-released Fas ligand as an essential
cofactor for the TNF-𝛼-induced neurotoxicity [74]. Simi-
lar results were obtained on hippocampal neurons where
TNF-𝛼 derived from KA-activated microglia also resulted
in apoptotic neuronal cell death [75]. Thus, two potential
microglial autocrine loops participating in excitotoxicity
can be identified: first, TNF-𝛼 promotes further microglial
TNF-𝛼 production and release through TNFR1 signaling
[76] and second, TNF-𝛼 induces glutamate release that acts
on microglial mGluR2 to induce more TNF-𝛼 production
(Figure 1).

In astroglia, the interaction of TNF-𝛼 with TNFR1 ini-
tiates a sequence of intracellular signaling events that leads
to generation of prostaglandin E

2
that, in turn, activates

the elevation of intracellular calcium followed by glutamate
exocytosis [77, 78]. The excessive glutamate concentrations
resulting fromTNF-𝛼 stimulation of astroglial andmicroglial
TNFR1 could be diminished by the glutamate uptake system
[79, 80]; however, TNF-𝛼has a detrimental effect on astroglial
glutamate uptake (reviewed by [81]) (Figure 1). At least
five sodium-dependent glutamate transporters have been
cloned. The transporters (human/rat) EAAT1/GLAST and
EAAT2/GLT-1 are predominantly located on astrocytes and
GLT-1 is the most abundant glutamate transporter in the
adult brain [82, 83]. In human H4 astroglioma cells and rat
astrocytes, it has been shown that exposure for four to six

hours to TNF-𝛼 (10 or 20 ng/mL) inhibits glutamate uptake
by inducing a downregulation of EAAT2/GLT-1 mRNA [84,
85]. In H4 astroglioma cells, downregulation of EAAT2 was
dependent on the TNF-𝛼 induced binding of NF-𝜅B to the
EAAT2 promoter [84].The role of NF-𝜅B in regulating GLT-1
expression was further confirmed in our laboratory. We used
spinal cord organotypic cultures to create a model of chronic
glutamate excitotoxicity in which glutamate transporters
were inhibited by threohydroxyaspartate (THA) to induce
motoneuron death. Exposure to THA induced microglial
activation and TNF-𝛼 release. In the presence of exogenous
TNF-𝛼 (20 ng/mL), THA-induced excitotoxic motoneuron
death was potentiated. Coexposure to TNF-𝛼 and THA
also resulted in downregulation of GLT-1 and in increased
extracellular glutamate levels. The downregulation of GLT-
1, as well as the excitotoxic motoneuron death, could be
prevented by NF-𝜅B inhibition [86].

When TNF-𝛼 (20 ng/mL) was applied for a short time
period (30 minutes) in hippocampal-entorhinal complex
slice cultures, it reduced glutamate transport without affect-
ing GLT-1 or GLAST expression [87]. The mechanisms of
this rapid, and apparently, nongenomic effect of TNF-𝛼 are
not clear. On the one hand, TNF-𝛼 is a clear inducer of
oxidative stress in the CNS [66, 88, 89], and evidences
indicate that glutamate transporters are vulnerable to the
action of reactive oxygen and nitrogen species that inhibit
glutamate uptake within minutes [90, 91], thus providing a
link between oxidative stress and excitotoxicity. In addition,
reactive oxygen species generated within neurons in response
to an excitotoxic insult can pass across the plasmamembrane
and disrupt glutamate transport in neighboring astrocytes
[92]. On the other hand, TNF-𝛼, as explained before, can
activate caspases, including caspase-3, which can also be
activated by oxidative stress [93]. In this sense, caspase-3
mediated cleavage of GLT-1 results in the inhibition of its
activity [94].

It is interesting to note that, in those neurological dis-
orders in which neuroinflammation and increased levels of
TNF-𝛼 have been described (see Section 1), it has also been
reported a reduced expression of GLT-1, GLAST, or both
(reviewed by [81]). As an example, in ALS, where neuroin-
flammation and excitotoxicity are fundamental mechanisms
involved in motoneuron degeneration [65, 95], decreased
GLT-1 expression has been reported both in patients [96] and
rat models [97, 98]. Moreover, the intrathecal injection of
cerebrospinal fluid fromALS patients in the rat spinal cord or
the in vitro exposure to this fluid ofmixed spinal cord cultures
also resulted in a decrease of GLT-1 expression [99].

6. Potentiation of Excitotoxicity by
TNF-𝛼: Modulation of Glutamate and
GABAA Receptors

AMPA-type glutamate receptors (AMPARs) are ligand-gated
channels that mediate fast excitatory synaptic transmission
in the vertebrate CNS. These receptors are tetramers assem-
bled from glutamate receptor (GluR) 1, 2, 3, and 4 (or
GluR-A, -B, -C, and -D) subunits around an aqueous pore
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Figure 1: Proposedmechanisms bywhich TNF-𝛼 links the neuroinflammatory and the excitotoxic processes.The cytokine IFN-𝛾, released by
infiltrated T cells, activates TNF-𝛼 production and release in microglia. TNF-𝛼, through TNFR1 signaling, promotes further microglial TNF-
𝛼 release and also induces glutamate release from hemichannels of gap junctions. In astrocytes, TNF-𝛼 stimulates TNFR1 to induce glutamate
exocytosis and also inhibits glutamate uptake, thus increasing extracellular glutamate levels. In neurons TNF-𝛼, via TNFR1, rapidly increases
the excitatory synaptic strength by inducing increased Ca2+ permeable-AMPA receptors and/or NMDA receptors and also decreases the
surface expression of inhibitory GABAA receptors. The excessive Ca2+ input to neurons induces neuronal death and generates excessive ROS
that disrupt glutamate transport in neighboring astrocytes. The dying neurons maintain microglia in an active state, releasing TNF-𝛼.

in the membrane [100, 101]. The trafficking of AMPARs
with different subunit composition was initially described
in hippocampal CA1 pyramidal cells [102], and now it
is generally accepted that such trafficking is critical for
the modulation of synaptic strength during learning and
memory. Thus, AMPARs trafficking has been implicated
in homeostatic synaptic scaling and other forms of long-
term synaptic strength adjustments [4, 103, 104]. The GluR2
subunit has a key role in determining the permeability toCa2+
of AMPARs. GluR2 in combination with other GluR subunits
forms channels that are Ca2+-impermeable [105, 106]. In
this regard, in 1997 it was proposed the “GluR2 hypothesis”

suggesting that the selective vulnerability of specific neuron
populations, described in some neurological disorders, was
due to a reduction in the AMPARs expressing the GluR2
subunits, resulting in increased density of Ca2+-permeable
AMPARs. The consequent increase in Ca2+ influx through
these channels would result in a loss of Ca2+ homeostasis,
thus contributing to the delayed neurodegeneration seen in
those conditions [107]; see also [108].

TNF-𝛼 has an important role in the regulation of
AMPARs trafficking being a critical component of the
homeostatic regulatory system controlling synaptic plasticity
[4]. In 2002, Yu et al. demonstrated that human NT2-N
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neurons exposed to TNF-𝛼 increased their expression of
the GluR1 subunit, resulting in an increased susceptibility
to KA-induced necrosis. The effect of TNF-𝛼 implicated
both the A-SMase and the NF-𝜅B signaling pathways [109].
Similar results were obtained in hippocampal neurons where
TNF-𝛼, within 15min, increased the surface expression of
GluR1-containing AMPARs, and these changes were accom-
panied by dramatic changes in AMPAR-mediated excitatory
postsynaptic currents [5]. Later, it was demonstrated a dual
role for TNF-𝛼 on AMPA-induced excitotoxicity. In mouse
hippocampal slice cultures it was reported that pretreatment
(24 h) of cultures with 10 ng/mL TNF-𝛼 potentiated AMPA-
induced neuronal death; however, decreasing the concen-
tration of TNF-𝛼 to 1 ng/mL resulted in neuroprotection.
The authors demonstrated that the “high-dose” toxic effect
was mediated by TNFR1 whereas the “low-dose” protective
effect implied the TNFR2 [110]. The role of TNFR1 in
the potentiation by TNF-𝛼 of AMPA toxicity was further
confirmed in awork performed also in hippocampal cells and
demonstrating that, by activating neuronal TNFR1, TNF-𝛼
increased the surface AMPARs, but remarkably, TNF-𝛼
preferentially increased the synaptic expression of GluR2-
lacking (Ca2+ permeable) AMPARs.This effect was mediated
through a phosphatidylinositol 3-kinase- (PI3-K-) dependent
process [111]. The role of PI3-K in the potentiation by
TNF-𝛼 of KA-induced neuronal death was confirmed later
by the same group; they demonstrated that the specific PI3-K
inhibitor LY294002 reverted the TNF-𝛼 effect on hippocam-
pal neurons. Moreover, and in agreement with the “GluR2
hypothesis,” the potentiating effect was also reverted by the
synthetic joro spider toxin analog NASPM, which selectively
blocks Ca2+ permeable-AMPARs [112]. These results were
also confirmed by others showing that TNF-𝛼 triggers a
rapid induction of Ca2+ permeable-AMPARs in hippocampal
pyramidal neurons; the effect was rapid (15min) and since
TNF-𝛼 exposure did not alter mRNA levels for either GluR1
or GluR2 subunit, it was proposed that TNF-𝛼 acts at
posttranscriptional level to induce rapid increases in surface
subunit expression [113].

The pathological relevance of the above findings was
first described in a model of cervical spinal cord contusion
injury. In this model, increased synaptic AMPAR numbers
were found at synapses ipsilateral to the lesion at 90min
and 3 h after injury. Interestingly, in vivo nanoinjections of
TNF-𝛼 into the ventral horns resulted in increased GluR1
and decreased GluR2 at both extrasynaptic and synaptic
plasma membrane sites. The effect was seen in the neu-
ropil 60min after TNF-𝛼 nanoinjection and could also be
detected in the somata of large spinal motoneurons [114]. In
a subsequent study, using whole cell recording from lumbar
motoneurons, it was demonstrated that both AMPA and
NMDA receptor-mediated excitatory postsynaptic currents
were rapidly increased following bath application of TNF-𝛼
[115]. Together, these results suggested that TNF-𝛼 induced
GluR2-lacking AMPARs trafficking to the membrane is
likely to contribute to postinjury excitotoxicity in spinal
cord motoneurons. However, another study has reported

TNF-𝛼 to reduce AMPAR-mediated calcium entry in cul-
tured motoneurons by increasing cell surface expression of
the GluR2 subunit [116].

Adult spinal cord motoneurons possess significant num-
bers of Ca2+ permeable-AMPARs under basal conditions, and
it has been proposed that this circumstance would render
them more susceptible to neurodegeneration in ALS [117–
120]. Activation of both microglia and astrocytes occurs
prominently in both human disease and animal models
of ALS [121, 122]; these activated cells may contribute
to motoneuron injury by releasing TNF-𝛼 [89, 123]. In
this sense, TNF-𝛼 has been shown to potentiate AMPAR-
mediated excitotoxicity on lumbar spinal cord motoneurons
both by decreasing GLT-1 expression [86], and also by
inducing a rapid membrane insertion of Ca2+ permeable-
AMPARs via a PI3-K and protein kinase A- (PKA-) depen-
dent mechanism [124]. Interestingly, vascular endothelial
growth factor (VEGF) has neuroprotective effects on ALS
(reviewed by [125]), and it has been shown, both in vitro and
in vivo, that VEGF increases the expression of GluR2 subunit
of AMPARs of spinal cord motoneurons, thus minimizing
their vulnerability to AMPA-mediated excitotoxicity [126].

The effects of TNF-𝛼 on N-methyl-D-aspartate recep-
tors (NMDARs) trafficking are less studied; however, the
results obtained are similar to those on AMPARs. Thus,
in hippocampal neurons TNF-𝛼 induced a rapid increase
in the surface expression of the NR1 subunit of NMDARs
and also, via N-SMase2, promoted a specific clustering of
phosphorylated NR1 subunits into lipid rafts [127]. Similarly
to that described above for motoneurons, TNF-𝛼 has also
been shown to potentiate NMDAR-mediated excitotoxicity
in cortical neurons [128].

TNF-𝛼 also regulates inhibitory synapse function.
An in vivo study in the rat spinal cord indicated that
TNF-𝛼 increased within 60min synaptic and total gamma-
aminobutyric acid A receptors (GABAARs) in the neuropil
and in the plasma membrane of motoneurons. However,
the effect of TNF-𝛼 on GABAAR trafficking was complex,
displaying a nonlinear dose-dependent relationship [129].
The authors suggests that under certain physiological
conditions GABAergic synapses can be excitatory and
that excitatory effects of GABAARs have been implicated
in maladaptive spinal plasticity in a model of instrumental
learning [130]. Interestingly, the same group has also reported
that TNF-𝛼 is necessary and sufficient for generating lasting
inhibition of spinal learning and that the effect of this
cytokine also involves Ca2+ permeable-AMPARs, since it
was reverted by a GluR2-lacking AMPA receptor antagonist
[131]. More recently, an in vitro study in mature rat and
mouse hippocampal neurons in culture demonstrated that
acute (45min) application of TNF-𝛼 induced a rapid and
persistent decrease of inhibitory synaptic strength as well
as a downregulation of cell-surface levels of GABAARs. The
trafficking of these receptors in response to TNF-𝛼 was
mediated through the activation of neuronally expressed
TNFR1 and required the activation of PI3-K, p38 MAPK,
protein phosphatase 1, and dynamin GTPase [132].
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Together, the findings presented here indicate that TNF-𝛼
potentiates excitotoxicity by rapidly increasing excitatory
synaptic strength through increased AMPA and NMDA
receptors surface expression and also that neurons respond
to elevated levels of the cytokine weakening their inhibitory
synaptic strength through a decreased presence of GABAARs
in the plasma membrane. Thus, the net effect of TNF-𝛼 is
to alter the balance of excitation and inhibition resulting in
a higher synaptic excitatory/inhibitory ratio [111] (Figure 1).
Interestingly, it has been proposed that an elevation of this
ratio is a major cause of autism spectrum disorder [133, 134];
a pathology in that elevated levels of TNF-𝛼 in cerebrospinal
fluid has been described [135].

7. TNF-𝛼 Links Neuroinflammation
and Excitotoxicity

It is now widely accepted that most developmental, lesional,
and degenerative nervous system disorders involve common
interconnected neurotoxicmechanisms. Figure 1 summarizes
the proposedmechanisms bywhich the cytokine TNF-𝛼 links
the neuroinflammatory response to glutamate-mediated tox-
icity. The scheme can also be regarded as three interrelated
vicious circles. The first is a microglial vicious circle in which
TNF-𝛼 stimulates its own release. Then, it also stimulates
glutamate release that acts on microglial metabotropic gluta-
mate receptors to stimulate more TNF-𝛼 release. The second
is an astroglial vicious circle in which TNF-𝛼 stimulates
astrocytes to release glutamate that cannot be efficiently taken
up by their glutamate transporters, thus increasing more and
more the extracellular glutamate concentrations. The third
is a neuronal vicious circle in which TNF-𝛼, by increasing
the synaptic excitatory/inhibitory ratio, induces an excessive
calcium entry that results in excitotoxic neuronal death;
the dying neurons keep microglia in an active state that
maintains their increased TNF-𝛼 production and release. As
TNF-𝛼 is released by activated microglia these mechanistic
links between neuroinflammation and excitotoxicity can be
considered as a crosstalk between microglia and astrocytes
(modulating astrocytic glutamate uptake) and microglia and
neurons (modulating neuronal glutamate and GABA recep-
tors).

It is noteworthy that the scheme shown in Figure 1 not
only accounts for the most common acute or chronic neu-
rodegenerative diseases in which increased levels of TNF-𝛼,
associated with neuroinflammation and excitotoxicity, have
been reported, but also describes a broader situation in which
activated microglia releases significant amounts of TNF-𝛼.
This is the case of opioid tolerance and neuropathic pain, two
situations that are modulated by TNF-𝛼 [136, 137]. Chronic
morphine exposure induces microglial activation and a sig-
nificant increase in TNF-𝛼mRNA expression in the rat spinal
cord [138]; this effect is associated with a downregulation
of GLT-1 and GLAST glutamate transporters and with an
increase in the surface expression of Ca2+ permeable-AMPA
and NMDA receptors [139]. All the above effects of chronic
morphine, and remarkably, the loss of its antinociceptive

effect, can be reverted by a TNF-𝛼 antagonist [138, 139]. Sim-
ilarly, in mechanical allodynia, TNF-𝛼 mediated increased
insertion of Ca2+ permeable-AMPARs in spinal cord neurons
plays a major role in inflammatory pain and may represent a
path by which glia contribute to neuronal sensitization and
pathological pain [140].

8. Therapy Targeting TNF-𝛼

As TNF-𝛼 is a key mediator in the pathological mecha-
nisms of a large number of neurological disorders including
ischemia, AD, PD, MS, and ALS [3] and also in peripheral
autoimmune disorders including rheumatoid and juvenile
arthritis, ankylosing spondylitis, and Crohn’s disease, tar-
geting TNF-𝛼 action seems to be an attractive disease-
modifying strategy. The different strategies employed for
TNF-𝛼 inhibition have been reviewed elsewhere [12] and
include the use of humanized IgG antibodies (infliximab,
adalimumab, and etanercept) that sequestrate sTNF-𝛼 and
tmTNF-𝛼, the antibiotic minocycline that decreases TNF-𝛼
synthesis, the immunomodulatory drug thalidomide and its
derivatives that enhance the degradation of TNF-𝛼 mRNA
[13], and TACE inhibitors that inhibit sTNF-𝛼 production.
Clinical trials examining the effects of TNF-𝛼 inhibition
have been conducted on patients with MS, AD, and ALS.
Although promising effects were obtained in AD patients
with substantial cognitive and behavioral improvements [141,
142], the treatment failed in MS and ALS patients [143, 144].
Moreover, TNF-𝛼 gene knockout did not affect life span or
the extent of motoneuron loss in the superoxide dismutase 1
(SOD1) transgenic mice model of ALS, thus suggesting that
TNF-𝛼 alone is not a key factor in motoneuron degeneration
[145].

The above findings can be explained first because TNF-𝛼
has both neuroprotective and neurotoxic effects related to
the different signaling pathways activated by their receptors
[146]. In this sense, mice lacking TNF-𝛼 receptors were more
susceptible to ischemia and excitotoxic injury [147, 148].
Second, because some proinflammatory cytokines (i.e., IL-1𝛽
and TNF-𝛼) have redundant functions in vivo; thus, in the
TNF-𝛼 knockoutmice an increase in the transcripts encoding
for IL-1𝛽 was detected [145]; and, third, because TNF-𝛼 often
works in concert with other cytokines (i.e., IFN-𝛾 and IL-
1𝛽) to promote neuronal death [66, 149, 150]. Nevertheless,
the identification of novel agents that can restore the normal
function of activated glial cells by means of reducing the
production of TNF-𝛼 and/or its potentiation of excitotoxicity
will be essential in the management of chronic and acute
neurodegenerative diseases.

9. Conclusion

TNF-𝛼 plays a physiological role in controlling synaptic
transmission and plasticity in the healthy CNS by modu-
lating ionotropic glutamate receptors trafficking. However,
excessive TNF-𝛼 levels, as a result of different types of
injury, have an inhibitory effect on glutamate transporters,
resulting in increased glutamate concentration in the CNS
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parenchyma. In this context, even slight increases in TNF-𝛼
induced Ca2+ permeable-AMPA and/or NMDA receptors
trafficking become toxic for neurons. Asmicroglial activation
and upregulation of TNF-𝛼 expression is a common feature
of several CNS diseases, as well as chronic opioid exposure
and neuropathic pain, modulating TNF-𝛼 signaling may
represent a valuable target for intervention.
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Purpose. To investigate the protective effects of lipoxinA4 (LXA4) in rat testis injury following testicular torsion/detorsion.Methods.
A rat testicular torsion model has been established as described. Rats were randomly divided into 6 groups: sham group, torsion
group, torsion/detorsion (T/D) group, and T/D plus LXA4-pretreated groups (3 subgroups). Rats in LXA4-pretreated groups
received LXA4 injection (0.1, 1.0, and 10𝜇g/kg body weight in LXA4-pretreated subgroups 1–3, resp.) at a single dose 1 h before
detorsion. Biochemical analysis, apoptosis assessment, and morphologic evaluation were carried out after orchiectomies. Results.
GPx and SOD levels significantly increased and MDA levels significantly reduced in LXA4-pretreated groups compared to T/D
group. LXA4 also reverted IL-2 and TNF-𝛼 to basal levels and improved the expression of IL-4 and IL-10 in LXA4-pretreated
groups. Moreover, the expression of NF-𝜅B was downregulated in LXA4-pretreated groups. LXA4 treatment also showed an
improved testicular morphology and decreased apoptosis in testes. Conclusion. Lipoxin A4 protects rats against testes injury after
torsion/detorsion via modulation of cytokines, oxidative stress, and NF-𝜅B activity.

1. Introduction

Testicular torsion occurs at a frequency of 1 in 4000 in men
who are younger than 25 years old [1]. It is a common
urologic emergency that leads to testicular necrosis and
results in decreased fertility [2]. The primary pathophysi-
ologic event in testicular torsion is ischemia followed by
reperfusion; thus, testicular torsion/detorsion is considered
as an ischemia/reperfusion injury (IRI) to the testis [3].
Numerous drugs have been applied to prevent testis against
IRI following testicular torsion in animal models [4–7].
Those previous studies suggested that treatment against IRI
following testicular torsion/detorsionmay result in decreased
oxidative stress, reduced inflammation, and improved testic-
ular morphology to testis.

Lipoxins are lipoxygenase derived lipid mediators with
both anti-inflammatory and proresolution properties that
have been demonstrated in vivo and in vitro [8]. Lipoxin
A4 (LXA4) is the major physiological lipoxin during inflam-
mation in mammalian systems [9]. The protective effects of

lipoxins against IRI have been confirmed in many organs
including brain, heart, kidney, and stomach [10–13].However,
to our knowledge, the effect of LXA4 on IRI following
testicular torsion/detorsion has not yet been reported. In the
present study, a rat model was used to investigate the roles of
LXA4 in testicular torsion/detorsion.

2. Materials and Methods

2.1. Animals and Reagents. All experiments were conducted
in accordance with the guidelines of Animal Use and Care
Committee of Wuhan University. 60∼90-day-old specific
pathogen-free (SPF) Sprague Dawley (SD) rats weighing
180∼200 g were obtained from the Center for Animal
Experiment/Animal Biosafety Level III laboratory (ABSL-
III lab) of Wuhan University in China. Rats were housed
individually in cages on a 12 h dark: 12 h light cycle at 23 ±
2∘C under standard environmental conditions and had free
access to pellet diet and tap water.
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2.2. Animal Model and Study Design. Rats were randomly
divided into 6 groups: (1) sham group (𝑛 = 10): rats
received sham operations with no additional interventions;
(2) torsion group (𝑛 = 10); (3) torsion/detorsion (T/D)
group (𝑛 = 10) and (4) T/D + LXA4-pretreated groups
(𝑛 = 10 in each subgroup, 3 subgroups in total). The
torsion and detorsion protocols lasted for 6 hours. Bilateral
orchiectomies were performed at the end of protocol. In
detail, bilateral orchiectomies were performed 6 h after sham
operation in the sham group; rats in the torsion group
received bilateral orchiectomies after 6 h torsion without
detorsion; rats in the T/D group and T/D + LXA4 groups
received a 2 h torsion followed by a 4 h detorsion. Torsion,
detorsion, and sham operations were performed on the left
testis through a midscrotal vertical incision as previously
described [14]. LXA4 ([5S-, 6R-, 15S-trihydroxy-7E, 9E, 11Z,
13E-eicosatetraenoic acid]; Cayman Chemical, Ann Arbor,
USA) was intraperitoneally injected 1 h before detorsion in
the T/D + LXA4 groups as a single dose (0.1, 1.0, and
10 𝜇g/kg body weight in subgroup 1–3, resp.). Rats were
anesthetized with intraperitoneal injection of pentobarbital
sodium (50mg/kg body weight; Amresco, Cleveland, USA).
Tissue samples were collected for biochemical analysis and
morphological evaluation at the end of study protocol. Half
of each fresh testis was washed with ice-cold phosphate-
buffered saline (PBS) (pH = 7.4) and then kept at −70∘C for
measurement of cytokines levels, MDA level, tissue SOD, and
GPx activity.The remaning half of testis was divided into two
parts and fixed in 10% formalin or 2.5% glutaraldehyde for
light microscopy and electron microscopy, respectively.

2.3. Expression of Cytokines in Testes. Cytokines IL4, IL-10,
IL-2, and TNF-𝛼 were detected using commercial ELISA
kits according to the manufacturers’ protocols (Beyotime
Institute of Biotechnology, Jiangsu, China). Each well of
the plate was coated with 100 𝜇L of capture antibody and
incubated overnight at 4∘C. Plates were blocked with assay
diluent for 1 h after washes. Testicular tissue homogenate
(100 𝜇L) in PBS supplemented with protease inhibitors was
added to each well of the plate before incubation. Working
detector (100𝜇L) was loaded into each well, and the plate was
incubated for 1 h before the addition of substrate solution.
The reaction was stopped by adding 50𝜇L stop solution.
Calculation of the concentrations was performed in a log-log
linear regression.

2.4. Expressions of Malondialdehyde and Activities of Super-
oxide Dismutase and Glutathione Peroxidase in Testes. Fresh
testicular tissue was placed into a 1.5mL centrifuge tube. Add
250𝜇L of RIPA buffer with protease inhibitors. Homogenate
was then centrifuged at 11000×g for 10min at 4∘C. The
supernatant was used for the determination of malondialde-
hyde (MDA) using a commercial kit (Cayman, Ann Arbor,
MI) and the detection of testicular superoxide dismutase
(SOD) and glutathione peroxidase (GPx) activities. Testicular
SOD activity was measured with an SOD-525TM reagent
kit (OXIS International, Foster, CA); the final result was
expressed as U/mg protein; tissue GPx activity was measured

as described [15]. GPx catalyzes the oxidation of glutathione
(GSH) by H

2
O
2
in a reaction coupled with the conversion

of nicotinamide adenine dinucleotide phosphate (NADPH)
(reduced form) to NADPH+ (oxidized form), and the change
in absorbance at 340 nm is used for detecting GPx activity.

2.5. Western-Blot Assay for NF-𝜅B p65. The fresh testicular
tissue has been collected and then was homogenized in
ice-cold tissue protein extraction reagent, containing 1%
protease and 1% phosphatase inhibitors. After centrifugation
at 10,000 g for 5min at 4∘C, the supernatants were collected.
Protein concentrations in supernatants were determined by a
bicinchoninic acid protein assay kit (Boster, Wuhan, China).
Western blot assay was carried out in duplicates as described
[16]. Anti-NF-kappa B p65 antibody was purchased from
Abcam (MA, USA). Protein bands were normalized with
GAPDH, and all blotswere quantifiedwith SoftwareQuantity
One (Bio Rad).

2.6. Assessment of Apoptosis in Testes. Apoptotic activity on
paraffin sections of the testis was analyzed by a TUNEL
method with a commercial kit (Boster, Wuhan, China). The
number of TUNEL-positive nuclei per tubule was counted.
Apoptotic cells were identified by a brown stain over the
nuclei. Approximately, 200 cells were counted per field; five
fields were examined per slide. Apoptotic index (AI) was
calculated as follows: AI = (number of apoptotic cells/the
total number of counted cells) × 100%. Caspase-3 is activated
in the apoptotic cell both by extrinsic (death ligand) and
intrinsic (mitochondrial) pathways. We also measured the
caspase-3 protease activity using a caspase-3 colorimetric
assay kit according to themanufacturer’s instructions (Boster,
Wuhan, China). Briefly, the homogenates of testicular tissues
were centrifuged for 1min at 10,000 g, and 100 𝜇g of protein
was incubated with reaction buffer and Asp-Glu-Val-Asp-p-
nitroanilide for 90min at 37∘C. Absorbance was measured at
405 nm as caspase-3 activity.

2.7. Morphological Evaluation. Testis tissues were collected
for morphological evaluation. The specimens were fixed in
10% formalin, embedded in paraffin, cut into sections 4
microns in thickness, and stainedwith hematoxylin and eosin
(H&E). A pathologist blindly evaluated the testicular tissues
in a random order under light microscope. Testicular injury
and spermatogenesis were gradedwith Johnsen score [17]. All
tubular sections in each observed area of testicular tissue are
evaluated systematically and each is given a score from 1 to 10.
Complete spermatogenesiswithmany spermatozoa present is
evaluated as score 10. Additionally, electron microscopy was
also carried out. Briefly, testicular tissue was fixed in 2.5%
glutaraldehyde at 4∘C for 24 h then washed in phosphate-
buffered saline, embedded in epoxy resin, and immersed
in Epon812. Sections collected with a LKB-V microtome
(BROMMA, Sweden) were stained with uranium acetate and
folic acid lead and captured with a transmission electron
microscope (H-600, Hitachi, Japan).
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Figure 1: Changes of cytokines in testicular tissue. LXA4 treatment inhibits the increase of proinflammatory cytokines (IL-2 and TNF-𝛼)
and promotes the expression of anti-inflammatory cytokines (IL-4 and IL-10) in testes after testicular torsion. Compared with other groups,
∗

𝑃 < 0.05 and ∗∗𝑃 < 0.01. Compared with torsion or torsion/detorsion (T/D) group, #
𝑃 < 0.05 and ##

𝑃 < 0.01.

2.8. Statistical Analysis. Data are expressed asmean± SD.The
data was processed by the statistical analysis software SPSS
version 16.0 (SPSS Inc., Chicago, IL). Comparison of several
means was performed using one-way and repeated measure
two-way analysis of variance followed by the Tukey-Kramer
test to identify significant difference between groups. All 𝑃
values were two-tailed and a 𝑃 value of less than 0.05 was
considered significant.

3. Results

3.1. Changes of Cytokines, MDA, SOD, and GPx in Testis.
Changes of cytokines, MDA, SOD, and GPx were summa-
rized in Figures 1 and 2. Compared to the sham group, the
levels of proinflammatory cytokines (IL-2 and TNF-𝛼) and
MDA were significantly increased in testes after testicular
torsion, while the levels of SOD and GPx were decreased
(resp., 𝑃 < 0.05). The treatment with LXA4 reverted
those parameters to basal levels. Compared to the torsion
and torsion/detorsion group, the MDA and IL-2 and TNF-
𝛼 levels were significantly lower in the LXA4-pretreated
groups (resp., 𝑃 < 0.05). In addition, the anti-inflammatory

cytokines (IL-4 and IL-10), SOD, and GPx levels were signif-
icantly increased in the LXA4-pretreated groups than those
in the torsion and torsion/detorsion groups (resp., 𝑃 < 0.05).

3.2. NF-𝜅B p65 Expression in Testis. Western-blot assay
showed that the NF-𝜅B p65 expression level was increased
after testicular torsion. However, the NF-𝜅B p65 expres-
sion has been inhibited by LXA4 treatment. As seen in
Figure 3, the NF-𝜅B p65 expressions in LXA4-treated groups
were significantly lower than those in the torsion and tor-
sion/detorsion groups (resp., 𝑃 < 0.05).

3.3. Analysis of Apoptosis in Testis. The analysis of apoptosis
was performed by TUNEL method and caspase-3 activity.
TUNEL staining sections were shown in Figure 4. The per-
centage of TUNEL positive apoptotic cells was denoted as AI.
The AI values of LXA4-pretreated groups were significantly
lower than those in the torsion and torsion/detorsion groups
(resp., 𝑃 < 0.05, Table 1). In addition, compared to torsion
and torsion/detorsion groups, the caspase-3 activity in testes
was significantly decreased in the LXA4-pretreated groups
(resp., 𝑃 < 0.05, Table 1).
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Figure 2: Changes of MDA, SOD, and GPx in testicular tissue. The levels of MDA were increased in testes after testicular torsion, while the
levels of SOD and GPx were decreased. The treatment with LXA4 reverted those parameters to basal levels. Compared with Sham groups,
∗

𝑃 < 0.05 and ∗∗𝑃 < 0.01. Compared with torsion or torsion/detorsion (T/D) group, #
𝑃 < 0.05 and ##

𝑃 < 0.01.

GAPDH

Sham 101.00.1T/DTorsion
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Figure 3: Western-blot for NF-𝜅B p65 expression in testicular tissue. NF-𝜅B p65 expression was increased after testicular torsion in both
torsion and torsion/detorsion (T/D) groups. However, the NF-𝜅B p65 expression has been inhibited by LXA4 treatments. Compared with
other groups, ∗𝑃 < 0.05. Compared with T/D group, #

𝑃 < 0.05 and ##
𝑃 < 0.01.

3.4. Morphological Evaluation of Testis. The findings of the
light microscopy for each group are shown in Figure 5.
The presence of normal testicular structure and uniform
seminiferous tubular morphology was seen in the sham
group. In the torsion and T/D groups, there were significant
reductions in the seminiferous tubular diameter and severe
distortion of tubules. Administration of LXA4 preserved
the intact seminiferous tubular morphology in testes after

torsion/detorsion. Furthermore, the histologic scores were
significantly higher in the LXA4-treated groups compared
with the torsion and torsion/detorsion groups (resp., 𝑃 <
0.05, Table 1). Swollenmitochondria with degenerated cristae
and enlarged intercellular spaces were observed under elec-
tron microscopy in both torsion and T/D groups. However,
LXA4 pretreatment was effective in preventingmitochondria
degeneration and dilation of intracellular spaces (Figure 6).
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Figure 4: TUNEL staining of testicular tissue (×200). (a) Sham group: only a few TUNEL-positive cells were observed. (b) Torsion group and
(c) torsion/detorsion (T/D) group: TUNEL-positive cells were mainly observed in germ cells of testis. (d), (e), and (f): T/D + LXA4 subgroup
1–3, respectively. Apoptotic cells were rarely observed in the seminiferous epithelium.
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Figure 5: Lightmicroscope observations ofH&E stained sections (×200). (a) Shamgroup: normal testicular architecturewas seen. (b) Torsion
group and (c) torsion/detorsion (T/D) group: severe damage to testis was noted. (d), (e), and (f): T/D + LXA4 subgroup 1–3, respectively.

4. Discussion

In this study, we used a rat testicular torsion model to
investigate the protective effects of lipoxin A4 on testic-
ular ischemia/reperfusion injury. Various parameters such
as MDA, SOD, GPx, proinflammatory cytokines, anti-
inflammatory cytokines, and NF-𝜅B have been detected.
Morphologic evaluation has been also carried out after
orchiectomies. Our results demonstrated that lipoxin A4

significantly reduced the inflammatory reactions, oxidative
stress, and histologic damage in testes after testicular torsion.

The ischemia of the testes followed by reperfusion is
the primary pathophysiological event in testicular torsion
(TT) [18]. Thus, TT can be generally considered as an
ischemia/reperfusion injury (IRI) to testis. Numerous studies
focused on the treatment against IRI following testicular
torsion and detorsion have brought beneficial effects in
animal model [14, 19, 20]. The protective effects of lipoxins
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Figure 6: Electron microscopy of testicular tissue in different groups (×2000), N: nuclei, and M: mitochondria. (a) Sham group: normal
testicular structure was seen in sham group. (b) Torsion group and (c) torsion/detorsion (T/D) group: swollenmitochondria with degenerated
cristae and enlarged intercellular spaces were observed under electron microscopy. (d), (e), and (f): T/D + LXA4 subgroup 1–3, respectively:
LXA4 pretreatment was effective in preventing mitochondria degeneration and dilation of intracellular spaces.

Table 1: Apoptotic index, Johnsen scores, and caspase-3 activities in different groups (mean ± SD).

Apoptotic index (%) Johnsen scores Caspase-3 activity
(absorbance 405/100𝜇g protein)

Sham 8.50 ± 4.10
∗∗

7.50 ± 0.80
∗

0.10 ± 0.00
∗∗

Torsion 32.40 ± 7.10 5.22 ± 1.21 0.62 ± 0.10

T/D 30.52 ± 10.20 5.50 ± 1.00 0.55 ± 0.05

T/D + LXA4 (0.1 𝜇g/kg) 24.60 ± 7.70
#

5.80 ± 1.00
#

0.42 ± 0.12
##

T/D + LXA4 (1.0 𝜇g/kg) 18.50 ± 8.12
##

6.22 ± 1.40
##

0.35 ± 0.08
##

T/D + LXA4 (10 𝜇g/kg) 14.30 ± 6.75
##

7.15 ± 1.50
##

0.22 ± 0.05
##

T/D: torsion/detorsion; LXA4: lipoxin A4. Testicular injury and spermatogenesis were graded with Johnsen score. All tubular sections in each observed area
of testicular tissue are evaluated systematically and each is given a score from 1 to 10. Complete spermatogenesis with many spermatozoa present is evaluated
as score 10. Compared with other groups, ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01. Compared with torsion or torsion/detorsion (T/D) group, #

𝑃 < 0.05 and ##
𝑃 < 0.01.

against IRI have been confirmed in many organs including
brain, heart, kidney, and stomach [10–13]. In this study, LXA4
also showed its protective effects in the testicular IRI due to
its ability ofmodulation of oxidative stress and inflammation.

IRI to testis is associated with the overgeneration of
reactive oxygen species (ROS) and mammalian testes are
highly susceptible to oxidative stress [19, 20]. MDA has
been widely used as an indicator of oxidative stress in many
physiopathological events including IRI [21]. Many studies
proved that MDA level in testis tissue increase after testicular
torsion [22]. Besides, the ability of antioxidants including
SOD andGPx to prevent testis against IRI following testicular
torsion has been investigated [23, 24]. In this study, treatment
with LXA4 attenuated the oxidative stress in damaged testes
via reducing the expression of MDA and elevating the

expression of SOD andGPx.Those results showed that LXA4
might exert an antioxidative effect in testicular detorsion.

Inflammation has been established to contribute sub-
stantially to the pathogenesis of IRI. The proinflammatory
cytokines such as tumor necrosis factor-𝛼 (TNF-𝛼) and
interleukin-1𝛽 (IL-1𝛽) increase in IRI following testicular
torsion [16]. LXA4 has been considered as a “break signal”
of inflammation, and the role for LXA4 as anti-inflammatory
molecules is well defined [25]. In this study, LXA4-treated
rats showed lower proinflammatory cytokine levels compared
to the torsion/detorsion group. Our results also suggested
that the expression of NF-𝜅B in damaged testes has been
downregulated by the LXA4 pretreatment. Nuclear factor 𝜅B
(NF-𝜅B) is a primary regulator of gene expression for a large
number of cytokines and is activated during IRI of testis
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[26], and LXA4 have been proposed to directly stimulate
gene expression of endogenous anti-inflammatory factors
by regulating NF-𝜅B activation [11]. It is suggested that the
protective effect of LXA4 in testicular torsion followed IRI
was partially due to its anti-inflammatory properties.

Experimental studies have shown that bilateral testicular
damage and reduced fertility may result from unilateral
torsion [27]. The proposed mechanism of this injury is
probably due to the immune response after testicular torsion.
In addition, animal experiments suggested that humoral
and cellular immune mediated testicular cell damage is an
important pathologic alternation in testicular torsion [28].
A few recent studies have demonstrated that lipoxins sup-
press antigen-presenting cell functions and regulate cytokine-
driven immune reactions toward Th2 responses [29–31].
The Th1 subset mainly secretes IL-2, IFN-𝛾, and TNF-𝛼. In
contrast, Th2 cells mainly produce IL-4 and IL-10. In this
study, we observed that the anti-inflammatory cytokines IL-4
and IL-10were significantly increased in the LXA4-pretreated
groups, while IL-2 and TNF-𝛼were decreased.These findings
suggested that LXA4 attenuates the IRI following testicular
torsion and is also associated with its ability of regulating
Th1/Th2 balance.

5. Conclusion

Our results suggest that LXA4 may exert an anti-inflamm-
atory effect and reduce the histological damage in rat tes-
ticular torsion/detorsion due to its ability to regulate the
production of cytokines and the NF-𝜅B activity and to cause
MDA, SOD, and GPx to revert to control levels. Thus, LXA4
may have a protective effect against IRI injury following
testicular torsion/detorsion via modulation of cytokines,
oxidative stress, and NF-𝜅B activity.
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Breast cancer (BC) is potentially life-threatening malignancy that still causes high mortality among women. Scientific research
in this field is focused on deeper understanding of pathogenesis and progressing of BC, in order to develop relevant diagnosis
and improve therapeutic treatment. Multifunctional cytokine TGF-𝛽1 is one of many factors that have a direct influence on BC
pathophysiology. Expression of TGF-𝛽1, induction of canonical and noncanonical signaling pathways, and mutations in genes
encoding TGF-𝛽1 and its receptors are correlated with oncogenic activity of this cytokine. In early stages of BC this cytokine
inhibits epithelial cell cycle progression and promotes apoptosis, showing tumor suppressive effects. However, in late stages, TGF-
𝛽1 is linked with increased tumor progression, higher cell motility, cancer invasiveness, and metastasis. It is also involved in
cancer microenvironment modification and promotion of epithelial to mesenchymal transition (EMT). This review summarizes
the current knowledge on the phenomenon called “TGF-𝛽1 paradox”, showing that better understanding of TGF-𝛽1 functions can
be a step towards development of new therapeutic approaches. According to current knowledge several drugs against TGF-𝛽1 have
been developed and are either in nonclinical or in early stages of clinical investigation.

1. Introduction

Breast cancer (BC) is the most common and fatal cancer
worldwide, with high morbidity and mortality in woman.
It is ranked on the second place in mortality among cancer
types [1], causing death of about 350,000 women in both
developed anddeveloping countries every year [2].More than
90% of lethality in cancer patients is caused by metastasis,
and the occurrence of distant metastases severely limits the
prognosis of breast cancer patients [3]. The 5-year survival
rate for patients with breast cancer drops precipitously from
98% for individuals with localized disease to 23% for those
with metastatic disease [4]. Many factors are involved in
the pathogenesis and progression of BC, including genetic,
biological, and environmental factors, as well as lifestyle [2].
Cytokines belong to the biological factors, playing pivotal role
in modulation of cellular growth, maturation, differentiation,
and cancer progression. One of the cytokines responsible for
regulation of cell behavior is Transforming Growth Factor-
𝛽 (TGF-𝛽), which has been extensively studied in regard to
its various effects exerted on epithelial cells and derivative
carcinoma cell populations in vitro and in vivo. TGF-𝛽
has been shown to inhibit epithelial cell cycle progression

and promote apoptosis. These effects together significantly
contribute to the tumor suppressive role of TGF-𝛽 during
carcinoma initiation and progression. TGF-𝛽 is also able
to promote epithelial to mesenchymal transition (EMT), in
order to modulate immune system and tumor microenvi-
ronment, which have been associated with increased tumor
cell motility, invasion, and metastasis [5–8]. In several types
of human carcinomas, mutations or loss of heterozygosity
(LOH) in central components of the TGF-𝛽 pathway has been
observed [9, 10]. Functional insights into TGF-𝛽 pathway are
vital for developing new therapeutic approaches in cancer.
This publication is focused on the influence of TGF-𝛽 on
human breast cancer pathophysiology.

2. TGF-𝛽 Characteristics

The superfamily of TGF-𝛽 cytokines consists of over 40
proteins, including: TGF-beta (𝛽), activins (A, AB, B, C, E),
inhibins (A, B), bone morphogenetic proteins (BMPs), and
growth/differentiation factors (GDFs) [11, 12]. TGF-𝛽 is a
polypeptide (112 AA), encoded by a gene located on the long
arm of chromosome 19 (19q13) in humans [13]. TGF-𝛽 occurs
in five isomeric forms (60–80% of homology), from 𝛽1 to
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𝛽5, produced by alternative splicing. TGF-𝛽 1–3 are found
in humans, other mammals, and birds [12]. TGF-𝛽1 activity
is pleiotropic. It is a predominant isoform in humans, syn-
thesized by almost all cells, primarily by platelets, Treg cells,
macrophages/monocytes, lymphocytes, fibroblasts, epithelial
cells, and dendritic cells [12]. TGF-𝛽1 plays pivotal roles
in modulation of cellular growth, maturation and differen-
tiation, ECM (extracellular matrix) formation, homeosta-
sis, endothelial cell plasticity, immunoregulation, apoptosis,
angiogenesis, and cancer progression [14–19]. TGF-𝛽1, -2,
and -3-specific mRNAs are detected in majority of primary
breast cancers [20]. Plasma levels of TGF-𝛽 have also been
reported to be elevated in patients with breast cancer. These
levels correlate with disease stage and decrease following
resection of primary tumor [20]. The members of TGF-𝛽
family are predictors of poor response to chemotherapy in
women with BC [21].

TGF-𝛽1 occurs as a homodimer (25 kDa molecular
weight) and is released from cells as an inactive precursor,
with propeptide latency-associated protein (LAP). TGF-𝛽1 is
connected by a disulphide bond through the LAPwith Latent
TGF𝛽 binding protein (LTBP). LTBP1-4 is a component of
the ECM and is necessary both for synthesis of TGF-𝛽1 and
its storage [12].Thrombospondin-1 (TSP-1), an ECM protein,
allows releasing TGF-𝛽1 in an active form by changing the
conformation of LTBP. Increased TGF-𝛽1 activity has been
observed in response to angiotensin II, low density lipopro-
teins (LDL), glucose, thromboxane A2, integrin, calpain,
cathepsin D, chymase, elastase, endoglycosidase F, kallikrein,
MMP-9, neuraminidase, plasmin, and TSP-1. Among the
known inhibitors of this cytokine are follistatin, decorin, and
𝛼2-macroglobulin [5, 12].

Studies carried out on the mouse model indicate a key
role of themembers of TGF-beta family (TGF-𝛽1, -𝛽2, -𝛽3) in
establishing proper mammary gland architecture, regulating
stem cell kinetics, maintaining the mammary epithelium in
a functionally undifferentiated state, and inducing apoptosis
in the involuting gland [11]. TGF-𝛽1 inhibits mammary
epithelial cells (MECs) proliferation in an auto/paracrine
manner [11]. It is expressed during all stages of mammary
gland development, with the lowest expression level dur-
ing lactation. Studies on rodents and human mammary
carcinoma cells implicate that prolactin, growth hormone
(GH), EGF, and IGF-I act as inhibitors of TGF-𝛽1 expression
in MECs, while somatostatin and sex steroids are shown
to stimulate the expression. Expression of TGF-𝛽1 is also
negatively regulated by ECM. Transcription of TGF-𝛽1 is
high in the absence of ECM and is considerably lower in the
presence of endogenously synthesized basement membrane
[22].

3. TGF-𝛽1 Signaling

The TGF-𝛽1 signaling pathway depends on the tissue context
[23]. Specific membrane binding receptors are needed for
signaling activity of TGF-𝛽1 in the cells. The best known are
dimeric proteins, T𝛽RI (53 kDa), T𝛽RII (75 kDa), andT𝛽RIII
(280 kDa). T𝛽RI (also known as activin receptor-like kinase
5, ALK5) and T𝛽RII are transmembrane receptors, which

have serine-threonine kinase activity of the intracellular
domains. The extracellular part of T𝛽RII is activating the
intracellular part by binding the ligand (autophosphoryla-
tion). Then the complex joins and recruits T𝛽RI, which
determines specificity of TGF𝛽 recognition. Activated T𝛽RII
kinase phosphorylates serine fragments of sequence TTSGS-
GSG in GS domain (domain rich in Gly and Ser) of T𝛽RI,
thus leading to activation of serine-threonine kinase in the
receptor, and thereby the signal transduction cascade inside
the cell is initiated [5, 8, 12, 23, 24]. The full heterodimeric
complex is needed for correct signal transduction. Without
presence of T𝛽RI TGF-𝛽1 can bind to the T𝛽RII, but the
transduction does not occur. In the absence of T𝛽RII, the
cells are insensitive to the action of TGF-𝛽. T𝛽RIII has a
structure of betaglycan and has no enzymatic activity [12].
It is a coreceptor presenting TGF-𝛽 to the other receptors.
T𝛽RIII may also be an inhibitor of the signal transduction by
preventing TGF-𝛽1 binding to T𝛽RII and T𝛽RI in the mech-
anism independent of ligand binding, so in such situations it
exerts regulatory function [5, 12, 23, 25].

Further signal transduction to the nucleus occurs with
participation of cytoplasmic proteins, which are transcription
factors and intracellular transmitters from Smad family. After
activation of T𝛽RI, the signal activates Smad2 and Smad3
proteins (R-Smad subclass; receptor regulated Smad) bound
to the receptors, by phosphorylation of their C-terminal (SXS
motif) residues. Phosphorylated R-Smad can be separated
from the connection with the receptor and from protein
SARA (Smad Anchor for Receptor Activation). SARA is a
cytoplasmic protein anchored in the cell membrane that
binds both the R-Smad and heteromeric complex of TGF𝛽1
receptors. It recognizes the nonphosphorylatedR-Smad, joins
it to the complex, and then dissociates. The next step is
formation of a functional trimeric complex by phosphory-
lated R-Smad and co-Smad (common partner Smad), namely
Smad4, and then this complex is translocated to the nucleus,
where it regulates the transcription of TGF-𝛽1-dependent
genes, thus Smads have the activity of transcription factors
[5, 24, 26, 27]. Smad4 cooperates with other transcription
factors, such as FoxH1,Mixer, Runx-related proteins, andE2F,
as well as transcriptional coactivators (e.g., p300 and CBP)
and corepressors (e.g., SKI and SnoN, prooncoproteins) in
the regulation of target genes [5, 26].

The activity of TGF-𝛽 signaling pathway is regulated by
a negative regulatory feedback loop mediated by I-Smads
(Smads inhibitors): Smad 6 and 7. They are able to interact
with membrane receptors by forming stable complex with
activated T𝛽RI, and thus impairing their interaction with
the R-Smad (inhibition of their phosphorylation). Smad7
expression is induced by TGF-𝛽, leading to inhibition of the
cellular response to this cytokine [26]. Smad7 has been shown
to promote recruitment of E3 ubiquitin ligases (includ-
ing Smad ubiquitin regulatory factors (SMURF1, SMURF2,
PRAJA, WWP1, and Nedd4-2) into the receptor complex
[8]. Binding of Smad7 and SMURF to the receptor complex
also results in competitive inhibition of Smad2/3 binding
to T𝛽RI [25]. TGF-𝛽1 signaling is also attenuated by other
proteins, which interact with Smad7, like STRAP or YAP65
[5]. Therefore, there is an autoregulation of the negative
feedback mechanism. Anti-TGF-𝛽 activity of Smad7 can be
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negated by AMSH2 or Arkadia [28]. Under disease condi-
tions, Smads also interact with other signaling pathways, such
as the mitogen-activated protein kinase (MAPK) and nuclear
factor-𝜅B (NF-𝜅B) pathways [29, 30].

It is well known that TGF-𝛽1 also signals in a Smad-
independent manner (noncanonical pathways), by induction
of other pathways, such as the extracellular signal-regulated
kinase 1/2 (ERK1/2) and the p38 MAP kinase (p38 MAPK)
[5, 18]. MAPK pathways are showing direct function in signal
transduction of TGF-𝛽1-modulated cellular migration and
invasion [1]. At present, the Smad-independent pathways are
known to include ShcA, RhoA-Rock1, RAC/CDC42, RAS,
TRAF6-TAK1-p38/JNK, PI3 K, PAR6, MAP3K1, DAXX, and
PP2A [5, 6, 8, 18, 28]. RhoA-Rock1 signalingwith engagement
of TGF-𝛽1 is required for the EMT [9, 31].

4. TGF-𝛽1 Paradox in Cancer

The role of TGF𝛽-1 in cancer progression has been shown to
bemultifaceted, depending on the tumor stage.This cytokine
acts as a potent growth inhibitor. It has been shown to inhibit
epithelial cell cycle progression and promote apoptosis that
together significantly contribute to the tumor suppressive role
during carcinoma initiation and progression [5, 25, 32, 33].
However, the ability of TGF-𝛽1 to induce and promote EMT
associates this cytokine with increased tumor cell motility
and invasion [34]. Thus, TGF-𝛽1 is also regarded as a metas-
tasis inducer, participating in malignant progression and
angiogenesis [1, 5, 14, 25, 27, 33, 35–37]. These contrasting,
dichotomous TGF-𝛽1 behaviors in cancer development and
progression are known as “TGF-𝛽1 paradox” [17, 18].

Currently the link between tumor progression and mod-
ification of tumor microenvironment (interaction between
carcinoma cells and adjacent cell populations) is under
profound investigation. The role of TGF-𝛽1 in this context
has been studied by many research groups [5]. One of the
predominant stromal-epithelial axes, associated with the reg-
ulation of cancer progression, involves carcinoma-immune
cell interactions within the tumor microenvironment [38].
Specifically, TGF-𝛽1 has been shown to suppress the antitu-
mor activity of T cells, NK cells, neutrophils, monocytes, and
macrophages that are known to have a significant role in the
regulation of tumor progression [39].

Both tumor suppressor and tumor-promoting activities
of TGF-𝛽1 have been clearly demonstrated in a variety
of genetically modified mouse lines, in which the TGF-𝛽1
signaling pathway is ablated or modified [36]. These studies
support a model, in which TGF-𝛽1 inhibits the development
of early, benign lesions, but promotes invasion and metas-
tasis, when the tumor suppressor activity is overridden by
oncogenic mutations in other pathways [5, 10, 36]. Changed
expression of growth factors and their receptors has been
shown to play an important role in the neoplastic formation
and tumor progression.

5. TGF-𝛽1 Role in Early Stages of
Tumor Progression

In normal physiological conditions, TGF-𝛽1 is a potent
inhibitor of growth of many cell types (cytostatic effect as

well as the effect on apoptosis), including neoplastic cells [26].
The TGF-𝛽1 cytostatic responses primarily target G1 events,
by regulating the expression of several genes promoting
cell cycle arrest. In normal epithelial cells, TGF-𝛽1 induces
expression of p15Ink4b, which inhibits Cyclin D-Cdk 4/6
complexes, and of p21, which inhibits Cyclin E/A-Cdk2
complexes. In response to TGF-𝛽1, activated Smad-FoxO
(FoxO1, FoxO3, and FoxO4) transcriptional complexes target
a region of the p21 promoter and mediate the induction of
p21. On the other hand, TGF-𝛽1 induction of p15Ink4b by
activated Smad-FoxO complexes additionally requires C/EBP
𝛽 for their response to TGF-𝛽1 [26]. The TGF-𝛽1 cytostatic
effect also involves transcriptional repression of the growth-
promoting transcriptional factors c-Myc and inhibitors of
differentiation (ID 1,2,3) [8, 9]. TGF-𝛽1 downregulates the
expression of c-Myc in MECs and human skin keratinocytes.
Repression of c-Myc is mediated by binding of a tran-
scriptional repression complex containing Smad, E2F4/5,
p107, and C/EBP𝛽 to the TGF-𝛽1 inhibitory element in the
proximal region [26].

In the early stages of cancer development, cancer cells
respond to antimitotic effect of TGF-𝛽1. TGF-𝛽 controls
cell proliferation mainly by inhibiting cell cycle progression
through G1-arrest, by inducing or activating cdk inhibitors
such as p16INK4A, p15INK4B, p21CIP1, and/or p27Kip1
[6, 8]. When the tumor cells are entering the phase of
uncontrollable growth, the majority of them lose sensitivity
to this inhibitory effect [40]. Surprisingly, this occurs despite
the presence of the TGF-𝛽1 receptors on the tumor’s cell
membranes. Furthermore, these cancer cells also begin to
secrete TGF-𝛽1. On the other hand, it has been noted that
in early development increased TGF-𝛽1 expression leads to
inhibition ofmammary epithelial outgrowth in vivo [41]. Also
a decreased incidence of tumorigenesis induced by infection
with the mouse mammary tumor virus in mammary epithe-
lium with TGF-𝛽1 expression was reported [41].

Indirect regulation of tumor suppression by TGF-𝛽1 can
be correlated with blockage of paracrine factor production
(stromal cell-derived factor-1, SDF-1) in the tumor stroma.
While the impact of the stromal fibroblast on tumor progres-
sion has been known since early studies on breast cancer, the
role of TGF-𝛽 in this process emerged frommouse models in
which TGF-𝛽 signaling was impaired in stromal fibroblasts
[9].

The TGF-𝛽1-dependent immunosuppressive activity
stimulates angiogenesis, increasing the affinity of cancer cells
to cell adhesion molecules, and creates a microenvironment
favorable to tumor growth and its metastasis—increasing
cancer cells invasiveness. Additionally, TGF-𝛽1 induces
death of the surrounding healthy cells and thus eliminates
their effect designed to inhibit tumor growth. It appears
that cancer cells need higher TGF-𝛽1 concentrations than
normal cells to receive TGF-𝛽1-anti-mitotic stimulus [12].
The results of clinical and experimental studies indicate that
the molecular background of the lack of cell response to
TGF-𝛽1 during malignant transformation is the mutations in
the T𝛽RII receptor and/or within the Smad proteins [26, 40].
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6. TGF-𝛽1, T𝛽R and Smad
Mutations and Inactivation

Many investigations among different human populations
have detected different mutations in the TGF-𝛽1 [13]. Amani
et al. [13] reported, for the first time, that the TGF-𝛽1
haplotype “GTGCCGC” might be associated with BC in
Iranian woman. Several somatic mutations that disrupt the
TGF 𝛽1-Smad signaling pathway have been reported in
human breast tumors [26, 42, 43]. These mutations may
affect the different aspects of BC, including its occurrence,
prognosis, progression, and metastasis. Single nucleotide
polymorphisms (SNP) of genes are widely examined. 29T→
C coding cSNP (Leu10Pro, rs1800470) ismostly studied in BC
field, and it is the most prevalent polymorphism of TGF-𝛽1.
The Pro-allele is considered a “high-activity” (hypermorphic)
allele compared to the Leu-allele [44]. A large study of
the Breast Cancer Association Consortium (BCAC) has
reported an association of the Pro-allele with a moderate,
but significantly increased, BC risk (e.g., Pro/Pro versus
Leu/Leu: OR, 1.16; 95% confidence interval, 1.08–1.25). Other
studies have either reported an increased risk, an unaltered
risk, or even a decreased risk associated with the Pro-allele
[44]. The findings by Taubenschuß et al. [44] indicated that
the Pro-allele may also lead to higher TGF-𝛽1 secretion in
vivo but that the observed effects on serum levels were less
pronounced and more heterogeneous than in vitro. In this
work [44] the L10P SNP of TGF𝛽1 was genotyped in 274
breast cancer patients and 252 female controls.The frequency
of the Pro-allele was 40.0% in patients and 42.3% in controls.
ThePro/Pro genotypewas slightly less frequent inBCpatients
than in controls (16.1% and 19.0%, resp.). The fraction of
patients with the Pro/Pro genotype tended to be increased
in several patient subgroups associated with advanced cancer
progression and/or poor prognosis. The same conclusions
can be found in other studies [45–47]. That could be the
evidence on the dual role of TGF-𝛽1 in different cancer stages
and cancer subclasses. It has been suggested that the Pro-
allele is associatedwith a reduced risk of in situ tumors, but an
increased risk of invasive BC; or with a reduced risk of early-
stage invasive BC, but an increased risk of BC with advanced
stages [48]. The BCAC study has reported higher odds ratios
associated with the Pro-allele in patients with high tumor
grade and stage, and negative ER and PR status, although only
the latter association was statistically significant. Similarly,
the Pro-allele was associatedwith a reduced risk of early-stage
BC, but an increased risk of BC with advanced stages [44].

The majority of tumor-derived mutations in Smad2 and
Smad4 cluster are in the MH2 domain. Some of them have
been shown to disrupt TGF-𝛽1 signaling by blocking receptor
dependent phosphorylation, or by disrupting oligomeriza-
tion of the Smads. Smad4 harboring themissensemutation in
the MH1 domain exhibits accelerated induction of ubiquitin
dependent proteasomal degradation in comparison with
wild-type Smad4. Skp2 (S-phase kinase-associated protein2)
is upregulated in various human cancers and promotes
the ubiquitination-dependent degradation of these Smad4
cancer mutants [26]. In the case of Smad3 no mutation
has been found in human cancer. STAT pathway and NF-
𝜅B pathway also induce Smad7, thus, tumor cells with high

activity of those pathways might evade the TGF-𝛽 cytostatic
responses through overexpression of Smad7. The important
negative regulators of TGF-𝛽1 signaling are SKI and SnoN,
which interact with Smad-2 -3 and -4. Increased expression
of SKI or SnoN has been implicated in the progression of ER-
positive (ER+) breast carcinoma. When SKI and SnoN are
downregulated (RNAi) TGF-𝛽1-mediated growth inhibition
in BC is restored [26].

At present, a substantial number of correlative data
demonstrate that TGF-𝛽1 signaling components, including
T𝛽RI, T𝛽RII, Smad2, and Smad4 are often lost in human can-
cer. Consistent with its tumor suppressor role, many cancers
lose or attenuate TGF-𝛽-mediated antimitogenic action by
mutational inactivation of TGF-𝛽 receptors or Smads [49].
Studies using transgenic mice with conditional knockout of
T𝛽RII indicate that loss of T𝛽RII in the context of poly-
omavirus middle T antigen (PyVmT) expression results in a
shortened median tumor [49]. Mutations and loss of type I
and type II TGF-𝛽1 receptor expression have been detected in
most types of common cancer, including those that occur in
the biliary tract, bladder, breast, colon, esophagus, stomach,
brain, liver, lung, ovary, pancreas, and prostate [5, 10, 27, 50].
In human BC, the alterations of TGF-𝛽1 signaling molecules
are relatively rare, except for T𝛽RII downregulation [6, 51].
Pathological studies of archived breast samples, including
benign lesions, ductal carcinoma in situ (DCIS), and invasive
mammary carcinomas (IMC), indicated that T𝛽RII down-
regulation is correlated with progression and aggression of
both in situ and invasive breast carcinoma [52]. Recent studies
have shown that silencing of the T𝛽RII gene can occur
through methylation in human breast carcinoma cells [53].
In human MECs and human mammary carcinoma cell lines
the expression of TGF-𝛽1, T𝛽RI, and T𝛽RII was concur-
rently suppressed by methylation, and these genes could
be coordinately reinduced upon demethylation [54]. T𝛽RII
inactivation enhances the invasiveness of premalignant or
low-grade breast tumor cells but reduces the metastasis of
high-grade tumors [55]. In the opposite, T𝛽RIII may act
as a suppressor of BC, as the decrease or loss of T𝛽RIII
expression occurs in approximately 90% of BC at mRNA
levels and 70% at protein levels. Additionally, T𝛽RIII loss
occurs at substantially high levels in advanced, invasive breast
carcinomas. Therefore, its loss may be a negative prognostic
factor for patients with invasive BC [56].

7. Role of TGF-𝛽1 in Late Stages of Tumor
Progression and Metastases

In the late stages of tumor progression TGF-𝛽1 is changing
its action into tumor promoter. Several studies have shown
a broad range of potential TGF-𝛽1 effects on cancer metas-
tasis [21]. Immunostaining analyses revealed a correlation
between TGF-𝛽1 expression and metastasis in breast, colon,
and prostate cancer. In addition, the intensity of TGF-𝛽1
staining in invading lymph node metastases was higher in
breast and colon cancers than in the primary tumors [9].
Metastasis is a multistep cascade process, including EMT, cell
migration, invasion, intravasation, and extravasation from
the circulation [23, 26, 52, 57]. Cheng et al. [58] demonstrated
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using an in vitro assay that cancer cells cultured under
fibroblast-conditioned medium showed increased prolifer-
ation and motility, indicating the role of stromal TGF-𝛽1
signaling in neoplastic progression. Conversely, attenuation
of carcinoma cell response to TGF-𝛽1 by a dominant-negative
type II receptor transgene (dnT𝛽RII) significantly reduced
tumor latency in the presence of TGF-𝛼 expression in
mammary epithelium [52]. This indicates that specific TGF-
𝛽1 signaling in carcinoma cell is able to promote tumor cell
invasion. It has been suggested that Smads are involved in the
antitumor process, while the Smad-independent pathways
have been implicated in induction of tumor progression
[27, 59]. However, recent data also demonstrate that Smad-
dependent pathways are involved in the tumor-promoting
activities of TGF-𝛽1. Smad-3 and -4 are necessary for the
metastatic expansion of bone neoplasms, whereas Smad-2
in the case of lung, liver, and brain tumors, respectively
[9, 60]. Approximately 40%of the human breast cancers show
a positive TGF-𝛽 gene response signature, that is context
dependent and appears more in ER-tumors (as opposed to
ER+ tumors) and in lung metastasis (as opposed to bone
metastasis) [8, 60]. The mechanism of the TGF-𝛽 induced
lung metastasis in breast cancer is related to the induction
of the angiopoietin-like 4 (ANGPTL4) gene by TGF-𝛽 Smad-
dependent signaling in the primary tumor, enabling the cells
which leave the breast to disrupt the lung capillary walls.
The fenestrated capillaries of the bone marrow do not have
any advantage from the action of ANGPTL4, and that might
explain why the impact of TGF-𝛽 is directed to lung and not
to bone metastasis [6, 8, 9, 27, 60].

At least seven genes (IL-11, CTGF, CXCR4, MMP-1,
PTHrP, VEGF, and PTGS2/COX2) have been identified as
drivers of human breast cancer bone metastases in theMDA-
MB-231 model, and each of these genes is transcriptionally
regulated by and dependent on TGF𝛽 signaling in vivo
[20]. TGF-𝛽 is a major contributor to the bone metastases,
and TGF-𝛽 is released from bone matrix by the activated
osteoclasts that degrade the bone matrix. Secreted TGF-
𝛽 stimulates releasing of other osteolytic cytokines, such
as parathyroid hormone related protein (PTH-rP), IL-11,
and CTGF (Connective Tissue Growth Factor) from the
metastatic cells to maintain the metastatic process.

The work of Micalizzi et al. [61] indicated that Six1 may
be a critical mediator of the switch in TGF-𝛽1 signaling
from tumor suppressive to tumor promotional. However,
the mechanism by which Six1 impinges on the TGF-𝛽1
pathway remains unclear. Scientists [61] have shown in in
vivo experiment that a target for Six1 is T𝛽RI, and Six1
overexpression is required to switch TGF-𝛽1 signaling to the
prometastatic phenotype, showing that induction of EMT
is not sufficient to induce experimental metastasis. Instead,
T𝛽RI upregulation in the absence of Six1 overexpression actu-
ally inhibited metastatic spread in vivo in an experimental
metastasis model. Thus, Six1 is regarded as a determinant of
TGF-𝛽1 function in BC. Six1 is misexpressed in numerous
cancers including breast cancer. In human BC, Six1 correlates
with advanced disease and adverse patient outcomes [62].

Several studies on mouse models showed that MECs
specific expression of activated TGF-𝛽1 ligand or expression

of active T𝛽RI could enhance BC-associated lung metastases
in vivo [57]. In the study of Darakhshan and Ghanbari [35]
administration of tranilast with tamoxifen (TAM) downreg-
ulated the expression of TGF-𝛽1,𝛽-2, and𝛽-3, as well as T𝛽RI
and T𝛽RII in breast cancer cells (MCF-7 and MDA-MB-231
human breast cancer cell lines). T𝛽RIII is a suppressor of
BC progression and when its expression is restored, invasion,
angiogenesis, and metastasis are inhibited in vivo [56]. In the
study of Darakhshan and Ghanbari [35] tranilast and TAM
slightly increased the expression of T𝛽RIII.

8. TGF-𝛽1 and EMT

BC starts as a local disease and can metastasize to distant
organs. The conversion of early stage tumors into invasive
malignancies has been associated with the activation of EMT,
defined as changes in cell phenotype from an epithelial to a
mesenchymal state, which is both a fundamental event and a
hallmark in tumorigenesis [26]. Changes during EMT lead
to the transition from a polarized epithelial phenotype to
an elongated fibroblastoid phenotype, then cells degrade the
ECM, and show invasive behavior [63–65].

TGF-𝛽 function is often accompanied by desmoplastic
and fibrotic reactions, which elicit dramatic changes in the
biomechanical properties of the tumor microenvironment.
The elastic modulus of stroma housed within breast carci-
nomas is approximately 10 times more mechanically rigid
than that of adjacent normal breast tissues. TGF-𝛽potentiates
these biomechanical reactions by stimulating the expression
and secretion of a variety of ECM components, such as
collagen I and fibronectin from stromal fibroblasts, and of
ECM cross-linking enzymes, such as lysyl oxidase from
mammary carcinoma cells. The formation of these rigid
mammary tumor microenvironments promotes metastatic
progression in breast cancers and also predicts poor clinical
outcomes in patients harboring metastatic disease [66].

TGF-𝛽1 was shown to play important regulatory role in
EMT [8, 16, 67]. Identification of TGF-𝛽 as a major inducer
of EMT came from in vitro studies on cell cultures. Treatment
of normal mouse breast epithelial cells with TGF-𝛽 changes
the cuboidal shape to an elongated spindle, accompanied by
a decrease in epithelial markers and increased expression of
mesenchymal markers [9, 28]. It induces the increase in cell
size and protein content during EMT (as a result of mTOR
activation) [68–70]. Its signaling downregulates claudins,
occludins, and ZO1, followed by tight junctions degradation
[63]. TGF-𝛽1 also upregulates integrin-linked kinase (ILK),
increasing cellular motility [23, 63, 69, 71]. Expression of
integrins (e.g., 𝛼5, 𝛼v, 𝛽1, 𝛽3, 𝛽5) that bind the ECM is also
enhanced by TGF-𝛽 cell signals. Ligation of these integrins
(𝛼2𝛽1 : collagen, 𝛼5𝛽1 : fibronectin, 𝛼v𝛽3 or 𝛼v𝛽5 : periostin)
induces the production of TGF-𝛽, leading to a feed forward
loop between tumor cells and the ECM [72].

TGF-𝛽1-induced EMT is largely studied using NMuMG
murine mammary epithelial cells, because these MECs are
known to undergo EMT readily apparent 36 h after TGF-𝛽1
treatment [68, 69, 73]. In this kind of EMT canonical Smad
signaling, as well as Smad-independent signaling, (through
small GTPases and the ERK1/2 and p38 MAPK pathways) is
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integrated [25, 28, 73]. Increased expression of Smad3 and
Smad4 in the presence of constitutively active T𝛽RI enhances
induction of EMT [9]. Smads act as transcription factors of
EMT regulators, such as Snail/Slug/Twist, Cripto-1, FOXC2,
and Six1 [6, 28, 61, 74]. For example, activation of Smad2/3
by TGF-𝛽 in MECs induces the expression of the nuclear
high mobility group A2 (HMGA2), which promotes EMT by
stimulating the expression of Snail1, Snail2/Slug, and Twist,
and by inhibiting the expression of ID2 [28]. The expression
of E-cadherin is repressed by TGF-𝛽1-mediated SNAIL-
Smad3/4 complex which negatively regulates E-cadherin in
breast epithelial cells [24, 28, 75]. E-cadherin is also repressed
by HMGA2, TBX3 (The T-box transcription factor) [76] and
ZEB 1/2 (Zinc finger E-box-binding homeobox 1/2) [18, 25].
Furthermore E-cadherin is lost during EMT and cancer
progression [63, 65].

Matrix rigidity converts TGF-𝛽 from a proapoptotic
molecule to an inducer of EMT inNMuMGandMDCK cells,
by enhanced coupling of TGF-𝛽 to the PI3 K/Akt pathway
[74]. Lamouille andDerynck [68] have used theNMuMGcell
model and observed that the typical loss of epithelial phe-
notype with concomitant acquisition of the spindle-shaped
fibroblastoid phenotype, induced in the presence of TGF-
𝛽, was accompanied by an increase in cell size and protein
content and correlated with rapid mTOR activation. The
authors observed also that rapamycin inhibited themigration
and invasion of cells after TGF-𝛽-induced EMT, which is in
agreement with recent observations that rapamycin inhibits
the induced motility of some cancer cells [28, 77]. As PI3 K
and mTOR activities are commonly upregulated in various
cancers, PI3 K inhibitors and rapamycin analogues are inves-
tigated as inhibitors of cancer progression in preclinical and
clinical trials [68, 69].

Studies suggest that Twist, Snail, and TGF-𝛽 may induce
the expression of cell surface markers associated with cancer
stem cells and these cells share high homology to bone
marrow-derived mesenchymal stem cells [28].

9. TGF-𝛽-Induced EMT and
microRNA Regulation

There is a double negative feedback loop betweenmicroRNA:
miR-200 (transcriptional targets of ZEB), miR-205, and ZEB,
which allows for the plasticity existing between the cell’s
epithelial andmesenchymal state [28, 74, 78–80]. In addition,
the same microRNAs are frequently downregulated in inva-
sive human breast cancer cells that exhibit a mesenchymal-
like morphology [28]. Recent studies demonstrated that
highly metastatic 4T1 breast cancer cells are more epithelial-
like as compared to their isogenic and nonmetastatic 4T07
counterparts [28]. Amongst the many unique differences
between these two isogeneic cell types is the reexpression
of miR-200 in metastatic 4T1 cells, leading to the synthesis
and secretion of metastasis-promoting proteins necessary for
metastatic outgrowth [28, 80]. In contrast to the miR-200
family, metastatic breast cancers were found to preferentially
upregulate the expression of miR-10b, which promotes the
invasion andmetastasis of malignant MECs both in vitro and
in vivo [28, 81].

In the study of Xu et al. [78] TGF-𝛽1 secretion resulted
in an increased level of ZEB1 transcription in MCF7 cells,
that could reach a point, where ZEB1 transcription and
protein accumulation could overcome the repression caused
by miR-200, resulting in the progression of the EMT. The
downregulation of paracrine TGF-𝛽1 signaling could reduce
ZEB1 and ZEB2 expression, upregulate miR-200b and miR-
200c, and finally inhibit the progression of the EMT. In breast
cancer progression, miR-221/222 expression is increased in
aggressive basal-like subtype breast cancers. In these tumors,
miR-221/222 directly represses the expression of the GATA
family transcription factor TRPS1, a repressor of ZEB2. By
this action miR-221/222 is promoting downregulation of
E-cadherin expression, and EMT-associated increased cell
migration and invasion [82].

Conversely, miR-520/373 members act as tumor-
suppressive miRNAs, and increased miR-520c or miR-373
expression inhibits the invasive behavior of breast cancer cells
in vitro and in vivo, in part by targeting T𝛽RII [83]. Direct
repression of Smad7 can be seen in action of miR-106b-25
cluster [84]. In the work of Kong et al. [85] administration of
TGF-𝛽 to normalmurineMECs (NMuMG) inducedmiR-155
expression through a Smad4-dependent mechanism. Once
expressed, miR-155 abrogated MEC expression of RhoA and
prevented their ability to undergo EMT in response to TGF-𝛽
[28, 74, 85]. miR-181a expression is also highly associated
with the development of metastatic disease in BC. In the
study of Taylor et al. [66], TGF-𝛽 treatment of NMuMG
cells induced EMT resulting in a significant upregulation of
miR-181a expression. Furthermore, it was demonstrated that
inactivation of miR-181a prevented the loss of E-cadherin
expression stimulated by TGF-𝛽.

10. TGF-𝛽1 and ECM Degradation

ECM degradation is an important part of the metastatic
process. In breast cancer destabilization of p53 by Mdm2 (E3
ubiquitin-protein ligaseMdm2) is a pivotal step in EMT. Late-
stage metastatic breast cancer progression can be correlated
with TGF-𝛽1-induced expression of Mdm2. Furthermore, in
bones (common site of BC metastasis) cancer cells are able
to activate osteoclasts influencing the extracellular matrix
degradation, and releasing growth factors stored there (TGF-
𝛽, IGF, BMP). TGF-𝛽1 was shown to stimulate cancer cells
for osteolytic cytokines induction (e.g., PTHrP—stimulator
of NF𝜅B ligand RANKL production), which enhanced the
osteoclast differentiation [9, 26]. In the lung metastasis by
breast cancer cells, TGF-𝛽1 signaling in the tumor microen-
vironment primed cancer cells for pulmonary metastasis [26,
86].

Essential regulators of ECM degradation are matrix
metalloproteinases (MMPs) [63, 65], their specific inhibitors
TIMPs (tissue inhibitors of MMPs), and the membrane-
associated MMP inhibitor (RECK). The balance between
these molecules regulates motile and invasive capacities [1,
87]. MMP-2, MMP-9, MMP-14, and TIMP-2 are linked
with BC progression [88, 89]. Many scientific reports have
suggested a crucial function of TGF-𝛽1 as a modulator of
MMPs [90, 91]. TGF-𝛽 enhances the tumorigenicity and
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invasiveness of breast cancer cells by inducing their expres-
sion of MMPs 2 and 9 [28]. Gomes et al. [1] demonstrated
for the first time that TGF-𝛽1 is able to modulate MMP,
TIMP, and RECK expression in MDA-MB-231 human breast
cancer cells through ERK1/2 and p38MAPK pathways. Both
of these transducer pathways were essential for the TGF-𝛽1-
enhanced migration and invasion phenotypes; however, each
mediated the TGF-𝛽1 signal for MMPs and their inhibitors
in a specific manner. This study demonstrated that, similarly
to MMPs, TIMPs, and RECK, the expression of T𝛽RI and
T𝛽RII was higher in the most aggressive cell line (MDA-
MB-231), as compared to the less invasive ones, except for
T𝛽RI, that was also highly expressed in ZR-75-1 cells [1]. Kim
and collaborators [92] suggested that TGF-𝛽1 also induces
invasion in premalignant breast cancer cells (MCF10A), by
upregulation ofMMP-2 andMMP-9 [92]. Subsequent reports
also indicated that MMP-2 and MMP-9 are essential in the
TGF-𝛽1-increased invasion of MCF10 cell series in a 3D in
vitromodel [24, 93].

The results suggest that TGF-𝛽1 could suppress primary
tumor growth while promoting metastasis through EMT of
the responding carcinoma cells. In a mouse model of mam-
mary carcinoma, with complete ablation of TGF-𝛽1 response
in mammary epithelium, a decrease in tumor latency was
observed. Furthermore, a striking increase in pulmonary
metastasis was also clearly demonstrated [94]. In this model
the loss of TGF-𝛽 signaling in the mammary carcinoma cells
caused also an increased abundance of smooth muscle actin
positive stroma, tumor cell heterogeneity, and tumor cell
survival. Additionally, TGF-𝛽 regulated chemokine expres-
sion resulting in carcinoma-immune cells, which could be
related to mammary carcinoma cell metastasis [94, 95]. A
reduced response of tumor cells to TGF-𝛽 signaling is often
accompanied by an increase in secretion of this ligand.
In breast cancer patients with poor prognosis [94], TGF-
𝛽1 levels were often elevated in plasma, tumor cells, and
associated stroma [23, 96].

11. Mesenchymal-Epithelial Transition (MET)

Following EMT,metastatic cells can revert back and reacquire
epithelial properties, similar to cells in the primary tumor
[97].This process is called mesenchymal-epithelial transition
(MET) and contributes also to formation of tissues and
organs during development [82]. It is less characterized than
EMT, but MET can correlate with the establishment of sec-
ondary tumors following metastasis. Interestingly, members
of the miR-106b-25 cluster can promote a MET-like process
and enhance the induction of iPSCs (Induced Pluripotent
Stem Cells) reprogramming through targeting T𝛽RII [82],
whereas, miR-200 family has been implicated in promoting
MET through their ability to repress the expression of ZEB1
andZEB2, leading to upregulated E-cadherin expression [74].

12. TGF-𝛽1 and Immune Cells in
Tumor Microenvironment

TGF-𝛽1 mediates recruitment of tumor promoting myeloid
cell populations. Mammary carcinoma cells specific abla-
tion of TGF-𝛽1 signaling led to enhanced metastasis and

was associated with an increased myeloid cell infiltrate in
mice [94]. Also GR1+ CD11b+ and F4/80+ myeloid cells
were recruited to the leading edge of tumors exhibiting a
carcinoma cell specific ablation of TGF-𝛽1 responsiveness
[98]. It was correlated with increased expression of Cxcl1 and
Cxcl5 in TGF-𝛽1 signaling deficient tissues in vitro and in
vivo. In vivo studies showed that CxcR2 signaling significantly
contributed to enhanced metastasisobserved from the TGF-
𝛽1 signaling deficient mammary carcinoma cell population,
when compared with the control mammary carcinoma cells
[98]. When TGF-𝛽1 is available in the tumor microenviron-
ment for stimulation of adjacent cell populations, including
immune cell infiltrates, it can have a significant impact
upon antitumor activity of T cells [5]. IL-2 dependent T-cell
signaling has been reported to involve suppression of IL-2
production by Smad3. TGF-𝛽1 was also shown to regulate
T-cell growth arrest (p21Cip1 and p27Kip1 are known TGF-
𝛽1 targets) in the presence of exogenous IL-2 and IL-4, that
would normally promote proliferation. TGF-𝛽1 is also known
to suppress T-cell mediated tumor rejection [3]. TGF-𝛽1 can
cause host macrophages to become suppressors of CD4+ T-
cell proliferation. It has recently been shown that the CD4+
CD25+ regulatory T-cell population can provide a significant
source of TGF-𝛽1, that is responsible for attenuation of tumor
antigen expanded CD8+ cytotoxic T cells (CTLs) [27, 99].
At present a number of studies have clearly demonstrated
that TGF-𝛽1 can suppress cytotoxic T-cell differentiation
and cytotoxic T-cell mediated lysis of carcinoma cells [100].
Additionally, TGF-𝛽1 was shown to prevent the expression
of granzyme A, granzyme B, perforin, Fas ligand (FasL),
and interferon-gamma-promoters of CTLs cytotoxicity [8,
100, 101]. Granzyme B and interferon-gamma expression was
directly linked to Smad transcription factors [101]. Moreover,
it has been reported that TGF-𝛽1 stimulation inhibits NK cell
andneutrophil effector functions, which contributes to tumor
progression in a permissive microenvironment. In addition,
TGF-𝛽1 has been shown to suppress MHC I and MHC II
expression in a number of cell populations. Importantly, the
TGF-𝛽1 dependent decrease of MHC I expression in tumor
cells results in reduced tumor cell lysis by NK cells, thereby
enhancing tumor growth and metastasis [102]. TGF-𝛽1 is
one of the most potent known chemoattractants for human
peripheral blood neutrophils that also inhibits their ability to
suppress tumorigenesis and potently regulates the interaction
between neutrophils and other cell populations within the
tumor microenvironment [5]. Neutrophils function in the
tumor microenvironment is the recognition and destruction
of carcinoma cells expressing FasL. In the presence of TGF-𝛽1
neutrophils exhibit a decreased ability to eliminate such cells
[5]. TGF-𝛽1 is also promoting recruitment of monocytes, and
it has been suggested to promote monocyte to macrophage
differentiation [5]. TGF-𝛽1 is able to block both the priming
by interferon-𝛾 and triggering by lipopolysaccharide (LPS) of
macrophages, necessary for the efficient killing of tumor cells
by macrophages [5]. Conversely, tumor necrosis factor alpha
(TNF-𝛼) cytotoxicity is functioning independently of TGF-𝛽1
influence. TGF-𝛽1 pretreatment of carcinoma cells attenuates
both the cytotoxicity and cytostatic ability of macrophages in
vitro [5]. TGF-𝛽1 stimulation ofmacrophages has been shown
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to attenuate macrophage-associated suppression of CD4+ T-
cell proliferation [5]. TGF-𝛽1 also suppresses MIP-1a, MIP-
2, CXCL1, IL-1𝛽, IL-8, GM-CSF, and IL-10 expression. In
monocytes, TGF-𝛽1 has been shown to promote expression
of IL-1 and IL-6 and suppress oxygen free radical production
[5]. It plays also a pivotal role in inducing the differentiation of
Tregs (CD4+ CD25+ Foxp3+ regulatory T cells) [103], which
are thought to be the main obstacle tempering antitumor
immunity and immunotherapy. Their localization and the
infiltrating patterns vary in BC and have different impacts on
tumor progression but can be prognostic factor for BC [8].

13. Anticancer Therapeutic
Strategies against TGF-𝛽

Due to its growth-suppressive effects, in the past, TGF-𝛽 has
been regarded as an attractive cytokine for the treatment
of cancer. Therefore, studies were initiated to explore the
potential role of TGF-𝛽 as an adjuvant for chemotherapy.
TGF-𝛽 was able to protect normal cells and sensitize tumor
cells towards standard chemotherapy in some preclinical
models [9]. Given TGF𝛽’s pleiotropic effects on both tumor
cells and host cells, and its presumed role in tumormetastasis,
detailed assessment of antitumor effects of TGF𝛽 antagonists
can only be accomplished by using models of metastatic
mammary cancer: the murine metastatic mammary cancer
cell lines 4T1 (Balb/C), EMT6 (Balb/C) and R3T (129S1),
and the human metastatic MDAMB-231, MDA-MB-435,
MCF10ACA1A, and MX-1 cell lines that are inoculated into
immunodeficient mice [20].

With current knowledge about the involvement of TGF-𝛽
in progression and metastasis of cancer, there are 3 different
approaches against TGF-𝛽, which have therapeutic potential.

(1) Using antisense molecules to prevent TGF-𝛽 synthesis
on ligand level; (2) blocking the ligand-receptor interactions
by using ligand traps (monoclonal antibodies and solu-
ble receptors) and antireceptor monoclonal antibodies; (3)
inhibiting signaling cascade on the intracellular level (with
the use of TGF-𝛽 receptor kinases inhibitors and peptide
aptamers) [6–9]. For each of these approaches, several drugs
have been developed and are either in nonclinical or in early
stages of clinical investigation. A few examples can be found
for BC therapy.

Antisense molecules are single stranded oligonucleotides
(13–25 nucleotides) [8]. Since TGF-𝛽 production is usually
increased during tumor progression, blocking its synthesis
and TGF-𝛽-mediated gene expression have the potential to
reduce excess TGF-𝛽 levels within the tumor microenviron-
ment. Antisense mediated inhibition of TGF-𝛽1 gene expres-
sion has been shown to be effective in reducing malignant
properties of mouse fibrosarcoma cells and murine 4T1 cells
[104]. Some of the testedmolecules were shown to be efficient
in treatment of pancreatic cancer (AP12009 Trabedersen) or
prostate carcinoma (AP11014 and AP15012) [8, 9, 104].

Ligand traps can control excess of TGF-𝛽 production
in tumor microenvironment. A neutralizing monoclonal
antibody (mAB), 1D11 (Genzyme Corp.,Sanofi), that binds
TGF-𝛽 1, 2, and 3, resulted in suppression of lungmetastasis in
metastatic breast cancer mouse model, mainly by increasing

the antitumor response of CD8+ T cells [105]. It also gave
decreased bone loss by reduced expression of PTHrP and its
regulator Gli2 [50]. In the in vitro experiments of Tan et al.
[20], which assessed the efficacy of the murine anti-TGF𝛽
monoclonal antibody 1D11, the experimentalmetastasismod-
els were used: bone-tropic and lung-tropic MDA-MB-231
human breast cancer cells sublines (preferentiallymetastasize
to lungs: MDA-231-4175TR or bones: MDA-231-SCP2TR and
2860TR). Treatment with 1D11 was able to block TGF𝛽-
induced phosphorylation of the receptor-associated Smads,
Smad-2 and -3, in each of these cell lines. While 1D11 had no
effect on cell growth in vitro, it inhibited TGF𝛽-stimulated
tumor cell migration and invasiveness into Matrigel. Treat-
ment with 1D11 antibody significantly reduced the burden of
MDA-231-SCP2TR or 2860TR-derived metastases to bones,
as well as MDA-231-4175TR-derived metastases to lungs by
∼40%.

In preclinical trials another mAB, 2G7, showed efficacy
in inhibiting breast cancer metastasis by increasing NK cells
activity and preventing radiation induced acceleration of
metastases [20, 104, 106–108]. Genzyme had developed three
fully humanized mABs: GC-1008 (Fresolimumab), CAT-
152 (Lerdelimimab), and CAT-192 (Metelimumab), which
were tested in clinical trials [3, 104]. GC-1008 is capable of
neutralizing all three TGF-𝛽 isoforms. CAT-152 is in phase
III clinical trials for some metastatic tumors [3, 59]. GC-1008
was tested in phase I/II clinical trials. Two trials of GC-1008
are in recruitment phase: Fresolimumab and radiotherapy
in metastatic breast cancer (NCT01401062), and safety and
imaging study of GC1008 in glioma (NCT01472731). The
other two mABs have not been tested yet on cancer patients.

Another way of blocking TGF-𝛽 is to use soluble recep-
tors. For example soluble T𝛽RII and T𝛽RIII have been
tested in preclinical studies in breast and pancreatic cancer
metastasis [104, 109–111]. Muraoka et al. [109] have shown
that systemic administration of Fc:T𝛽RII increased apoptosis
of primary mammary tumors expressing PyMT (polyoma
middle T-antigen) and reduced tumor cellmotility, intravasa-
tion, and lung metastases. Similarly, Fc:T𝛽RII also inhibited
metastases from transplanted 4T1 and EMT-6 mammary
tumors in syngeneic BALB/c mice. Expression of soluble
T𝛽RII reduced BC and pancreatic cancer metastasis. No clin-
ical trials have been undertaken with these soluble receptors
until now.

In signal transduction blockade two different strategies
can be proposed: the use of receptor kinase inhibitors,
and targeting the intracellular TGF-𝛽 signaling pathway
molecules, such as Smads, with peptide aptamers [6, 8, 50].
Peptide aptamers are small molecules containing a target
binding site and a scaffolding domain that impedes the
function of the target [8].

Targeting receptor kinases has been intensively investi-
gated, because such drugs are easy to produce and can be
administrated orally [50]. Ki26894, SD-208, and LY364937
are T𝛽RI inhibitors, which appeared to be promising in terms
of inhibitingmetastasis to bone. Experimentswere conducted
using breast and gastric cell lines in vitro [112, 113] and
xenografts mouse model in vivo [112, 114]. In the experiments
of Ehata et al. [112] treatment with Ki26894 blocked TGF𝛽
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signaling in MDA-MB-231-D cells, which was detected by
suppression of Smad2 phosphorylation and inhibition of
TGF𝛽-responsive target genes activity. Moreover, Ki26894
decreased the motility and the invasion of MDA-MB-231-D
cells induced by TGF𝛽 in vitro. Systemic Ki26894 treatment
initiated 1 day before the inoculation ofMDA-MB-231-D cells
into the left ventricle of BALB/c nu/nu femalemice resulted in
decreased bonemetastases and prolonged survival compared
to vehicle-treated mice.

SD-208 has been shown to inhibit growth of primary
tumors and pulmonary metastasis in tests with two murine
mammary carcinoma lines, R3T and4T1 [20, 104]. SB-431542,
the most widely used T𝛽R1 inhibitor, has been shown to
inhibit tumor metastasis in breast cancer [3, 115], glioma, and
renal cell carcinoma in the preclinical stage [3]. LY2109761 is
a small molecule inhibiting the kinase activity of both T𝛽RI
and T𝛽RII. This compound inhibits metastasis formation in
mousemodels of breast cancer [8, 9, 104, 116]. LY2157299 (Eli-
Lilly & Co) is a T𝛽RI kinase inhibitor that reduces growth
of lung and breast cancer cell lines and has been shown to
inhibit primary tumor growth induced by the Calu6 non-
small lung cancer line and theMX1 breast cancer line in nude
mice [8, 9, 104, 117]. This is the only TGF-𝛽 receptor kinase
inhibitor that is currently tested in clinical trials.

SD-093 and LY-580276 have been shown to block EMT
and tumor cell migration in pancreatic cancer and mouse
mammary epithelial cells, respectively [118]. EW-7203, EW-
7195, and EW-7197 inhibited Smad/TGF-𝛽 signaling, cell
migration, invasion, and lung metastasis of breast cancer
cells in 4T1 and MDA-MB-231 orthotropic xenograft mice
and MMTV/cNeu transgenic mice. They inhibited EMT in
both TGF-𝛽 treated breast cancer cells and 4T1 orthotropic
xenograft mice. The dose 1.25mg/kg of EW-7197 increased
the survival time of 4T1-Luc and 4T1 breast tumor bearing
mice [119]. Preclinical study with EW-7197 was completed.
Fang et al. [3] have shown the efficacy of a novel small
molecule YR-209, inhibitor of T𝛽RI kinase. They have exam-
ined the effects of YR-290 on breast cancer cell migration
and metastasis in vitro (MDA-MB-231 cell line, mouse breast
tumor 4T1 cell line, human breast carcinoma cells Hs578T
and BT-549, and human keratinocyte cell line HaCaT) and
in tumor metastasis mouse models. YR-290 inhibited breast
cancer cell migration, invasion, and EMT induced by TGF-𝛽
in a dose-dependent manner. In three different mouse tumor
metastasis models YR-290 preventively and therapeutically
blocked breast cancer pulmonary and skeletal metastasis by
suppressing the TGF-𝛽 pathway. Treatment with YR-290 also
statistically significantly prolonged the survival of tumor-
bearing mice.

Trx-SARA is an example of a peptide aptamer, which
reduces the levels of TGF-𝛽-induced Smad-2/-3 in complex
with Smad-4, and inhibits EMT after TGF-𝛽 stimulation in
breast cancer epithelial cells [8, 120]. So far no clinical trials
have been undertaken with peptide aptamers.

14. TGF-𝛽1 and Cancer Stem-Like Cells (CSCs)

After initial response to chemotherapy many patients have
recurrence of drug resistant metastatic disease, especially

in triple-negative breast cancers (TNBCs). Some studies
revealed that these relapses could be caused by populations of
cancer stem-like cells (CSCs) with self-renewing and tumor-
initiating capacities. TGF-𝛽1 has been shown to increase
stem-like properties in human breast cancer cells [121]. Bhola
et al. [121] have analyzed RNA expression in matched pairs of
primary breast cancer biopsies before and after chemother-
apy. Biopsies after chemotherapy displayed increased RNA
transcripts of genes associated with CSCs and TGF-𝛽1
signaling. Also Shipitsin and colleagues [53] showed that
subpopulations with CSC features (CD44+) within breast
tumors overexpressed TGF-𝛽1 and the T𝛽R1. TGF-𝛽1 ligands
are often enriched in the TNBC tumor microenvironment
and can be produced by tumor cells or by tumor-associated
stromal and immune cells [94, 121]. These data suggest the
possibility that the TGF-𝛽 pathway is involved in mainte-
nance of CSCs in breast carcinomas. In a study of Bhola
et al. [121] in TNBC cell lines (SUM 159, BT549, SUM149,
MDA231) and mouse xenografts, the chemotherapeutic drug
paclitaxel increased autocrine TGF-𝛽1 signaling and IL-8
expression inCSCs, as indicated bymammosphere formation
and CSC markers. The T𝛽RI kinase inhibitor LY2157299 and
SMAD4 siRNA blocked paclitaxel-induced IL8 transcription
and CSCs expansion, as well as paclitaxel-induced SUM159
andBT549mammosphere formation.Moreover, treatment of
TNBC xenografts with LY2157299 prevented reestablishment
of tumors after paclitaxel treatment.

Pathways that control stem-cell proliferation are another
option for cancer treatment. The canonical Wnt signaling
maintains the growth of stem cells. For example in the
intestine, the presence of TGF-𝛽-signaling and the absence of
Wnt signaling in the villus compartment result in rapid cell
cycle arrest and differentiation. Thus, Tcf4 (affected by Wnt
signaling) and Smad-4 constitute a dominant switch between
the proliferative progenitor and the transitional progenitor of
differentiated epithelial cell [8].

15. Combination Therapy Approaches

Investigators at Genzyme, Inc., have examined the antitumor
effects of the pan-TGF𝛽 neutralizing antibody, 1D11, in com-
bination with various common chemotherapeutics against
mammary cancer models. The combination of 1D11 with
CDDP Cisplatin resulted in long-term survivors in the 4T1
murine breast cancer cells in experimental bone metastasis
assay. More recently, the same investigators demonstrated at
least additive dose-dependent effects of 1D11 against several
human tumor xenografts (including breast and renal cell)
when combined with a variety of cytotoxic agents, including
paclitaxel, CDDP, doxorubicin, or CTX (cyclophosphamide).
Similarly, scientists at Genentech have shown that the 2G7
potentiates the efficacy of docetaxel in 4T1 spontaneous lung
metastasis assays [20].

Bhola et al. [121] determined whether the efficacy of
doxorubicin in the inhibition of tumor growth and lung
metastasis could be improved by simultaneous treatment
with a pyrazole-based T𝛽RI kinase inhibitor (Biogen Idec
HTS466284, Eli Lilly LY364947). In these studies, murine
breast cancer 4T1 cells were inoculated into both inguinal
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mammary fat pads of Balb/c mice. Results of these experi-
ments indicated that while the T𝛽RI inhibitor alone failed to
inhibit tumor growth, it significantly enhanced doxorubicin’s
antitumor activity.

Bandyopadhyay et al. [122] have reported that inhibit-
ing TGF-𝛽 signaling in mammary epithelial cells using a
chemical T𝛽R-I kinase inhibitor attenuated ATM (Ataxia
TelangiectasiaMutated kinase) autophosphorylation and sig-
nificantly reduced its kinase activity, while adding back TGF-
𝛽1 restored functional ATM and downstream DNA damage
responses. These studies have discovered a critical link
between activation of TGF-𝛽1 in the microenvironment and
ATM, which directs epithelial cell genotoxic stress responses
and, indirectly, tissue integrity.

In the experiments of Seth et al. [123] effects of antago-
nization of TGF-𝛽 were combined with the oncolytic effects
of an infectious adenoviral vector. An oncolytic adenovirus
expressing Fc:T𝛽RII was constructed by homologous recom-
bination. MDA-MB-231 and MCF-7 human breast cancer
cells were infected, and the transcription of TGF-𝛽 was
inhibited in targeted cells. Direct injection of virus intoMDA-
MB-231 human breast carcinoma xenografts caused tumor
regression in more than 85% of the animals [20, 123].

16. Crosstalk between Estrogen- and TGF𝛽
Signaling Pathways in Breast Cancer Cells

A number of studies have suggested that estrogen receptor
(ER)-negative (ER−) human breast carcinoma lines were
relatively more sensitive to growth inhibition by TGF-𝛽 than
ER+ lines [20]. For example, estrogen dependent MCF-7
breast cancer cells were found to be quite sensitive to TGF𝛽-
mediated growth inhibition, while estrogen-independent
MCF-7 sublines were refractory to TGF𝛽 [20]. Growth of ER-
positive MCF-7 cells is stimulated by estradiol as well as by
progestins in a dose-dependent manner, and this effect can
be blocked by treatment with 4-hydroxy-tamoxifen (4-OH-
T). Moreover, estradiol- or norethindrone-induced growth
stimulation is accompanied by a dramatic decrease in TGF𝛽2
and -3 mRNA levels, whereas the level of TGF𝛽1 mRNA was
not affected [20].

Manni et al. [124] have demonstrated that even though
treatment with TGF-𝛽 had no effect on MCF-7 cell growth
in 2D culture, it inhibited colony formation in 3D in a dose-
dependent manner to a degree comparable to that observed
with 4-OH-T. Furthermore, the growth inhibitory effect of
4-OH-T was completely reversed by an anti-TGF𝛽 antibody.
These observations suggested that TGF𝛽might act on a small
TGF𝛽-responsive progenitor cell population, at least in 3D
cultures of MCF7 cells. These findings are similar to those
reported by Shipitsin et al. [53] who have examined gene
expression and genetic profiles of cells isolated from cancer-
ous and normal breast tissue using the cell surface markers,
CD44 and CD24. Most tumors contained cell populations
that were either predominantly ER+, CD44−, CD24+ or ER−,
CD44+, CD24lo. Moreover, the TGFBR2 gene was selec-
tively expressed in ER− CD44+, CD24lomammary epithelial
precursors, but was epigenetically silenced in differentiated,
ER+ CD44−, CD24+ luminal cells. Thus, differentiation into

luminal cells appeared to be associated with inactivation of
TGF𝛽 signaling.

It is worth noting that tamoxifen-responsiveness in vivo
may depend not only on ER expression in the breast cancer
cells but also on stem cell population sensitivity to TGF𝛽-
mediated growth arrest. Thus, in some cases, ER+ tumors
might become resistant to antiestrogens because the tumor
stem cells no longer respond to TGF𝛽-mediated cell cycle
arrest. In this situation, constitutive inactivation of TGF-𝛽
signalingmay even contribute to antiestrogen resistance [20].
On the basis of several observations the postulate has been
created that in the early stages of breast cancer development,
the mammary epithelial stem cell population is still sensitive
to growth inhibition by TGF-𝛽 (and, thus, sensitive to
tamoxifen if there is an ER+ subpopulation). During breast
cancer progression the cells escape from TGF𝛽-mediated
growth arrest, and the higher levels of TGF-𝛽 could be
associated with greater invasive and/or metastatic potential
and tamoxifen-resistance [20].

17. Crosstalk between HER2 Kinase and TGF𝛽
Signaling in Mammary Tumor Progression

HER2 gene amplification is reported in approximately 25%
of metastatic breastcancers, where it is associated with
poor patient outcome [125]. Studies of HER2-overexpressing
breast cancer cell lines and human tumors have shown
constitutive HER2 phosphorylation and activation. Overex-
pression of HER2 is associated with mammary epithelial
cell transformation and shorter survival in breast cancer
patients [20, 49, 125]. In breast cancer models (in vitro and
in vivo—in mice expressing the Neu oncogene), a functional
synergy between TGF-𝛽 and HER2 has been characterized.
Exogenous as well as transduced TGF-𝛽 confer motility
and invasiveness in MCF10A cells (HMECs), which were
showing stable expression of transfected HER2 [125, 126].
Such experiments showed that TGF-𝛽1 and TGF-𝛽3 cDNAs
cooperate with HER2 in inducing cell motility and inva-
sion in both 2D and 3D basement membrane cultures.
This cooperation between HER2 and TGF-𝛽 correlates with
sustained activation of AKT, ERK, and p38 MAPK and is
abolished by pharmacological inhibition of PI3 K, ERK, or
p38 MAPK. Indeed, a genetic modifier screen in these cells
identified TGF-𝛽1 and TGF-𝛽3 as molecules that cooperate
with HER2 in inducing cell motility and invasion [49, 125].
Evidence suggest that blockage of HER2:TGF-𝛽 crosstalk
may significantly enhance the efficiency of conventional
therapies in breast cancer patients with HER2 overexpression
[49].

18. TGF𝛽 Induced Apoptosis in
Tumor Suppression

In epithelial, neuronal, and haematopoietic cells, TGF-𝛽
limits cell proliferation through a coordinated program of
cytostatic gene responses. So far, the unique TGF-𝛽-induced
apoptotic program characteristic for cancer cells is poorly
understood [8, 9]. In vitro studies have shown some Smad-
dependent and -independent mechanisms; for example,
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TGF-𝛽 increases the expression of death associated protein
kinase (DAPK) in HCC cell-lines [126]. Other apoptotic
related genes affected byTGF-𝛽 pathway areDAXX (that nor-
mally activates p38MAPK), FAS, and BIM (in gastric cancer
cell lines) and GADD45𝛽 (growth arrest and DNA damage
inducible 45 𝛽; in hepatocytes) [8, 9, 60]. The final targets
in TGF-𝛽-induced apoptosis are the proapoptotic caspases
and several members of the BCL2 family [7]. Confirmation
of the physiological relevance of these candidates awaits
experimental proof using in vivomodel systems.

19. TGF𝛽 Induced Autophagy in
Breast Cancer Cells

Autophagy is a pivotal response of normal and cancer cells
to environmental stress and is induced by various stimuli
[127, 128]. Otherwise, autophagy has an intrinsic function in
tumor suppression [129]. Although autophagy might allow
tumor cells to survive under metabolic stress [128], several
genetic links have emerged between defects of autophagy
and development of cancer. Metastatic cancer cells may
escape from anoikis via the induction of autophagy [130, 131].
BECLIN1 is monoallelically deleted in 40% to 75% of human
breast, ovarian, and prostate cancers, and thus considered
as a tumor suppressor gene [128, 132, 133]. Accordingly,
heterozygous deletion of BECLIN1 in mice (beclin 1+/−)
resulted in increased incidence of spontaneous tumors [128,
132]. Many breast carcinoma cell lines, although polyploid
for chromosome 17 (beclin1 gene is placed on chromosome
17q21), exhibit deletions of one or more beclin1 alleles13
and human breast tumors show decreased Beclin1 levels
compared to normal adjacent tissue. Restoration of Beclin1
and autophagy inMCF-7 cells is associated with inhibition of
MCF7-induced tumorigenesis in nude mice [128]. beclin1+/−
mice do not have increased incidence of mammary tumors
but rather are susceptible to lymphomas and carcinomas of
the lung and liver after a long latency [134, 135]. Tumors
forming in beclin1+/− mice express wild-type beclin1 mRNA
and protein, indicating that beclin1 is a haploinsufficient
tumor suppressor.

Autophagy activation by TGF𝛽1 is mediated through
the Smad and JNK pathways [129]. In the work of Kiy-
ono et al. [132] TGF-𝛽 treatment induced the formation
of GFP-LC3 puncta in human MDA-MB-231 mammary
carcinoma cells and in mouse mammary carcinoma cell line,
JygMC. Moreover, TGF-𝛽 enhanced degradation of long-
lived proteins in MDA-MB-231 cells. Autophagic cell death
has been also described in anti-estrogen-treated cultured
human mammary carcinoma MCF-7 cells [22].

The role of autophagy might be different in certain stages
and aspects of tumor development. Various tumor suppres-
sors (e.g., PTEN, TSC1/2, p53, and DAPK) are autophagy
inducers, whereas some inhibitors of autophagy (e.g., Akt
and Ras) possess oncogenic activity [136]. Because TGF-𝛽
primarily functions as a tumor suppressor in early stages
of carcinogenesis, TGF-𝛽-induced autophagy may suppress
tumor initiation in cooperation with other tumor suppres-
sors. In later stages of tumor progression, it was shown
that the metabolically stressed regions of the tumor mass

activate autophagy. In this scenario, autophagy activation
might confer a growth advantage to these cells. Regarding
the tumor-promoting aspects of TGF-𝛽 in advanced cancer,
TGF-𝛽-induced autophagy in certain tumor types, including
breast cancer, might be implicated in tumor promotion in the
later phase of tumorigenesis [132, 137]. In the work of Suzuki
et al. [129] TGF𝛽-induced autophagy was suppressed by the
knockdown of Smad2/3, Smad4, or DAPK, or inhibition of
JNK, indicating the involvement of both Smad and non-
Smad pathways. TGF𝛽1 activates autophagy earlier than
execution of apoptosis, and silencing of autophagy genes by
siRNA attenuates the cell cycle arrest and apoptosis induction
by TGF𝛽1 in HuH7 cells (human hepatocellular carcinoma
cells), indicating that autophagy activation should partially
contribute to TGF𝛽-mediated growth inhibition.

Concepts of autophagy inhibition used in cancer therapy
have led to trials testing autophagy inhibitors, such as
chloroquine, as sensitizers for radio- and chemotherapy in
several malignancies [138].

20. Concluding Remarks

Direct impact of TGF-𝛽1 upon the carcinoma cells, as well
as regulation of carcinoma-immune cells interactions by
this cytokine, must be considered when designing relevant
therapeutic approaches tomanage human cancer progression
and metastasis. The prognostic utility of TGF-𝛽1 in human
BC has also been described. Elucidation of the molecular
mechanisms responsible for conferring oncogenic activi-
ties of TGF-𝛽1 will undoubtedly provide new therapeutic
opportunities to alleviate metastatic progression and disease
recurrence of BC. Currently some anti-TGF-𝛽1 therapies are
being explored. Given the role of microRNAs in mediating
EMTandTGF-𝛽 signaling, it stands to reason that identifying
the micro-RNAome regulated by TGF-𝛽 during its induction
of metastatic progression may also offer new inroads to
enhance the overall survival of breast cancer patients.
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Intestinal homeostasis is precisely regulated by a number of endogenous regulatorymolecules but significantly influenced by dietary
compounds. Malfunction of this system may result in chronic inflammation and cancer. Dietary essential n-3 polyunsaturated
fatty acids (PUFAs) and short-chain fatty acid butyrate produced from fibre display anti-inflammatory and anticancer activities.
Both compounds were shown to modulate the production and activities of TNF family cytokines. Cytokines from the TNF family
(TNF-𝛼, TRAIL, and FasL) have potent inflammatory activities and can also regulate apoptosis, which plays an important role in
cancer development. The results of our own research showed enhancement of apoptosis in colon cancer cells by a combination of
either docosahexaenoic acid (DHA) or butyrate with TNF family cytokines, especially by promotion of themitochondrial apoptotic
pathway and modulation of NF𝜅B activity. This review is focused mainly on the interaction of dietary PUFAs and butyrate with
these cytokines during colon inflammation and cancer development. We summarised recent knowledge about the cellular and
molecular mechanisms involved in such effects and outcomes for intestinal cell behaviour and pathologies. Finally, the possible
application for the prevention and therapy of colon inflammation and cancer is also outlined.

1. Introduction

Immune homeostasis in the intestine is tightly regulated
by crosstalk between commensal bacteria, mucosal immune
cells, and intestinal epithelial cells. These cells migrate from
their place of origin at the crypt base to the villus (small
intestine) or crypt (large bowel) tip, fromwhere they are shed
into the lumen. Dynamic balance between cell production
at the base and cell death at the surface of the colonic
crypts is precisely regulated by a number of physiological
endogenous factors. In addition to hormones and cytokines,
specific signalling through Wnt, Notch, and BMP pathways
are essential for intestinal development and homeostasis
[1]. Irregularities of such regulation might cause differ-
ent pathologies including colon cancer. Recently, various
types of cell death and their crosstalk were identified in

the intestinal epithelium. In addition to apoptosis, autophagy
and necroptosis were described as other modes of pro-
grammed colon cell death. Excessive cell death has been asso-
ciated with chronic inflammation in patients with Crohn’s
disease and ulcerative colitis (UC) and dysregulation of cell
death also plays essential role in colorectal cancer (CRC) [2].

The pathogenesis of CRC is a long and multifactorial
process which involves not only mutations in specific onco-
genes and tumour suppressor genes, but also alterations
in gene expression which are induced by epigenetic and
nongenotoxic mechanisms [3, 4]. Disturbed regulation of
apoptosis and loss of sensitivity to apoptosis-inducing factors
are some of the key mechanisms in CRC development [5,
6]. Further, autophagy, process of cellular self-digestion, has
been demonstrated to promote cancer cell survival and drug
resistance, but on the other hand it may function as a tumour
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suppressormechanism [7].Moreover, an association between
inflammation and cancer has been suggested for a long time
[8]. Patients with inflammatory bowel disease (IBD) have
a significantly increased risk of developing malignancy in
the colon [9, 10]. An important role is especially played by
increased production of various endogenous inflammatory
molecules and malfunction of the immune system. However,
some types of these molecules, such as tumour necrosis
factor (TNF) family cytokines, may play a dual role. Their
overproduction supports inflammation, but they can also
induce death receptor-mediated apoptosis in certain cell
types [11].

Nowadays it is clear that, in addition to endogenous
regulators influencing cell and tissue homeostasis, lifestyle
factors (mainly smoking, composition of the diet, and physi-
cal activity) play a role in the aetiology of colon inflammation
and cancer [12, 13]. Among them, various types of fatty acids
originating fromdietary fat and fibre are being investigated to
clarify the role and possible mechanisms by which they may
influence colonic health [14–17].

The results of some studies including our own also
suppose that there is mutual interaction between physiolog-
ical regulators of cell behaviour and dietary lipids, which
may positively or negatively influence the maintenance of
intestinal tissue homeostasis. In the intestine, signals from
nutritional compounds and endogenous factors, which play
a role in inflammatory response and regulate cell growth,
differentiation, and apoptosis, are integrated within the cell
andmay have a substantial impact determining the final phe-
notype,metabolism, and kinetics of epithelial cell population.
Moreover, an altered sensitivity and response of transformed
cells to these signals play the role during colon carcinogenesis.

In this review we focused on the role and mechanisms
of action of dietary essential polyunsaturated fatty acids
(PUFAs), short-chain fatty acid (SCFA) butyrate from fibre,
and their interactionwith TNF family cytokines during colon
inflammation and cancer.

2. Chronic Inflammation Drives
Cancer Development

Chronic inflammation is considered as one of the key mech-
anisms promoting and accelerating cancer development.
This process mainly involves continuous activity of various
cytokines, chemokines, production of reactive oxygen and
nitrogen species (RONS), activity of certain enzymes, and
activation of specific signalling pathways and transcription
factors [18].

The inflammation present in the tumour microenviron-
ment is characterised by leukocyte infiltration. These cells
produce a variety of cytotoxic mediators such as RONS,
proteases, matrix metalloproteinases, TNF-𝛼, interleukins
(IL), interferons (IFN), and enzymes such as cyclooxygenase-
2 (COX-2), 5-lipoxygenase (5-LOX), and phospholipase A2
(PLA2) responsible for eicosanoid formation. Such medi-
ators activate specific transcription factors: nuclear factor
𝜅B (NF-𝜅B), AP-1 or hypoxia-inducing factor 1𝛼 (HIF-1),
and signal transducers like Janus kinase/Signal transducers

and activators of transcription 3 (JAK/STAT3) [19]. These
conditions can induce genetic and epigenetic changes includ-
ing various types of mutations, chromosomal aberrations,
methylation of various tumour-related genes, and modulated
expression of microRNAs. These events work in concert to
alter the important pathways involved in the normal cellular
function and hence accelerate inflammation-associated can-
cer development [20].

2.1. Intestinal Inflammation and Cancer. In patients with
IBD, chronic inflammation represents a major risk factor
for the development of CRC [21]. This process leads to a
disruption of the epithelial barrier and the formation of
epithelial ulceration [22]. It permits easy access for the lumi-
nal microbiota and dietary antigens to cells resident in the
lamina propria and stimulates further pathological immune
cell responses [23]. However, themechanisms underlying this
neoplastic transformation are not fully understood. Studies in
experimental models of CRC suggest that inflammatory cell-
derived cytokines either directly or indirectly stimulate the
uncontrolled growth of cancer cells [24].

Despite the differences between the molecular abnormal-
ities found in colitis-associated dysplasia in comparison with
sporadic CRC, there are many similarities (dysplasia-cancer
sequence, similar frequencies of major chromosomal abnor-
malities, microsatellite instability, and similar glycosylation
changes) that make it reasonable to suggest that also sporadic
colon cancermight be largely secondary to inflammation.The
fact that regular use of nonsteroidal anti-inflammatory drugs
(NSAIDs) can lower the mortality and result in regression of
adenomas in familial adenomatous polyposis (FAP) patients
withmutation in the adenomatous polyposis coli (APC) gene
brings further evidence of the role of inflammation in CRC
[25]. However, this process may function as a double-edged
sword. Under specific inflammatory conditions, immune
cells can boost an antitumour immune response with the
downstream effect of eliminating dysplastic and cancerous
cells. Thus, inflammation can play both a beneficial and
a detrimental role in colon carcinogenesis [26, 27]. Since
understanding of the definition and pathogenesis of CRC
in IBD is crucial to optimise patient management, further
investigation is necessary.

3. The Role of Cytokines in Colon
Inflammation and Cancer

A variety of immune mediated bowel disorders, including
celiac disease, Crohn’s disease, and UC, are characterized by
accelerated epithelial cell turnover and cell death leading to
altered crypt morphology.These changes are mediated by the
cytokines released from infiltrating inflammatory cells and
enterocytes in paracrine or autocrine fashion, respectively.
Similarly, various types of cytokines and chemokines, which
can be produced by tumour cells themselves or by the cells
in the tumour microenvironment, play an important role
in colon cancer development. Using a mouse model of UC,
TNF-𝛼 has been identified as a crucial mediator of the
initiation and progression of colitis-associated CRC [28].
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Proinflammatory molecules promote the growth of tumour
cells, perturb their differentiation, and support the survival
of cancer cells [23]. TNF-𝛼, interleukins (IL-6 and IL-1𝛽), or
transcription factors (NF-𝜅B and STATs) that are required
for signalling by these cytokines are indeed emerging as
potential targets for anticancer therapy. Members of the IL-
12 family have been implicated in the pathogenesis of colitis,
and IL-23 seems to be involved in inflammation-associated
carcinogenesis [29]. The described mediators and activated
signalling pathways generally delay or suppress the apoptosis
of intestinal cells and modulate angiogenesis and drug-
metabolising enzyme induction [30]. It was also reported that
the colonic mucosa of UC patients displayed an increased
T-cell infiltration. Moreover, the disbalance between CD4+
T-helper subsets (Th1 and Th2) producing specific inflam-
matory cytokines in the intestine and their resistance to
apoptosis contributes to chronic mucosal inflammation [31].
Experiments using the Apc (Min/+) mouse model con-
firmed the association between intestinal cytokines and
tumorigenesis. The overall polyp number and abundance
of large polyps significantly correlated with inflammatory
cytokine (IL-1, IL-6, and TNF-𝛼) response. Inflammatory
mediators may thus serve as important biomarkers for CRC
progression [32]. Next, we focused on the role of TNF family
cytokines.

3.1. Dual Role of TNFFamily Cytokines. TheTNF superfamily
is composed of 19 ligands and 29 receptors, which play a
highly diverse role in the body. This implies that at least
some of the ligands have to interact with more than one
receptor. All ligands and their receptors are well described
in a recent work of Aggarwal et al. [33]. Without exception,
the TNF superfamily exhibits a proinflammatory activity; in
part through activation of the transcription factor NF-𝜅B.
However, these cytokines are involved in the regulation of not
only inflammation but also cellular proliferation, apoptosis,
and morphogenesis [11, 34]. Cell signalling is mediated
through the interaction between transmembrane receptors
and either soluble or transmembrane ligands. TNF-𝛼, TRAIL
(tumour necrosis factor-related apoptosis-inducing ligand),
or Fas ligand (FasL), are expressed in both forms. Members
of the TNF superfamily can be classified into those groups
with or without an intracellular death domain (DD), and
they have been identified as important participants in the
regulation of apoptosis [35]. The death domain, a region of
approximately 45 amino acids long, plays a crucial role in
transmitting the death signals from the cell surface to the
intracellular pathways [33, 36]. The cytokines TNF-𝛼, FasL,
and TRAIL induce apoptosis by binding to their receptors
TNFR1/2, Fas, and DR4/DR5, respectively, which possess
intracellular DDs recruiting certain adaptor molecules to
form the death-inducing signalling complex (DISC) consist-
ing of Fas-associated DD protein (FADD) and procaspase-8
[37]. The activation of caspase-8 at the DISC can be potently
regulated by cellular FLICE-like inhibitory protein (cFLIP).
In the so-called type I cells, efficient caspase-8 activation is
followed by a direct cleavage of effector caspases (extrinsic
apoptotic pathway), while type II cells mostly use caspase-8

to cleave the Bid protein, which is responsible for translo-
cation of the apoptotic signal to mitochondria (intrinsic
apoptotic pathway) [38]. Changes in mitochondria (mito-
chondrial transition pore opening, decrease ofmitochondrial
membrane potential, and production of ROS) are associated
with the activation of pro- and antiapoptotic proteins of
the Bcl-2 family, which play a crucial role in the release
of proapoptotic proteins (cytochrome c, Smac/DIABLO)
into the cytosol. The subsequent activation of caspase-9
is followed by activation of effector caspases, cleavage of
poly ADP-ribose polymerase (PARP), and overall apoptosis.
Caspase activity can be effectively modulated by the inhibitor
of apoptosis proteins (IAPs) [39].

Recently, another mode of caspase-independent, non-
apoptotic programmed cell death induced by stimulating
death receptors namednecroptosis was detected.This process
shares some signalling pathways and molecules with apop-
tosis and its interaction with autophagy is also suggested.
Necroptosis contributes to regulation of immune system and
plays a role in cancer development [40]. It is associated
with increased expression of receptor-interacting proteins
RIP1/RIP3 and erroneous function of FADD and caspase-8
which may be critical for regulation of intestinal homeostasis
[2]. Association of necroptosis and intestinal inflammation
through specific activation of TNF-𝛼 synthesis by RIP1 and
Akt kinase pathway has been documented [41].

In summary, TNF cytokines may play a dual role in
the intestine; they have potent proinflammatory activities,
but they also function as regulators of apoptosis associated
with cancer development. It seems that cell proliferation,
survival, and apoptosis are activated simultaneously by TNF
members and the balance in their production and activation
significantly determines the fate of the cells and contributes
to intestinal homeostasis. Excessive programmed cell death
promotes inflammation and, on the other hand, resistance
to apoptosis contributes to cancer development. However,
molecular mechanisms are not fully understood and may
occur at different levels of intracellular signalling pathways.

3.2. TNF-𝛼. The first member of the TNF superfamily dis-
covered was TNF-𝛼, a pleiotropic proinflammatory cytokine
[42]. It plays a crucial role in immune and inflammatory
processes, and in endotoxic shock [33, 43]. TNF-𝛼 is syn-
thesised by macrophages and other cells in response to
bacterial toxins, inflammatory products, and other invasive
stimuli [44]. Its prolonged production is associated with
cancer and chronic infections. It has been suggested that a
gut with an active injury (e.g. in Crohn’s disease or UC)
contains an increased number of TNF-𝛼 secreting cells [45].
The proinflammatory cytokines, such as TNF-𝛼, are typical
activators of the canonical NF-𝜅B signalling cascade, which is
activated in response to injury, infection, inflammation, and
other stress conditions [46]. In extracts of colorectal tumour
tissues resected from human patients, a higher endogenous
TNF-𝛼 was detected compared to adjacent normal tissue
[47]. In addition to its role in inflammation, TNF-𝛼 can
significantly modulate the proliferation, differentiation, and
cell death of colonocytes during cancer progression [48].
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3.3. TRAIL. TRAIL is an interesting candidate for anticancer
therapy because of its ability to selectively induce apoptosis in
cancer but not normal cells [49]. TRAIL can interact with at
least five different receptors. Two of them, DR4 (TRAIL-R1)
andDR5 (TRAIL-R2), signal apoptosis, while decoy receptors
DcR1 (TRAIL-R3), DcR2 (TRAIL-R4), and osteoprotegerin
(TRAIL-R5) are unable to transmit the apoptotic signal [50].

An important part of TRAIL action is constituted by
the regulation of intercellular interactions among the cells
of the innate and adaptive immune system and the resulting
apoptotic response. TRAIL is expressed on macrophages,
dendritic cells, T cells, or NK cells in dependence on their
stimulation status, being implicated in immunosuppressive,
immunoregulatory, and immune-effector functions. Within
this system, TRAIL plays an important role in autoimmune
disorders, viral and bacterial infections, and immune surveil-
lance of tumours and metastases [51]. Interestingly, a novel
way to target and kill colon and prostate cancer cells in the
bloodstream has been reported, using leukocytes presenting
TRAIL on their surface along with E-selectin receptor [52].

In addition to acting as a potent tumour-selective inducer
of apoptosis, TRAIL is also capable of efficiently triggering
the nonapoptotic pathways involving extracellular signal-
regulated kinases (ERK), c-Jun N-terminal kinases (JNK),
p38, phosphoinositide 3-kinase (PI3K)/Akt or NF-𝜅B, which
may result in increased proliferation, survival, migration,
invasiveness, or inflammation in different normal and/or
cancer cell types [53, 54]. Our results showed that specific
inhibitors of the ERK pathway efficiently sensitised human
colon cancer cells to TRAIL-induced apoptosis, which was
mediated via downregulation of Mcl-1 protein. Moreover,
inhibition of the PI3K/Akt pathway in colon cancer cells
also resulted in sensitisation to TRAIL-induced apopto-
sis [55, 56]. It has recently been shown that cancer cells
surviving the fractional killing by TRAIL exhibit NF-𝜅B-
dependent inflammatory phenotypes [57].Other studies have
shown an enhancement of NF-𝜅B signalling in cancer cells
resistant to TRAIL-induced apoptosis, which was associ-
ated with promotion of tumour metastasis and invasiveness
[58].

The expression of TRAIL DRs, and DcRs may signifi-
cantly change depending on the stage of tumorigenesis or the
inflammatory disorders, suggesting their possible functional
role in regulating the course of the disease. TRAIL and
DR4 were downregulated in enterocytes, and TRAIL was
upregulated in mononuclear cells only in IBD but not in the
normal colon or appendicitis.This may point to a pathophys-
iological role of the TRAIL system in IBD [59]. Moreover,
DR4 and DR5 were upregulated in colon adenomas and
carcinomas compared with adjacent normal epithelial cells
[60]. There exist contradictory data showing both a positive
and a negative role of the TRAIL/TRAIL-R system in the
regulation of cancer cell apoptosis, motility, invasiveness,
and metastasis. DR5 has been reported to mediate anoikis
(detachment-induced apoptosis) in human colon cancer cells
[61]. DRdeficiency inmice has been shown to enhance lymph
nodemetastasis of epithelial cancers [62]. On the other hand,
the ability of TRAIL and its DRs to promote metastasis in
human and mouse CRC has also been demonstrated [63].

This dual role of DRs, and the differences observed in the cell
response to TRAIL may depend on tumour type and stage
and cell context, or they might be related to activation of the
specific kinase pathways. It has been shown by us and others
that cell sensitivity to TRAIL-induced apoptosis may be
altered significantly during the colon carcinogenesis [64, 65].
Moreover, in some tumour types, the beneficial apoptosis-
inducing effects of TRAIL may not be easily separated from
the unfavourable nonapoptotic properties when using TRAIL
in cancer therapy.

3.4. Fas/FasL. The Fas/FasL system is implicated in the
aetiology of IBD because the Fas receptor (also called
CD95, APO-1/Fas, or TNFRSF6) is highly expressed in the
basolateral membrane of intestinal epithelial cells. During
this disease, epithelial cell apoptosis is increased [7]. Fas
initiates an apoptotic signal to apoptosis-sensitive cells when
oligomerised by a natural ligand, FasL, or anti-Fas antibody
[66]. FasL is a transmembrane protein that is expressed
by lymphocytes, mainly by CD4+ and CD8+ T cells and
B cells, after engagement of the Ag-specific T- or B-cell
receptor and macrophages and also by NK cells [67]. It has
been proposed that only membrane-bound FasL induces
Fas-mediated apoptosis, whereas sFasL triggers nonapop-
totic signalling pathways [68]. Activation and infiltration of
tumour-specific lymphocytes expressing membrane-bound
FasL, primarily tumour-specific CD8+, may be essential
for Fas function. Recent results indicated that the colonic
mucosa from patients with UC harbours more T cells than
the normal colon tissue. This observation is consistent with
human clinical data and animal-based studies, which showed
a critical role of T cells in UC pathogenesis [69]. While
Fas is expressed in every colonocyte of the normal colon
mucosa, it is downregulated or lost in the majority of colon
carcinomas. In contrast to the normal colonic epithelium,
many colon carcinoma cell lines are relatively resistant to Fas
cross-link [67]. Genomic data indicate that Fas is not focally
amplified but significantly deleted across the entire dataset of
3131 tumours, including human CRC [70]. Thus, these data
strongly suggest that Fas functions as a tumour suppressor
[71, 72]. It was reported that mice with Fas deficiency in the
colon tissue are hypersensitive to induced colitis and mice
lacking FasL exhibited a more severe and persistent colitis
than normal mice [73]. Several studies showed that cFLIP is
an inhibitor of Fas signalling, which enhanced the frequency
and decreased latency of subcutaneous tumour growth [67,
74]. However, recent data demonstrated that cFlip is required
for intestinal tissue homeostasis inmice.This protein controls
the level of activation of caspase-8 to promote the survival
of intestinal epithelial cells. When cFlip was deleted from the
intestinal epithelium, the animals diedwithin a few days from
severe tissue destruction, epithelial cell death, and intestinal
inflammation. The death of intestinal cells was regulated
extrinsically and required the presence of death receptor
ligands, such as TNF-𝛼 and FasL [75]. Fas is a target for the
NF-𝜅B transcription factor but a direct interaction between
NF-𝜅B and the Fas promoter in human colon carcinoma cells
was not identified [76].
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Taken together, the ability of TNF family cytokines to
induce apoptosis in intestinal epithelial cells seems to be
very important. Their sensitivity may be influenced by many
other factors and is altered during inflammation and carcino-
genesis. Since many cancer cells become resistant to TNF
cytokine-mediated killing, much effort has been devoted
to find a possibility of overcoming it by combination with
other anticancer agents. In addition to chemotherapeutics,
the supportive effects of nontoxic dietary compounds seem
to be a promising way. In the following parts we summarise
recent knowledge about the effects of such compounds in
colon inflammation and cancer and their use in combination
with TNF family cytokines.

4. Dietary Factors and Colon Cancer

It is pointed out that since the Industrial Revolution, humans
have fundamentally changed their dietary habits towards
increased consumption of animal fat, decreased consump-
tion of antioxidants, and an increased n-6/n-3 PUFA ratio
[77]. The imbalance between energy intake and expenditure
mainly due to high fat consumption and low fibre intake
represents an important factor influencing colon cancer
development. Nowadays, it is recognised that excessive
lipid uptake in adipocytes leads to hypertrophy and conse-
quently to metabolic dysregulation, hypoxia, inflammation,
impaired adipocytokine expression and angiogenesis, insulin
resistance, and macrophage recruitment. In obese patients,
tumours commonly colocalise with excessive adipose tissue
accumulation producing inflammatory mediators, and most
of the features of hypertrophic adipose tissue are observed in
cancer patients, namely, those with breast and colon cancer
[78, 79]. Using themodel of Apc (Min/+)mice, an association
of high-fat American-type diet with obesity and an increased
number of large polypswas demonstrated.On the other hand,
it was also shown that calorie restriction and several bioactive
food components, such as n-3 PUFA, can inhibit genetically
predisposed CRC [80, 81].

4.1. The Role of Polyunsaturated Fatty Acids (PUFAs) in
Colon Inflammation and Cancer. It has been shown that the
quantitative and qualitative content of essential PUFAs in
the diet is highly important [82, 83]. These PUFAs cannot
be synthesised by mammals and their availability depends
on external supply. They are divided into two main types of
the n-6 and n-3 series. Precursor linoleic acid (LA, 18:2, n-6)
found in many plant oils (soybean, sunflower) is desaturated
and elongated to other types, mainly arachidonic acid (AA,
20:4). Alpha-linolenic acid (ALA, 18:3, n-3) is a precursor
for eicosapentaenoic (EPA, 20:5) or docosahexaenoic (DHA,
22:6) acids, which are also found in fish or algal oils. Excessive
amounts of n-6 PUFAs and a high n-6/n-3 ratio, found
in Western diets, may promote the pathogenesis of many
diseases such as cardiovascular disease, obesity, diabetes,
autoimmune disease, inflammation, and cancer [84–86].
Recently, it was reported that the fatty acid profile of visceral
white adipose tissue correlates with inflammatory signatures
potentially associated with CRC [87].

Ingestion of PUFAs leads to their distribution to virtually
every cell in the body and influences the lipid profile and
fatty acid composition of plasma, nuclear, and mitochondrial
cell membranes. This consequently affects the membrane
structure and fluidity, the functions of membrane-bound
proteins, and lipid-mediated signalling [88]. In IBD patients
and human colorectal adenomas and adenocarcinomas,
altered activities of enzymes metabolising endogenous AA,
particularly increased expression and activity of PLA2, and
COX-2 accompanied by an overproduction of prostaglandin
E2 (PGE2) were detected [89] and have been shown to be
responsible for immunosuppression and tumour promotion
[31, 90]. Moreover, IBD colon biopsies show a marked
increase in both 5-LOX and leukotriene B4 [91]. Both EPA
and DHA compete for fatty acid metabolising enzymes with
AA and thus are able to inhibit the formation of AA-derived
proinflammatory and immunosuppressive eicosanoids [92].
Importantly, EPA and DHA form several own potent anti-
inflammatory mediators (e.g., resolvins and protectins) [93].
Theeffects of PUFAs and theirmetabolites on various levels of
cell organisation and their interactionwith other endogenous
or exogenous factors can finally significantly influence cell
proliferation, differentiation, and apoptosis of various cell
types [94, 95].

During the last 25 years, hundreds of papers describ-
ing the effects of PUFAs on various types of normal and
cancer cells, differences between n-6 and n-3 PUFAs, and
proposed mechanisms of their action have been published.
This large and complex topic is beyond the scope of this
review. However, in spite of much contradiction in the
literature [96], it is generally thought that high calorie and fat
intake are risk factors especially in colon, breast, or prostate
cancer development and that n-6 PUFAs (from plant oils
rich in LA) can promote inflammation and carcinogenesis
[97]. Supplementation of diet with PUFAs can substantially
influence cell physiology and cell kinetics, mostly by the
modulation of oxidative metabolism and biosynthesis of
PUFA metabolites. The particular species of free radicals
affect specific phases of carcinogenesis in different ways [98].
The effects of n-6 PUFAs are primarily mediated by AA-
derived eicosanoids. The anti-inflammatory and anticancer
effects of NSAIDs, which function as specific inhibitors of
AAmetabolism, confirmed the significance of eicosanoids in
cancer development [99, 100].

On the other hand, there is growing evidence that n-3
PUFAs, namely, DHA and EPA, found in fish and algal oils,
exert anti-inflammatory properties, thus suppressing IBD
and colon cancer [101–106]. Over the last years, these n-3
PUFA properties were confirmed by experiments with cell
cultures and laboratory animals using the introduction of
a newly discovered gene encoding n-3 fatty acid desaturase
(fat-1), which is not normally present in mammals [107].

Nutritionally induced changes in fatty acid composi-
tion may result in an increased sensitivity to chemo- and
radiotherapy and decreased undesirable side effects [108–
110]. There is also evidence suggesting that n-3 PUFA may
uniquely regulate stem cell signalling pathways and the
increased sensitivity of colon cancer cells to chemotherapy by
upregulation of colonic differentiation markers [111].
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There are many papers describing the different mecha-
nisms considered to be responsible for n-3 PUFA effects on
cellular and molecular levels [101, 106, 112–114]. In general,
there are three major mechanisms suggested to play the main
role in n-3 PUFA effects: (1) alteration of cellular mem-
brane phospholipid composition and lipid microdomain
functionality, (2) competition for metabolisation enzymes
with n-6 PUFAs and thus production of bioactive mediators,
eicosanoids, and (3) modulation of intracellular signalling
and nuclear receptor activation. These aspects are discussed
in a further chapter dealing with the interaction of PUFAs
with TNF family cytokines.

4.2. Fibre and Short-Chain Fatty Acids (SCFAs) in Colon
Inflammation and Cancer. Dietary fibre increases the gas-
trointestinal tract biomass, changes the composition of gut
flora, and may decrease the risk of metabolic disorders like
dyslipidaemia, hypercholesterolaemia, and hyperglycaemia
and also substantially influence immune-based actions [115].
Its fermentation by intestinal bacteria leads to the generation
of SCFAs propionate, acetate, and butyrate. Butyrate, present
in the colonic lumen in millimolar concentration, acts as
a principal energy source and a survival factor for nor-
mal colon cells. In addition, it possesses anti-inflammatory
and antineoplastic properties. Butyrate supplementation dra-
matically reduced proliferation and induced differentiation
and/or cell death in colon cancer cells [116]. In addition
to the regulation of basic cytokinetic processes, butyrate
has also been shown to affect cell adhesion, morphology,
invasiveness, metastasis, oxidative metabolism, angiogenesis,
activity of different enzymes, gene expression and chro-
matin modulation, activity/expression of various transcrip-
tion factors, and signal transduction molecules. These mul-
tiple effects in colon cells were reviewed by us previously
[117].

The butyrate action is very complex and still not com-
pletely understood. Butyrate is a well-knownhistone deacety-
lase (HDAC) inhibitor and thereby regulates gene expression
and induces sensitisation effects on cytokine action in colon
cancer cells [118, 119]. Accompanying these changes butyrate
influences the cell response to inflammatory stimuli mainly
by the inhibition of NF𝜅-B and IFN𝛾 signalling pathways
and an enhancement of peroxisome proliferator-activated
receptor 𝛾 (PPAR𝛾) expression and activity, leading to the
modulation of apoptosis and differentiation [120, 121]. More-
over, it was reported thatHDAC inhibitors including butyrate
induce autophagy which shares some common signalling
pathways and is mutually regulated with apoptosis in colon
cancer cells.

The putative mechanisms responsible for the different
response to butyrate in normal, IBD- and tumour-derived
colon cells may include changes in butyrate transport and
uptake, mainly due to a different expression of sodium-
coupled monocarboxylate transporters [122] and the specific
G-protein coupled receptor 43 [123]. Butyrate metabolism
is impaired in intestinal inflamed mucosa of patients
with IBD. Disturbances in butyrate oxidation, the balance
between butyrate and glucose oxidation, ROS generation in

mitochondria, and differences in the overall cellular context
play a role, too [124, 125].

5. Interactive Effects of Dietary Fatty Acids
with TNF Family Cytokines

It is suggested by us and others that dietary fatty acids (such
as essential PUFAs or butyrate) and endogenous regulators
from theTNF family canmutually interact and thusmodulate
the behaviour of colon epithelial cells. Such interactions may
result in an altered production and activity of proinflam-
matory TNF family cytokines or an enhancement of their
antiproliferative and proapoptotic effects. Moreover, these
effects may be different in normal and cancer cells.Therefore,
in the following sections we summarise the knowledge about
these interactions, their possible mechanisms, and outcomes
for intestinal cell behaviour and pathologies. The possible
application of such knowledge for the prevention and therapy
of colon inflammation and cancer is also outlined. Main
mechanisms supposed to play the role in the fatty acid and
TNF family cytokine interaction are schematically presented
in Figure 1.

5.1. Interaction of TNF Family Cytokines with PUFAs. The
effects of TNF family molecules on cancer cells could be
significantly modulated by PUFAs and their metabolites.
Previously we evidenced the potentiating effects of various
inhibitors of AA metabolism on TNF-𝛼 induced apoptosis
and differentiation in human leukaemic cell lines [126–
128]. This phenomenon was also verified in human colon
epithelial cells [129]. Our further results showed that the
pretreatment of human colon cancer HT-29 cells with low
doses of AA or DHA may prepare a permissive environment
for amore effective apoptotic action of TNF familymolecules.
Importantly, low concentrations of both AA and DHA
increased the apoptosis induced by anti-Fas antibody orTNF-
𝛼, which involved enhanced ROS production and decrease
ofmitochondrialmembrane potential and caspase activation.
Compared to AA, DHA showed more pronounced effects in
lower concentration [130]. Similarly, the cotreatment of HT-
29 cells with DHA enhanced TRAIL-induced apoptosis sup-
porting the mitochondrial intrinsic pathway [131]. Recently,
we confirmed these effects using several other colon cell
lines (including TRAIL-resistant SW620 cells), which were
pretreated with DHA. We clarified the key mechanisms of
DHA and TRAIL interaction including the role of mito-
chondria, specific lipids, and signalling pathways (submitted
manuscript). These results are promising, because in spite of
the fact that TRAILmay be a selective anticancer agent, many
cancer cells are resistant to its effects. This resistance may
occur at different levels of intracellular signalling pathways,
and manipulation of their individual components such as
downregulation of antiapoptotic molecules or upregulation
of proapoptotic factors can change the threshold for apoptosis
induction by this cytokine [55]. This can be right achieved
by combined treatments of TRAIL with selected agents
specifically targeting the abovementioned molecules, such as
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Figure 1: Schematic simplified demonstration of the main mechanisms supposed to be involved in fatty acid and TNF family interaction
at different levels of colon epithelial cell organisation. Fibre fermentation product butyrate is transported by SMCT into the cells, where
it may inhibit histone deacetylation, activate transcription factor PPAR𝛾, inhibit NF𝜅B, and affect ΔΨmt and expression and balance of
pro- and antiapoptotic members of Bcl-2 family proteins. Dietary PUFAs of the n-6 (LA, AA-plant oils) and n-3 series and (EPA and
DHA, fish and algal oils) transported into the cells by FAT/CD36 are stored in lipid droplets in TAG form or incorporated into plasma and
mitochondrial membrane lipids thus modulating composition and structure of lipid rafts and caveolae. PUFAs are released from membrane
phospholipids by PLA2 and metabolized by COX and LOX enzymes to various types of products such as LTs and PGs. PUFAs can also
modulate ceramide production and their metabolism is source of ROS and RNS and induces lipid peroxidation. Incorporation of PUFAs into
mitochondrial cardiolipins influences mitochondrial metabolism and induction of apoptosis. EPA and DHA activate PPAR𝛾 and inhibit
NF𝜅B, thus suppressing iNOS expression and RNS production. TNF family cytokines TNF-𝛼, TRAIL, and FasL bind to their receptors
TNFR1 and 2, DR4 and DR5, or FasR (CD95), respectively. Programmed cell death is regulated by formation of DISC consisting of FADD
and procaspase-8, whose activation may be inhibited by cFLIP. Cleavage of Bid protein to tBid mediates connection between extrinsic and
intrinsic (mitochondrial) apoptotic pathway. Changes in mitochondria (involving cardiolipin modulation), mitochondrial transition pore
opening, decrease ofΔΨmt, and production of ROS influence the activation of pro- and antiapoptotic proteins of the Bcl-2 family and release of
proapoptotic proteins (e.g., cytochrome c) into the cytosol. Subsequent activation of caspase-9 and caspase-3, cleavage of PARP, and execution
of apoptosis can be inhibited by IAPs. TNF-𝛼 activates NF𝜅B via pathway involving TRADD, RIP, TRAF2, and IKK proteins. The interaction
between epithelial cells and cells of immune system, which are the source of inflammatory mediators (IFN𝛾, IL, and PGE2), is also indicated.
The dashed arrows-simplified signalling pathways. AA: arachidonic acid; cFLIP: FLICE-like inhibitory protein; COX: cyclooxygenase;
ΔΨmt: mitochondrial membrane potential; DHA: docosahexaenoic acid; DISC: death-inducing signaling complex; DR: death receptor; EPA:
eicosapentaenoic acid; FADD: Fas-associated DD protein; FasL: Fas ligand; FasR: Fas receptor; FAT/CD36: fatty acid translocase; IAPs:
inhibitor of apoptosis proteins; IKK: inhibitor of NF𝜅B kinase; IFN𝛾: interferon𝛾; IL: interleukin; iNOS: inducible nitric oxide synthase;
LA: linoleic acid; LOX: lipoxygenase; LT: leukotrienes; NF-𝜅B: nuclear factor 𝜅B; PARP: poly-ADP ribose polymerase; PG: prostaglandins;
PGE2: prostaglandin E2; PLA2: phospholipase A2; PPAR𝛾: peroxisome proliferator-activated receptor 𝛾; PUFA: polyunsaturated fatty acids;
RIP: receptor-interacting protein; RNS: reactive nitrogen species; ROS: reactive oxygen species; SMCT: sodium-coupled monocarboxylate
transporters; TNF: tumor necrosis factor; TNFR: tumor necrosis factor receptor; TRADD: TNFR1-associated death domain protein; TRAF2:
TNF receptor-associated factor 2; TRAIL: tumour necrosis factor-related apoptosis-inducing ligand.
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chemotherapeutic DNA damaging drugs [53, 132] or fatty
acids [131].

Summarising our results we have recognised that the cell
response to molecules regulating cytokinetics as well as to
lipid compounds is cell type-specific and may depend on the
cell genetic background and the level of transformation. In
colon cell lines derived from nontumour tissues or tissues
on various stages of malignancy we detected a different
sensitivity to TNF family cytokines, PUFAs as well as butyrate
[65, 133, 134]. Generally, investigation of the molecular
mechanisms and cellular specificity of PUFAs as well as TNF
family cytokines enables us to determine also the possible
mechanisms of their interaction.

PUFAs are actively transported into the cells by fatty
acid translocase (FAT/CD36), and their incorporation alters
the cellular lipid composition and fatty acid spectrum and
shifts redox balance and the formation of various products
of lipid metabolism [98]. In response to the elevated fatty
acid content, complex and metabolically active organelles
called lipid droplets (LDs) are formed. LDs are fundamental
components of intracellular lipid homeostasis because they
play a role in lipogenesis and lipolysis, serve as an important
reservoir of signal molecules, and appear to be directly
involved in membrane traffic and phospholipid recycling
[135].

DHA, the longest (22 carbons) and the most unsaturated
(6 double bonds) PUFA, is rapidly incorporated into the
plasma as well as mitochondrial membrane phospholipids
and also induces LD formation. It was shown to significantly
alter the lipid microdomain (lipid rafts and caveolae) compo-
sition and the properties which increase or decrease specific
receptors in lipid rafts accompanied by altered phosphoryla-
tion and thus activation of receptor and associated signalling
kinases [136–138]. For example, after changes in membrane
microdomains upon DHA treatment, epidermal growth
factor receptor is excluded from caveolin-rich membrane
fractions resulting in the subsequent downregulation of ERK
signalling in three different cancer models [139].The position
and activity of TNFR, Fas, or DRs may be influenced in a
similar way.Our results evidenced that increasedDR5 surface
expression, relocalisation ofDRs to lipid rafts, and accelerated
TRAIL internalisation are important for the sensitisation of
colon and prostate cancer cells to TRAIL-induced apoptosis
by platinum complexes [132]. Attention should be paid when
applying TRAIL in combination with other drugs known for
their ability to increase the DR surface level in cancer cells, as
nonapoptotic signalling might also be increased under some
circumstances.

DHA is specifically incorporated into the mitochondrial
tetra-acyl phospholipid, cardiolipin (CL). Altered CL unsat-
uration and oxidative susceptibility of the mitochondrial
membrane modulate the binding and activities of associated
proteins, mainly of the pro- and antiapoptotic proteins of
the Bcl-2 family. Changes of mitochondrial transition pore
opening, decreased mitochondrial membrane potential, CL
oxidation, and the release of proapoptotic cytochrome c
and Apaf1 molecules are necessary for the execution of
the intrinsic mitochondrial apoptotic pathway [140, 141].
Thus, in colonocytes and colon cancer cells, DHA alone

or in combination with other agents can induce apoptosis
by promotion of the mitochondrial apoptotic pathway as
reported by us and others [131, 133, 142].

The beneficial effects of n-3 PUFA are of particular
interest because IBD patients are very sensitive to nutraceu-
tical approaches [143]. Using a fat-1 transgenic mice model,
an inhibitory effect of endogenously synthesised n-3 PUFA
on COX-2 gene expression was demonstrated during acute
and chronic colitis accompanied by marked reduction in
proinflammatory interleukins such as IL-1𝛼, IL-6, and IL-
18 and molecules endowed with chemotactic activity for
granulocytes [144]. Moreover, endogenously synthesised n-
3 PUFAs in such transgenic animals prevent colon cancer
development by several mechanisms [145]. The network-
ing of pathways of eicosanoid formation and inflammatory
cytokine production represents a very important issue, but it
concerns mainly the interaction of immune cells with other
cell types and is not discussed in this review [146, 147].

An important consequence of PUFAs and TNF family
cytokines interaction is represented by the modulation of
proliferation and mainly cell death of cancer cells. Among
other mechanisms, the participation of ceramides, which
were already shown to play an important role in programmed
cell death of cancer cells, was demonstrated [148]. Free AA
has been shown to be an important mediator of TNF-𝛼
induced apoptosis via activation of sphingomyelinase and
formation of ceramides [149]. TNF-𝛼-mediated cell killing
was inhibited by an increased AA metabolisation by COX-2
overexpression [150] or by blocking endogenous AA release
in a mutant cell line with reduced cPLA2 activity [151]. The
role of ceramide in Fas-mediated apoptosis has also been
well documented [152]. Ceramide enables the Fas receptor
to cluster to increase Fas-mediated apoptosis [153] and to
modulate Fas receptor activation [72]. Authors identified
XIAP and cIAP1 as molecular targets of ceramide.

The higher expression and secretion of various proin-
flammatory cytokines and their autocrine and paracrine
functions play an important role in the activation of tran-
scription factors, which in turn promote tumorigenesis. NF-
𝜅B serves as a vital biomolecule that transcribes a number of
proinflammatory cytokines and antiapoptotic proteins. NF-
𝜅B is also known to play a critical role in the regulation
of the inducible nitric oxide synthase (iNOS) gene. iNOS
is an enzyme dominantly expressed during inflammatory
reactions, and high amounts of nitric oxide (NO) have
been demonstrated in pathophysiological processes, such as
acute or chronic inflammation and tumorigenesis. Proin-
flammatory cytokines can also activate Jak3/Stat3 signalling
pathways, thereby increasing inflammation and cell survival.
The expression of IL-1𝛽, IL-2, IL-4, IFN𝛾, TNF-𝛼, iNOS,
COX-2, Jak3, Stat3, and NF-𝜅B was increased in the early
stages of experimental CRC. N-3 PUFAs suppress the activity
ofNF-𝜅B and thus reduce the production of proinflammatory
enzymes and cytokines, including COX-2, TNF-𝛼, and IL-
1𝛽 [102]. The protective role of n-3 PUFAs, which suppressed
the activity of NF-𝜅B and iNOS and increased the expression
of transforming growth factor 𝛽, thus preventing colitis and
CRC, was confirmed using fat-1 transgene mice [154].
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In vitro studies have shown that n-3 PUFAs inhibit cell
proliferation and induce apoptosis in cancer cells through
the activation of transcription factors PPARs [155]. They
influence lipid homeostasis and may be involved in the
regulation of cell differentiation and death. The differential
activation of PPAR isoforms (𝛼, 𝛽/𝛿, 𝛾) and PPAR-regulated
genes by specific dietary fatty acids may be central to their
distinct roles in cancer [156]. The data from a human case-
control study suggest that PPAR𝛾 may be associated with
many aspects of CRC including insulin- and inflammation-
related mechanisms [157]. In CRC patients, adipocyte dys-
functions creating a proinflammatory environment with
upregulated STAT3 and the concomitant decrease of PPAR𝛾
and adiponectin in white adipose tissue were detected with
respect to healthy subjects. DHA was shown to have protec-
tive effects reestablishing the equilibriumbetween STAT3 and
PPAR𝛾 [87].

Wnt/𝛽-catenin pathway is constitutively activated in
more than 90% of human CRC. The activated 𝛽-catenin
stimulates cell proliferation and survival; however, its anti-
apoptotic mechanisms are not fully understood. Recently,
using a mouse model of inflammation-associated CRC and
human colon cancer HCT-116 cells, Han et al. evidenced that
the resistance of colon cancer cells to apoptotic effects of
TNF-𝛼 is mediated by the activated nuclear 𝛽-catenin which
blocks caspase cleavage of retinoblastoma protein. Further,
the activated 𝛽-catenin can facilitate endosomal trafficking of
internalised TNF-𝛼 to suppress caspase-8 activation in colon
cancer cells [158]. Since DHA was shown to inhibit the Wnt
pathway and activation of 𝛽-catenin, this mechanism may
also play a role in its apoptosis-supporting effects [159].

5.2. Interaction of TNF Family Cytokines with Butyrate. Buty-
rate has been shown to have protective effects on inflamma-
tory diseases such as UC and inflammation-mediated CRC.
The ability of butyrate to trigger cancer cell apoptosis is one
of the main features of its anticancer activity [160]. It induces
apoptosis via mitochondria, efficiently modulating the level
of Bcl-2 family and activating of caspases. Upregulation
of the proapoptotic Bak and Bax, downregulation of the
antiapoptotic Bcl-xL, XIAP, and survivin, or activation of
caspase-3 and Bid after butyrate treatment were detected
[161–163]. Butyrate was also shown to effectively modulate
the extrinsic apoptotic pathway and to affect the initial steps
of DR-mediated apoptosis at the level of DR, FADD, or
cFLIP protein [49]. By affecting the level of these proteins, it
could effectively contribute to the enhancement of apoptosis
induced by TNF-𝛼, TRAIL, or FasL [164].

Using various types of colon cancer cell lines, it was
reported by us and others that the dual treatment with
TNF-𝛼 and butyrate significantly increased apoptosis and
decreased the differentiation induced by butyrate in HT-29
cells [165, 166]. Our experiments also documented that the
sensitivity of colonic cells to TNF-𝛼 and various inhibitors
of AA metabolism is dependent on the differentiation status.
The apoptotic effect of dual treatmentwith butyrate andTNF-
𝛼 can be potentiated by several different COX and LOX
inhibitors [129].

The butyrate-mediated facilitation of the TNF-𝛼 induced
death signal was also detected in COLO 205 adenocarci-
noma cells, highly resistant to extrinsic apoptosis induced
by death ligands [167, 168]. The immune escape of COLO
205 cells from TNF-𝛼mediated apoptosis is probably caused
by extensive shedding of TNFR1 and TNFR2 [169] and by
a cFLIP protein inhibitory effect on caspase-8 activation
[170]. The reduction of cFLIP protein and elevated TNFR1
expression after butyrate treatment corresponded with the
higher sensitivity of COLO 205 cells to TNF-𝛼 induced
apoptosis [171].

It could be supposed that butyrate andTNF-𝛼might share
similar signalling pathways including phospholipase C and
protein kinase C [172, 173]. Butyrate-mediated changes of
colon cancer cell sensitivity to TNF-𝛼 have been associated
with the modulation of NF-𝜅B activity, which had a signif-
icant impact on proliferation, apoptosis, and inflammation
in colon cancer cells. It was demonstrated that butyrate
pretreatment of HT-29, SW480, and SW620 cells inhibits the
TNF-𝛼 mediated p65 and p50 translocation to the nucleus,
probably by suppressing the cellular proteasome activity and
subsequently I𝜅B degradation through butyrate ability to
inhibit HDAC [174–176]. Moreover, butyrate reduced inflam-
mation in experimental colitis in rats [177] and decreased
proinflammatory cytokine expression in intestinal biopsies
from Crohn’s disease patients via NF-𝜅B inactivation [178].

Butyrate pretreatment can lead to a significant enhance-
ment of TRAIL-induced apoptosis in TRAIL-resistant cells
[160]. Enhancement of apoptosis after combined treatment
with butyrate and TRAIL was described in an HCT-116
colon cancer cell line. Butyrate caused a downregulation of
XIAP protein and an upregulation of DR5, but no changes
were detected on DR4 levels. Increased levels of DR5 were
initiated by the binding of transcriptional factor Sp1 to
DR5 promoter after butyrate treatment [179]. Recently, an
increased toxicity against gastrointestinal tumour cells in
vitro and in vivo by combined treatment with sorafenib,
HDAC inhibitors, and TRAIL was reported. The enhanced
TRAIL cell killing correlated with the reduced Akt, ERK 1/2,
and mTOR (mammalian target of rapamycin) activity and
the enhanced cleavage of caspase-3 and reduced expression
of Mcl-1 and Bcl-XL [180].

Increased apoptosis in the combined treatment of
butyrate and TRAIL was studied not only in colon cancer
but also in other model systems including breast, bladder,
and nervous cancer. Although individual mechanisms are
cell type-dependent, several molecules (DR5, DISC, caspase-
8, and Bcl-2 family proteins) play a crucial role across
the models. Moreover, the combined treatment was not
harmful to normal cells of different tissues, compared with
their cancer counterparts [181, 182]. In addition, butyrate
was reported to sensitise colon cancer cells to Fas-mediated
apoptosis,mainly due to increasedROSproduction [165, 183].

Other data showed that inflammation can be affected
both on the level of the immune system and colon epithelial
cell interaction. In patients with UC it was discovered that
butyrate inhibited the binding of HDAC1 to Fas promoter,
which was hyperacetylated and led to an upregulation of
Fas in T cells. Therefore, butyrate eliminated the source of
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inflammation by induction of T-cell apoptosis. Furthermore,
butyrate suppressed IFN-𝛾-mediated inflammation in colon
epithelial cells by preventing STAT-1 activation and blocking
iNOS induction [69].

6. Importance of Fatty Acids for
the Prevention and Therapy of Colon
Inflammation and Cancer

Recently, it has been clear that dietary fatty acids not only
serve as an energy source but also represent components
which significantly influence physiological and pathophysi-
ological processes frommolecular and cellular to organismal
levels. These compounds have also been considered as phar-
maceutical agents which may have beneficial or detrimental
impact on the body and may influence the effects of other
drugs [108, 184]. The research concerning PUFAs as well
as butyrate is closely related to the prevention and therapy
of serious human diseases including cancer and interferes
with other fields such as pharmacology and nutritional and
health policy. Therefore, there is more need for a critical
global overview and a consideration of the future perspectives
[83, 185].

There are many reports showing the advantage of n-3
PUFAs as components of clinical enteral and parenteral lipid
emulsions. Compared to the widely used emulsions from
soybean oil containing mostly n-6 linoleic acid, other types
with fish oil containing n-3 EPA and DHA were reported
to have biological activities beneficial to patients [186, 187].
Many excellent reviews from experimental and clinical stud-
ies have been published on this topic, and thus we only
summarise that nutritional supplementation with n-3 PUFA
may influence inflammation, susceptibility to infection, and
immune cell function and thus may affect immunological
response, cachexia, and exert beneficial effects on the whole
organism, which may then fight better against inflammation
and cancer [188–191]. Besides fish oil, algal oil seems to be a
better source of n-3 PUFAs due to gastrointestinal complaints
of fish oil, especially in high-dose therapy [192]. To refine
recommendations for the intake of individual n-3 PUFAs,
differential effects of EPA, DHA, and their metabolites may
be taken into account. The divergent incorporation into
individual cellular lipids, activation of the signalling pathways
and transcription factors, or the potency of their metabolites
can contribute to diversity in the cellular response [193].

The importance of n-3 PUFAs as well as butyrate in
relation to TNF family cytokines lies particularly in their
ability to decrease the production of these cytokines and
other factors (eicosanoids and interleukins) in the organism,
to interfere with their signalling pathways, and thus to
prevent the inflammatory response. Supplementation with
DHA and EPA allows using lower doses of corticoids in IBD
therapy [194].

Cancer anorexia and cachexia are major factors con-
tributing to the weakening of the already compromised
immune system of cancer patients. There is evidence sug-
gesting that elevated levels of proinflammatory cytokines
are associated with cancer-related cachexia [195, 196].

The treatment with fish oil or NSAIDs was shown to atten-
uate systemic inflammation and improve cachexia because
it decreased production of active eicosanoids as well as-
level of proinflammatory and procachectic cytokines [197].

An important aspect is represented by the reported DHA
and/or butyrate ability to support apoptosis induced by
TNF cytokines, which is promising for use as a supportive
anticancer agent. The therapeutic use of the TNF-𝛼/TNFR,
the FasL/Fas, or TRAIL/DRs in cancer treatment has been
hampered by severe side effects [33, 198]. The systemic
administration of TNF-𝛼 causes a septic shock-like response
possibly mediated by NF-𝜅B activation, and the injection
of an agonist antibody to Fas can be lethal. Moreover,
many cancer cells are resistant to apoptosis induced by
these cytokines [43, 48]. Thus, particularly the ability of n-
3 PUFAs to decrease the therapeutic doses, to overcome the
resistance, or to improve the overall state of the organism
could be considered. Moreover, the interaction with TRAIL
overcoming cancer cell resistance and being selective for
cancer cells is highly important. However, it is necessary to
further investigate and verify these possibilities before future
clinical use.

There are studies showing mainly preventive but also
potential therapeutic applications of butyrate, which aim to
exploit its ability to regulate inflammation, apoptosis, and ion
uptake. Anti-inflammatory effects of butyrate were studied
in patients with UC or Crohn’s disease as well as on animal
models, where in several studies it reduced the clinical and
inflammatory index [121]. Moreover, its ability to support
the effects of other anti-inflammatory and anticancer agents
(such as NSAIDs and apoptotic cytokines) is promising
for clinical use. The advantages of treatment with butyrate
include practically no adverse side effects and its possible oral
administration, although its unpleasant taste and odourmake
it extremely difficult [199].

7. Conclusion

From the data described above it appears that the targeted use
of a specific type of fat and fibre (PUFAs and butyrate) may
have a number of beneficial effects both in physiological and
pathophysiological conditions particularly in the intestine.
Both PUFAs and fibre (source of butyrate) are natural dietary
components which represent a nontoxic way for positive
modulation of intestinal cell physiology, improvement of
inflammatory conditions and cancer treatment outcomes,
and slowing down or preventing the recurrence of IBD or
CRC. Important issue represents the ability of dietary fatty
acids to modulate production and function of endogenous
regulators from TNF family and thus positively or negatively
influence the behaviour of intestinal cells. Understanding the
molecular mechanisms of both PUFA and butyrate effects
and their interaction with specific type of cytokines may
help to optimise the composition of clinical nutrition and
therapeutical approaches for patients with IBD and intestinal
neoplasms. However, as with other agents, they have to be
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applied carefully, based on solid scientific evidence of their
mechanisms of action from the molecular and cellular up to
the organismal levels.
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The aim of the present study was to determine the effects of florfenicol on the expected changes in sTNF-𝛼, damage markers of the
liver and kidney, and the lipid metabolism parameters in endotoxemic brown trout. Ninety-six brown trout were included in this
study. After six of the fish were reserved as the control group, the remaining 90 fish were divided equally into 3 groups as follows:
LPS (2mg/kg, IP), LPS (2mg/kg, IP) + florfenicol (40mg/kg, IM), and florfenicol (40mg/kg, IM). Blood samples were obtained
from the tail of the fish at 1.5, 3, 6, 10, and 24 hours.The levels of sTNF-𝛼were determined by ELISA and biochemical markers were
evaluated with an autoanalyzer. A significant increase was observed in the values of sTNF-𝛼 in the LPS and LPS + florfenicol groups
(𝑃 < 0.05). Significant increases were found in the kidney and liver damage determinants in the LPS and LPS + florfenicol groups
(𝑃 < 0.05). Irregular changes in the lipidmetabolism parameters were observed in all the subgroups. In conclusion, florfenicol does
not affect the increases of sTNF-𝛼 caused by LPS and does not prevent liver or kidney damage; at least, it can be said that florfenicol
does not have any evident positive effects on the acute endotoxemia of fish.

1. Introduction

Florfenicol (d-threo chloramphenicol) is a broad spectrum
antibiotic that belongs to the amphenicol group that inhibits
protein synthesis through its bacteriostatic activity. Its spec-
trum of effect includes many gram negative and positive
bacteria includingEscherichia coli (E. coli), Salmonella species
(Salmonella sp.), Pasteurella sp., Shigella sp., Bordetella sp.,
Chlamydia sp., andMycoplasma species. Although florfenicol
is an analog of chloramphenicol, it has two main structural
differences. It includes a p-methyl sulfonyl group in place
of the p-nitro group seen in chloramphenicol and a fluorine
atom instead of a hydroxyl group. The use of florfenicol
in cows, pigs, chickens, and fish has been approved by the
European Medicines Agency (EMEA) [1, 2]. It is recom-
mended in the treatment of bacterial infections caused by
Vibrio anguillarum, Edwardsiella sp., and Flavobacterium sp.
in fish [3]. It has been reported that florfenicol can be safely
used at differing doses in tilapia fish and dose related mild
decreases in the hematopoietic/lymphopoietic tissues have
been observed with its use in channel catfish [4].

Lipopolysaccharide (LPS, endotoxin), which is a compo-
nent in the wall of gram negative bacteria, is quite dangerous
for living organisms [5]. LPS may be used in experimental
modelling to either induce a model of local inflammation [6]
or generate a model of systemic endotoxemia [7]. Induction
of cytokine synthesis and alterations in complete blood count
(haemogram), markers of organ damage, and biochemical
parameters related to lipid metabolism may be observed in
organisms in response to the application of LPS [7–9]. LPS-
induced endotoxemia may lead to a variety of clinical mani-
festations including fever,multiple organ failure, septic shock,
and death [5, 10]. In living organisms, LPS is recognized
by immune cells and, as a result, the immune system is
activated [5]. Activated cells synthesize a number of cytokines
including sTNF-𝛼 and interleukins [8, 11]. TNF-𝛼 alone has
the ability to initiate the pathology of sepsis such as decreased
blood pressure (hypotension), multiple organ insufficiency,
and fever [10]. It has been determined in mice that florfenicol
decreases the levels of interleukin-4, -5, and -13 (IL-4, -5, and
-13) and can have an anti-inflammatory effect [12].
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Drugs can also have a number of clinical and biochemical
side-effects that may present as alterations in the values of
some biochemical parameters from both the plasma and
serum. These biochemical changes are accepted as warnings
for the start of structural damage in some tissue and organs
[13, 14]. While increases in alkaline phosphatase (ALP)
are expected in damage of the biliary tract, values of ala-
nine aminotransferase (ALT) and aspartate aminotransferase
(AST) are determined to be elevated in liver damage. With
insufficiencies of the livers synthesis ability, changes in the
levels of serum total protein and albumin can be determined.
Increased levels of blood urea nitrogen (BUN) and creatinine
in the serum demonstrate a decline in kidney function.
Serum high density lipoprotein (HDL), low density lipopro-
tein (LDL), and triglyceride (TG) values provide information
regarding lipid metabolism [15–17].

In this study, it was hypothesized that the application of
LPS in fish and the resulting endotoxemia would increase
the levels of both sTNF-𝛼 and organ damage markers as is
observed inmammals [7, 9] and would cause changes in lipid
metabolism [8] and these changes would be improved with
florfenicol, which has effects on the immune system [12].

The aim of the present study was to determine the effects
of florfenicol on the expected changes in serum of sTNF-𝛼,
liver (ALP, AST, ALT, total protein, and albumin) and kidney
(BUN and creatinine) damagemarkers, and lipidmetabolism
parameters (TG,HDL, and LDL) in the endotoxemia induced
with LPS in brown trout.

2. Materials and Methods

2.1. Animals. Ninety-six brown trout (166–267 g, Dumlu-
pinar fish facility, Bozkir, Konya, Turkey) were used in this
study. The presented study was organized in accordance with
the guidelines provided by Selçuk University, Experimental
Medicine, Research and Application Center, Konya, Turkey.
The fish were kept in tanks with fresh open water circuits
under natural conditions of light and temperature. The
fish were fed daily with commercial trout pellets (Blueaq,
Abalioglu, Turkey).

2.2. Experimental Procedure. Following the randomized sep-
aration of six fish for the control group, the rest of the fishwere
divided into three equal groups: the LPS (E. coli, serotype
O111: B4, Sigma-Aldrich Chemie, Deisenhofen, Germany,
2mg/kg, IP) group, the LPS (2mg/kg IP) + florfenicol (Nuflor
flk, Intervet Ilac, Istanbul, 40mg/kg, IM) group, and the
florfenicol (40mg/kg, IM) group, respectively. Following
these applications, the fish were anesthetized with quinaldine
(25mg/L) for anesthesia and blood samples were taken from
their tails at 1.5, 3, 6, 10, and at 24 hours.

2.3. Measurements. The serum samples were kept at −70∘C
until analysis. The sTNF-𝛼 levels were measured by com-
mercial test kit, and analytical procedure were performed
according to themanufacturer recommendations.The ELISA
plate reader (MWGt Lambda Scan 200, USA) was used to

evaluate the value of sTNF-𝛼 and an autoanalyzer (ILab-300
bioMérieux Diagnostics, Milan, Italy) was used to measure
biochemical parameters including ALP, AST, ALT, total pro-
tein, albumin, BUN, creatinine TG, HDL, and LDL.

2.4. Statistical Analysis. Findings were statistically evaluated
by the one-way ANOVA followed by Duncan post hoc test
(SPSS 19.0).𝑃 values lower than 0.05 (𝑃 < 0.05) were accepted
as being statistically significant.

3. Results

The effects of florfenicol on the sTNF-𝛼 and biochemical
parameters of the endotoxemic fish are presented in Table 1.
The sTNF-𝛼 values were found to be significantly increased
in the LPS (1.5 and 3 hours) and LPS + florfenicol (1.5 hour)
groups compared to the control hour (0 hour) (𝑃 < 0.05).

While ALP, AST, and ALT values were found to be
increased in the LPS group (𝑃 < 0.05), ALT and AST values
were increased in the LPS + florfenicol group only (𝑃 < 0.05).
It was determined that florfenicol significantly increased the
values of ALP, AST, and ALT in healthy fish (𝑃 < 0.05).There
were a significant elevation in total protein values (𝑃 < 0.05)
and a reduction in albumin levels (𝑃 < 0.05) in the LPS group
and a significant decrease in the values of total protein in the
florfenicol group (𝑃 < 0.05). LPS application was determined
to significant increase serum BUN and creatinine (𝑃 < 0.05),
whereas, with LPS + florfenicol application, increases were
observed only in creatinine values (𝑃 < 0.05).

In the LPS group, HDL, LDL, and TG levels were
increased (𝑃 < 0.05). In the LPS + florfenicol group, HDL
levels were found to be increased (𝑃 < 0.05) and, in the
florfenicol group, HDL and LDL levels were increased (𝑃 <
0.05) and TG levels were decreased (𝑃 < 0.05).

4. Comment

Florfenicol is a broad spectrum antibiotic used for the
treatment of bacterial infections in mammals, birds, fish,
and lobsters [1, 2, 4, 18, 19]. In this study, sTNF-𝛼 values
were found to increase after LPS application (𝑃 < 0.05)
(Table 1). LPS induces production of inflammationmediators
such as cytokines by stimulating the transcription factor
nuclear factor-kappaB (NF-𝜅B) in cells [8, 20] and, after
LPS application to fish, TNF-𝛼 levels have been reported to
increase [8]. We determined that LPS-induced production
of sTNF-𝛼 could not be suppressed by the administration of
florfenicol in brown trout (Table 1).

Some antibiotics have a suppressive effect on the increases
of sTNF-𝛼 [21, 22]. Florfenicol suppresses humoral and
cellular immune responses in mice [23, 24] and reduces
the levels of sTNF-𝛼 by inhibiting the efficiency of NF-𝜅B
[25, 26]. Moreover, florfenicol has an anti-inflammatory and
a dose-dependent downregulatory effect on the synthesis of
some interleukins [12]. Florfenicol also inhibits the synthesis
of prostaglandin E2 [27]. In the present study, the reasons for
not determining sTNF-𝛼 suppression with florfenicol may be
due to the used dose of florfenicol or differences in the animal
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Table 1: The effect of florfenicol (F) on sTNF-𝛼 and serum biochemical indices in endotoxemic fish (mean ± SE).

Groups 0 hour 1.5 hour 3 hours 6 hours 10 hours 24 hours

TNF-𝛼 (pg/mL)
LPS 728 ± 188

b
2064 ± 244

a
2094 ± 474

a
1022 ± 412

ab
1642 ± 606

ab
736 ± 232

b

LPS + F 728 ± 188
b
2313 ± 321

a
810 ± 425

b
1254 ± 440

ab
1101 ± 480

ab
1876 ± 536

ab

F 728 ± 188
a
1681 ± 545

a
1462 ± 439

a
1196 ± 264

a
976 ± 431

a
1208 ± 228

a

ALP (U/L)
LPS 90.0 ± 11.4

b
87.0 ± 16.8

b
87.0 ± 11.1

b
160 ± 15.0

a
94.0 ± 7.77

b
123 ± 11.7

b

LPS + F 90.0 ± 11.4
a
93.0 ± 13.0

a
90.0 ± 5.46

a
128 ± 18.7

a
116 ± 17.3

a
103 ± 13.8

a

F 90.0 ± 11.4
ab
82.0 ± 17.0

b
109 ± 23.2

ab
132 ± 12.9

a
107 ± 13.5

ab
106 ± 3.57

ab

ALT (U/L)
LPS 4.50 ± 0.43

b
4.83 ± 0.95

b
4.67 ± 0.49

b
18.7 ± 4.70

a
8.83 ± 2.18

b
4.83 ± 0.31

b

LPS + F 4.50 ± 0.43
d
7.17 ± 1.11

cd
10.3 ± 0.72

bcd
14.8 ± 2.24

ab
18.2 ± 4.37

a
12.7 ± 2.01

abc

F 4.50 ± 0.43
c
9.67 ± 1.15

ab
7.67 ± 0.92

bc
12.8 ± 2.20

a
12.2 ± 0.95

a
11.5 ± 1.09

a

AST (U/L)
LPS 223 ± 27.3

c
220 ± 27.2

c
242 ± 16.0

bc
477 ± 51.6

a
323 ± 25.2

b
325 ± 18.0

b

LPS + F 223 ± 27.3
c
281 ± 41.5

c
343 ± 33.9

bc
469 ± 43.7

a
405 ± 54.8

ab
466 ± 30.7

a

F 223 ± 27.3
d
344 ± 44.5

bc
285 ± 12.3

cd
499 ± 48.5

a
440 ± 34.5

ab
523 ± 41.3

a

Total protein (g/dL)
LPS 3.80 ± 0.48

b
5.40 ± 0.51

a
3.70 ± 0.31

b
3.60 ± 0.30

b
3.40 ± 0.36

b
3.30 ± 0.08

b

LPS + F 3.80 ± 0.48
a
3.40 ± 0.38

a
3.40 ± 0.14

a
3.10 ± 0.17

a
3.70 ± 0.26

a
3.30 ± 0.15

a

F 3.80 ± 0.48
a
3.00 ± 0.21

ab
3.20 ± 0.13

ab
2.70 ± 0.18

b
3.30 ± 0.25

ab
3.30 ± 0.13

ab

Albumin (g/dL)
LPS 1.90 ± 0.12

a
1.90 ± 0.08

a
1.50 ± 0.03

b
1.90 ± 0.14

a
1.70 ± 0.10

ab
1.80 ± 0.05

a

LPS + F 1.90 ± 0.12
a
2.00 ± 0.24

a
1.70 ± 0.03

a
1.80 ± 0.02

a
2.00 ± 0.09

a
1.80 ± 0.05

a

F 1.90 ± 0.12
a
1.70 ± 0.14

a
1.70 ± 0.07

a
1.90 ± 0.22

a
1.90 ± 0.07

a
1.80 ± 0.09

a

Creatinine (mg/dL)
LPS 0.26 ± 0.03

cd
0.93 ± 0.12

a
0.38 ± 0.02

bc
0.51 ± 0.03

b
0.35 ± 0.03

c
0.15 ± 0.01

d

LPS + F 0.26 ± 0.03
bc
0.22 ± 0.01

cd
0.20 ± 0.02

cd
0.38 ± 0.03

a
0.33 ± 0.04

ab
0.17 ± 0.01

d

F 0.26 ± 0.03
a
0.21 ± 0.02

ab
0.20 ± 0.01

ab
0.16 ± 0.01

b
0.21 ± 0.02

ab
0.22 ± 0.02

ab

BUN (mg/dL)
LPS 4.50 ± 0.67

b
6.67 ± 0.99

a
3.83 ± 0.40

b
6.83 ± 0.60

a
4.33 ± 0.80

b
4.33 ± 0.33

b

LPS + F 4.50 ± 0.67
a
5.83 ± 1.72

a
3.83 ± 0.48

a
6.33 ± 0.76

a
3.50 ± 0.56

a
3.83 ± 0.95

a

F 4.50 ± 0.67
a
5.17 ± 0.70

a
4.67 ± 0.42

a
5.83 ± 0.91

a
6.00 ± 0.68

a
6.00 ± 0.58

a

HDL (mg/dL)
LPS 123 ± 3.61

bc
101 ± 7.34

c
108 ± 8.00

c
151 ± 9.33

a
132 ± 9.34

ab
147 ± 5.69

a

LPS + F 123 ± 3.61
bc
109 ± 10.7

c
140 ± 5.49

ab
133 ± 5.43

ab
152 ± 6.41

a
131 ± 7.70

ab

F 123 ± 3.61
b
131 ± 11.1

b
134 ± 3.46

b
193 ± 18.8

a
151 ± 2.31

b
150 ± 5.71

b

LDL (mg/dL)
LPS 35.0 ± 1.67

bc
39.0 ± 4.95

bc
32.0 ± 2.47

c
46.0 ± 4.62

ab
39.0 ± 2.18

bc
51.0 ± 4.30

a

LPS + F 35.0 ± 1.67
a
34.0 ± 3.20

a
46.0 ± 5.16

a
48.0 ± 6.21

a
47.0 ± 3.94

a
39.0 ± 3.75

a

F 35.0 ± 1.67
bc
33.0 ± 5.00

c
35.0 ± 3.77

bc
46.0 ± 1.38

a
42.0 ± 3.23

abc
44.0 ± 2.35

ab

TG (mg/dL)
LPS 377 ± 55.3

b
562 ± 95.1

a
243 ± 19.7

b
340 ± 59.9

b
245 ± 23.1

b
239 ± 23.1

b

LPS + F 377 ± 55.3
a
369 ± 66.1

a
241 ± 33.6

a
249 ± 20.5

a
291 ± 33.9

a
257 ± 21.7

a

F 377 ± 55.3
a
194 ± 25.6

c
284 ± 34.2

abc
340 ± 42.1

ab
185 ± 16.1

c
260 ± 26.2

bc

LPS: lipopolysaccharide, F: florfenicol, TNF-𝛼: tumor necrosis factor alpha, ALP: alkaline phosphatase, ALT: alanine aminotransferase, AST: aspartate
aminotransferase, BUN: blood urea nitrogen, HDL: high density lipoproteins, LDL: low density lipoproteins, TG: triglycerides, and a, b, c, ddifferent letters on
the same line refer to statistical significance (𝑃 < 0.05).

species. We determined that florfenicol applied alone does
not have any effect on the sTNF-𝛼 levels in healthy brown
trouts (Table 1). Although it is known that antibiotics affect
the synthesis of cytokines in living organisms [21, 28], Lunden
et al. reported that florfenicol does not have a significant
influence on antibody synthesis and leukocyte number in
rainbow trout [29].

In this study, it was determined that LPS application sig-
nificantly increases levels of the serum liver damage markers
(ALP, ALT, and AST) (𝑃 < 0.05) and, with the application of
LPS + florfenicol, there was no decrease in the elevated liver
damage markers (ALT and AST) except for ALP (Table 1). In
addition, LPS was found to affect protein synthesis, which is
accepted as being a parameter of the synthesis ability of the
liver (Table 1).

Swain et al. [8] determined an accumulation of LPS both
in the liver and in the kidney shortly after its intravenous (IV)
application in fish. Additionally, an increase in the expression
of damage markers of the liver was determined in response
to the administration of LPS [6, 9]. These results suggest that
LPS could cause hepatotoxicity in fish as it does in mammals.

It was noticed that the administration of florfenicol in
healthy fish did cause increases in the liver damage markers
(AST and ALT) (𝑃 < 0.05) (Table 1). It has been reported
that many antibiotics [30] as well as amphenicols [31] are
hepatotoxic and florfenicol can cause an increase in the
weight of the liver [32]. A twofold increase in the values of the
serum ALP is accepted as cholestatic damage while a twofold
increase in serum ALT is synonymous for hepatocellular
damage. When it is taken into consideration that, in drug
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related liver damage, treatment is terminated when ALT
levels are increased 5 times those of normal [33], it can be
said that florfenicol does not have a high potential for liver
damage in brown trout.

In this study, while the markers of kidney damage (BUN
and creatinine) were increased in the LPS group (𝑃 < 0.05),
only an increase in the level of creatinine (𝑃 < 0.05) was
observed in the LPS + florfenicol group. It has been reported
that LPS accumulates quickly in the kidney of fish after
intravenous administration [8] and kidney damage markers
are increased in endotoxemia [9, 21]. The basic reason
for kidney damage in LPS-induced endotoxemia has been
shown to be due to hemodynamic changes resulting in the
reduction in glomerular filtration rate,microcoagulation, and
hypoxic conditions [34]. We observed a temporary decrease
in creatinine levels after the administration of florfenicol in
healthy fish (𝑃 < 0.05) (Table 1). It is a known fact that
antibiotics like a number of other drugs may have effects on
kidney function [35].

We determined that the administration of LPS results in
an increase in the levels of HDL, LDL, and TG (𝑃 < 0.05). It
was determined that, in endotoxemic fish, the administration
of florfenicol corrected the changes in LDL and TG values but
had no effect on the elevated HDL levels (Table 1). Swain et
al. [8] reported that LPS can affect the parameters of lipid
metabolism, but these effects can differ depending on the
type of LPS and the dose given. It was observed that the
value of TG was usually increased whereas the values of LDL
and HDL were decreased. In rodents, it has been stated that
lipoproteins can demonstrate a protective effect against the
deaths due to LPS [36]. Fish are more resistant to endotoxic
shock than humans and other animals [8]. This may be due
to the different physiological responses that living organisms
may express to LPS.

It was determined that florfenicol led to increases in the
levels of both HDL and LDL (𝑃 < 0.05) and decreases in the
values of TG (𝑃 < 0.05) in healthy fish (Table 1). There was
no source material found on the effects of florfenicol on lipid
metabolism in animals. However, it has been reported that
antibiotics affect lipid metabolism [37] and florfenicol causes
changes in hematological parameters [32].

In conclusion, it can be stated that, in endotoxemic brown
trout, sTNF-𝛼 synthesis is stimulated, damage develops in the
liver and kidney, lipidmetabolism is affected, with florfenicol,
these changes do not disappear, and when florfenicol is given
to healthy fish, it can affect the functions of the kidney and
liver and the metabolism of lipids.
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