antioxidants

2018 USA
dl 2/2/2020

Review

Selenium and Selenoproteins in Gut
Inflammation—A Review
Shaneice K. Nettleford 1,2 and K. Sandeep Prabhu 1,2, *
1
2

*

Center for Molecular Immunology and Infectious Disease and Center for Molecular Toxicology and
Carcinogenesis, The Pennsylvania State University, University Park, PA 16802, USA; sjn5208@psu.edu
Department of Veterinary and Biomedical Sciences, The Pennsylvania State University, University Park, PA
16802, USA
Correspondence: ksprabhu@psu.edu; Tel: +1-814-863-8976

Received: 16 January 2018; Accepted: 24 February 2018; Published: 1 March 2018

Abstract: Inflammatory bowel disease (IBD), characterized by severe flares and remissions, is a
debilitating condition. While the etiology is unknown, many immune cells, such as macrophages,
T cells and innate lymphoid cells, are implicated in the pathogenesis of the disease. Previous studies
have shown the ability of micronutrient selenium (Se) and selenoproteins to impact inflammatory
signaling pathways implicated in the pathogenesis of the disease. In particular, two transcription
factors, nuclear factor-κB (NF-κB), and peroxisome proliferator activated receptor (PPAR)γ, which are
involved in the activation of immune cells, and are also implicated in various stages of inflammation
and resolution, respectively, are impacted by Se status. Available therapies for IBD produce
detrimental side effects, resulting in the need for alternative therapies. Here, we review the current
understanding of the role of NF-κB and PPARγ in the activation of immune cells during IBD, and how
Se and selenoproteins modulate effective resolution of inflammation to be considered as a promising
alternative to treat IBD.
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1. Introduction
Inflammatory Bowel Disease (IBD), is a generalized term that encompasses Crohn’s disease and
ulcerative colitis. Characterized by relapses and remissions, IBD patients experience debilitating
symptoms varying from abdominal pain to rectal bleeding and anemia [1]. While ulcerative colitis is
restricted to the colon, Crohn’s disease affects any portion of the gastrointestinal tract [2]. IBDs result
from dysregulated immune responses to the intestinal microbiota due to genetic predispositions [2,3].
The emerging evidence suggests that there is a genetic component, in addition to environmental
influences and microbial factors along with immune responses involved in the pathogenesis of these
inflammatory disorders [3]. The dysbiosis of the microbiota contributes to the pathogenesis of IBD.
There is a decrease in the diversity of the microbiota during IBD, especially anaerobic bacteria including,
but not limited to, Lactobacillus, Escherichia and Bacteroides [4]. As it pertains to immune responses,
transcription factors and nuclear receptors including, but not limited to, nuclear factor-kappa B,
NF-κB, and peroxisome proliferator-activated receptor gamma, PPARγ, have been implicated in the
pathogenesis of IBDs [4,5].
Currently, IBDs are incurable. Treatments for the diseases are aimed at alleviating the debilitating
symptoms to ensure long term remission. To treat inflammation, a characteristic of IBDs,
anti-inflammatory steroids and immunosuppressants are often used [1]. In extreme cases, resection
of parts of the bowel is performed as an alternative means of treatment [1]. However, these
anti-inflammatory and immunosuppressive agents are somewhat ineffective in a percentage (20%)
of the patients who use them and can result in deleterious side effects associated with infections
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arising from the inhibition of the immune system [6,7] that is accompanied by poor resolution or
wound healing. Thus, there is a need for new therapeutics that lack any detrimental side effects, while
enhancing the pathways of resolution and immune regulatory networks mitigating inflammation.
Selenium (Se) is an essential micronutrient that exists in the form of selenocysteine (Sec), the 21st
amino acid, upon its incorporation into selenoproteins via the tRNA[Sec] encoded by Trsp [8]. A few
epidemiological studies indicate Se levels in patients of both ulcerative colitis and Crohn’s disease to be
reduced [9,10]. There is a decrease in selenoprotein P (SEPP1) in the serum, as well as decrease in the
activity of glutathione peroxidase in Crohn’s Disease patients [9,11]. Similarly, selenoprotein S (SelenoS)
and selenoprotein K (SelenoK) have been implicated in inflammation and IBD [12–14]. In fact, it has
been reported that there is an increase in the production of inflammatory cytokines, with a decrease in
the expression of SelenoS [13]. Interestingly, in the absence of SelenoK, the opposite is observed, with
a decrease in inflammatory cytokines. These differences could be context-dependent and need to be
further investigated. Along with a decrease in Se levels, there is an increase in prostaglandin E2 (PGE2 )
in the plasma of patients with ulcerative colitis [15]. A few experimental models of IBD and associated
colon cancer suggest Se and selenoproteins to play a key role in inflammatory tumorigenesis and
inflammatory microenvironment [16,17]. Previous studies from our laboratory has reported that Se,
in the form of selenoproteins, can shunt the arachidonic acid pathway from the production of more
pro-inflammatory mediators such as PGE2 and interleukin (IL)-1β to more anti-inflammatory mediators
such as prostaglandin D2 (PGD2 ) and its cyclopentenone metabolites, ∆12 -prostaglandin J2 (∆12 -PGJ2 )
and 15-deoxy-∆12,14 -prostanglandin J2 (15d-PGJ2 ), in macrophages [18]. Additional studies from our
laboratory have also demonstrated that the symptoms resulting from chemically-induced colitis, with
dextran sodium sulfate (DSS), is alleviated in the colon of mice that have been supplemented with
Se, characterized by increased colon length, decreased pro-inflammatory cytokines such as IL-1β,
tumor necrosis factor alpha (TNFα) and interferon gamma (IFNγ) and increased anti-inflammatory
markers such as arginase 1 (Arg1) [19]. Thus, Se supplementation mitigates inflammation, while
increasing pro-resolutory pathways, suggesting that Se may be a potential therapeutic candidate for
IBD. As such, this review will present a number of studies where the role of NF-κB and PPARγ play in
the pathogenesis of IBD, the effect of Se on NF-κB and PPARγ in many cell types, and provide insight
into the potential use of Se as a treatment for IBD.
2. NF-κB
Nuclear Factor-kappa B, a rel family of transcription factors, consisting of five subunits, namely
RelA (p65), RelB, c-Rel, NF-κB1 (p105) and NF-κB2 (p100), plays an important role in a number
of biologically important functions such as regulating stress response, immune responses, and
inflammation [20,21]. These transcription factors can lead to the activation or repression of certain
genes [21]. Under unstimulated conditions, NF-κB is inactivated and bound to members of the
IκB family of proteins that prevent active NF-κB from nuclear translocation [22]. However, upon
cellular stimulation through ligands such as lipopolysaccharide (LPS) and cytokines, there is a
dissociation of the IκB proteins from NF-κB, through the action of the IκB kinase (IKK), consisting of
the regulatory subunit NF-κB essential modulator (NEMO), IKKα (IKK1) and IKKβ (IKK2), resulting
in the phosphorylation of IκB followed by its ubiquitin-dependent degradation by the proteasome.
Such a dissociation of IκB from the NF-κB dimer exposes the nuclear localization sequence in NF-κB
dimers to translocate into the nucleus and bind to promoters in target genes [21,23]. Under normal
conditions in the gut, NF-κB activation is required for preserving the homeostatic conditions of the
intestinal epithelial cells and, thus, the epithelial integrity [24].
It has been suggested that NF-κB is crucial for maintaining the integrity of the epithelium, but
the studies conducted are somewhat contradictory. For instance, Pasparakis reported that the NF-κB
signaling in the intestinal epithelium was an integral part of maintaining the homeostatic environment
of the gut [25]. It was observed that mice that lack NEMO in the epithelium experienced colitis even in
the absence of any form of epithelial injury. Further studies found that mice experienced increased
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intestinal epithelial cell death, which could act as a trigger of colitis, since the commensal bacteria
could breach the epithelial barrier due to this disturbance [25,26]. However, usage of mice that lack
IKK2, spontaneous colitis was not observed. It was subsequently found that this difference between
the NEMO and IKK2 knock out mice was a result of the partial inhibition of the NF-κB canonical
pathway in the IKK2 knock out mice, which was completely inhibited in NEMO knock out. Therefore,
it is possible that there are some compensatory mechanisms in the NF-κB canonical pathway by IKK1
in IKK2 knock out mice.
Studies have shown that there is a correlation between the levels of NF-κB in the gut and the
severity of IBD. Han et al., conducted studies using Crohn’s disease patients, particularly those
scheduled for resection surgery [4]. It was found that prior to surgery, histological scores conducted
on colon samples revealed a correlation between NF-κB levels and histological score, where higher
levels of NF-κB led to a greater histological score [4]. Currently, therapies for IBDs are aimed at
blocking the NF-κB pathway [4]. Murine studies have shown that successful inhibition of NF-κB
alleviates IBDs. Use of Wasabia japonica, a plant abundant in phytochemicals, in DSS-induced colitis
inhibited the activation of NF-κB, the secretion of pro-inflammatory cytokines and prevented the
onset of colitis at high dosages [27]. Similarly, Nimbolide, a phytochemical isolated from the Neem
(Azadirachta indica) tree, alleviated both acute and chronic colitis induced in mice and inhibited NF-κB
activation in macrophages [28].
Being a redox-sensitive transcription factor, NF-κB is also regulated by selenoproteins. Previous
studies from our laboratory show that upon Se supplementation, following LPS stimulation, NF-κB
activation was inhibited in macrophages through the inhibition of the phosphorylation of IκBα [29].
The ability of Se to negatively regulate NF-κB activation was dependent on the production of the
arachidonic acid metabolite, 15d-PGJ2 [29]. The cyclopentenone moiety present in 15d-PGJ2 was a key
factor in the inhibition of IKK2 that involved the formation of a covalent Michael reaction adduct of
15d-PGJ2 with essential Cys in the kinase domain of IKK2 leading to decreased kinase activity [29,30].
Studies further demonstrated that Michael electrophiles (such as 15d-PGJ2 ) could also interact with
essential Cys residues in p65 and p50 to interfere in their binding to their cognate binding sites on
the DNA [31]. While such a redox modulation was likely to be the underlying mechanism of Se
in macrophages, other mechanisms involving the direct interaction of Se with Cys cannot be ruled
out. Christensen et al. reported a decrease in NF-κB activity in prostate cancer cells, which they
hypothesized could have been due to the inhibition of NF-κB through the direct interaction of Se with
cysteine thiol in NF-κB [32]. Zhu et al. used Se nanoparticles coated with Ulva lactuca polysaccharide
(ULP) to treat mice subjected with DSS-induced colitis [33]. They found that there was decreased
pathology, characterized by decreased weight loss, lower disease activity index scores, and greater
colon length in the mice given the Se nanoparticle compared to mice who were not given the treatment.
The authors also found that there was inhibition of NF-κB activation in the mice subjected to DSS and
administered the Se nanoparticle [33].
When the epithelial barrier is disturbed as in ulcerative colitis and Crohn’s Disease, immune cells
become increasingly activated, resulting in the production of pro-inflammatory cytokines such as IL-6,
IFNγ, and TNFα by epithelial cells, lymphocytes, and macrophages [34]. As such, NF-κB has been
implicated in the etiology of IBD. Patients suffering from IBD episodes present increased activation
of NF-κB produced by innate immune cells, such as macrophages, in addition to epithelial cells in
the gut [34]. In fact, the activation of NF-κB in macrophages is accompanied by the production of
IL-12, which is involved in the differentiation of naïve T cells into T-helper (Th1) cells [35]. It is well
established that the T-cell receptor (TCR) and cluster of differentiation 28 (CD28) co-stimulation can
lead to the translocation of NF-κB into the nucleus of the cell. It follows that upon stimulation of
the TCR, 3-phosphoinositide–dependent protein kinase-1 (PDK1) becomes activated, leading to the
formation of the CARMA1-BCL10-MALT1 complex, which activates the IKK complex leading to the
subsequent activation of NF-κB [23]. It has also been shown that NF-κB modulates the activation of
various CD4+ T cell subsets [23]. CD4+ T cells are key players in adaptive immune responses that
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is accompanied by their differentiation into Th1, Th2, and Th17 cells. While Th1 and Th2 cells are
involved in host defense against intracellular pathogens and allergic and anti-parasitic responses,
respectively, Th17 cells play a pivotal role in host defense against extracellular pathogens, including
fungi [23,36]. Of importance to this review is that both Th1 and Th17 are key in shaping the intestinal
immune responses [37,38].
Innate lymphoid cells (ILCs) represent another important group of immune cells localized to
the mucosal surfaces and respond to the secreted molecules from the epithelium, which are involved
in mounting intestinal immune responses as well as maintaining a homeostatic environment within
the intestine [36,39]. ILCs are categorized into three groups based on the transcription factor that is
key in their development and the cytokines produced. It has recently been shown that ILC3s can be
activated in an NF-κB dependent manner, through the action of IL-18, resulting in the production of
IL-22 [39]. Interestingly, both T helper cells and ILCs are implicated in the pathogenesis of IBD. It has
been observed that there is an increase in the Th1 inducing cytokine, IL-12, in patients suffering from
Crohn’s Disease [40]. Similarly, in ulcerative colitis and Crohn’s disease patients, an increase in the
expression of the Th17 cytokine IL-17A is seen [41,42]. Patients suffering from IBDs have increased
expression of the ILC3 cytokines, IL-17A and IL-22, in addition to high expression of retinoic acid
receptor-related orphan receptor gamma (ROR-γt) transcription factor in the gut mucosa [43].
As discussed earlier, given that uncontrolled T cell activation and biased differentiation towards
Th1 and Th17 cells, as well as ILC3 activation, are suggested to be one of the key causative factors
in the development of IBD, the ability of Se to downregulate NF-κB activation could potentially
impact such pathways. This could be effected through multiple mechanisms. First, the ability of
Se to impact IL-6 and transforming growth factor beta (TGF-β) along with IL-23 could affect Th17
differentiation. IL-23 can also stimulate γδ T cells, invariant natural killer T (iNKT) cells, and intestinal
innate-like sentinel T cells that promote Th17 differentiation [44–46]. The cytokines, TGF-β (only in
murine) and IL-6 that are important for Th17 differentiation are driven by NF-κB [47,48]. IL-6 can
also induce NF-κB in the intestinal epithelial cells to exert a positive loop leading to an inflammatory
milieu. Secondly, the inability of NF-κB to be activated through the dissociation and degradation of
IκB from the complex results in decreased Th1 activation [20]. Therefore, one can hypothesize that
Se could affect this process, potentially leading to a biased response towards anti-inflammatory Th2
pathway leading to further downregulation of NF-κB activation. Finally, within the inflammatory
milieu, IL-6, TNFα, and other NF-κB target genes can induce the production of PGE2 [49]. Increased
PGE2 in patients with active colitis versus those in remission coupled with a reciprocal increase in
PGD2 in the latter group suggests that switching of eicosanoid pathways from pro-inflammatory
prostaglandins to anti-inflammatory bioactive lipid mediators could help resolve and sustain the
remission of colitis in patients [50]. More importantly, PGE2 can also induce IL-23 leading to the
increased Th17 differentiation. Thus, the ability of Se to resolve gastrointestinal (GI) inflammation via
the decreased PGE2 via Th17 differentiation is an attractive hypothesis that is currently being tested
in our laboratory. As ILC3s are activated by NF-κB through the action of IL-18, again, it is plausible
that Se levels can potentiate the disease. Inhibiting the production of IL-18 by either dendritic cells or
macrophages through Se could result in the blockade of NF-κB activation in this context. Similarly,
it is probable that Se directly inhibiting the dissociation of IκB proteins from NF-κB could result in
the downregulation of NF-κB, and thus, decrease the ability of NF-κB to activate ILC3 and trigger
secretion of IL-17A and IL-22.
Since oxidative stress can result in the development of IBD through destruction of the mucosal
barrier of the gastrointestinal tract, it is possible selenoproteins acting as antioxidants can ameliorate
the symptoms of IBD [51]. In fact, glutathione peroxidase 2 (GPx2), which is abundant in the gut, has
been shown to be protective against oxidative stress during inflammation and experimental models
of IBD [52,53]. SEPP1, which has both reductase and peroxidase activities, has been reported to be
decreased during IBD [54]. The oxidative stress experienced during IBD can lead to the activation of
NF-κB, thus selenoproteins such as GPx2 and SEPP1 can act to reduce this stress, which could lead to a
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decrease in the activation of NF-κB. Interestingly, thioredoxin reductase 1 (Txnrd1) can also reduce the
oxidative stress during IBD as well as impact the gut microbiome through reduction of tetrathionate,
which bacteria such as Salmonella are able to utilize as a means as outgrowing other bacteria in the gut,
to thiosulfate [55]. Thus, presenting another means through which Se, through various selenoproteins
can help to alleviate IBD by decreasing oxidative stress as well as diversify the microbiota.
While studies suggest a pro-inflammatory role of NF-κB, it could be argued that NF-κB is also
essential for maintaining homeostasis in the intestinal epithelial cells, which could be ablated upon
its inhibition. However, in the case of IBD, where NF-κB is highly activated, it is possible that
Se supplementation may serve as a treatment imparting beneficial functions by decreasing NF-κB
activation and creating a homeostatic environment in the gut. Needless to say, further studies are
needed to ascertain if this is the case and to what extent the baseline NF-κB activity might be required
for homeostasis as the ability of other transcription factors to counter NF-κB could also play an
important role.
3. PPARγ
Peroxisome proliferator-activated receptor gamma, PPARγ, a nuclear hormone receptor, is
involved in the biosynthesis and metabolism of lipids [56,57]. PPARs, also termed lipid sensors, carry
out their functions through activation by endogenous ligands that includes fatty acid metabolites [58].
PPARγ, along with other PPARs, has an anti-inflammatory function when activated by exogenous
ligands, such as thiazolidinediones (rosiglitazone and pioglitazone). Of interest to this review is the
ability of eicosanoids such PGD2 metabolites, ∆12 -prostaglandin J2 (∆12 -PGJ2 ) and 15d-PGJ2 , which
serve as endogenous ligands for PPARγ, to lead to the activation of PPARγ. Activated PPARγ, can
effectively regulate downstream target genes via diverse mechanisms. Interaction of PPARγ, with its
heterodimeric partner, retinoid X receptor-α (RXRα) precedes its binding to peroxisome proliferator
response elements (PPREs) within the promoters of downstream target genes [59]. Another mechanism
of repression of inflammatory pathways involves the ability of PPARγ: RXRα to interfere in the binding
of NF-κB by a process known as “squelching” that could depend on the ability to recruit a nuclear
receptor corepressor-I (NCoRI) complex that causes inhibition of expression of pro-inflammatory
mediators [5,60,61].
Like NF-κB, PPARγ has been implicated in the regulation of colonic inflammation. In fact, it is
a key receptor that is abundantly expressed in the epithelial cells of the colon, second to adipose
tissue [62]. While it has been reported that there is increased expression of NF-κB during IBD, in the
context of PPARγ, the opposite is observed. Interestingly, a greater decrease of PPARγ is observed in
patients suffering from ulcerative colitis when compared to patients who suffer from Crohn’s disease [5].
While the majority of the information on the role of PPARγ during resolution of inflammation has been
mostly restricted to macrophages, PPARγ has been demonstrated to also influence the T cell activation,
in that it acts as a negative regulator of T cells following activation, through its inhibition of nuclear
factor of activated T cells (NFAT), a transcription factor involved in the regulation of IL-2, which is
important for T cell proliferation [63,64]. On the other hand, PPARγ can also influence regulatory T
cells (Tregs ) by increasing their differentiation.
There are several clinical and pre-clinical studies that report the mechanism underlying the role
and effects of PPARγ in inflammatory disease. Dubuqouy et al., conducted studies using human
subjects, where colon biopsies obtained from two patient groups revealed a decrease in PPARγ mRNA
expression in both ulcerative colitis and Crohn’s disease samples, with a greater decrease in patients
suffering from ulcerative colitis [65]. Interestingly, the expression of PPARγ or lack thereof was mostly
confined to the epithelial cells and was correlated to the activity of ulcerative colitis [65]. Desreumaux
et al., also demonstrated that there is increased susceptibility to 2,4,6-trinitrobenzenesulfonic acid
(TNBS)-induced colitis in PPARγ heterozygous mice compared to their wild type counterparts [66].
Administration of a PPARγ agonist attenuated the experimental colitis. In fact, Choo et al., reported that
2-hydroxyethyl 5-chloro-4,5-didehydrojasmonate (J11-Cl), a PPARγ agonist, reduced the symptoms of
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DSS-induced colitis, increased the activity of PPARγ and increased the expression of anti-inflammatory
cytokines [67]. Similarly, Bassaganya-Riera et al., demonstrated that conjugated linoleic acid (CLA),
another PPARγ agonist, was able to induce the expression of PPARγ and inhibit TNFα expression and
NF-κB activation during colitis [68].
Our laboratory has shown a crucial role for Se in the activation of PPARγ and its ligands, which
are derived from the arachidonic acid (AA) pathway of cyclooxygenase metabolism, in macrophages.
Treatment of the macrophage like Abelson leukemia virus transformed cell line (RAW264.7 macrophages)
and bone marrow-derived macrophages with Se resulted in the upregulation of hematopoietic PGD2
synthase (HPGDS) and its product PGD2 as well as its non-enzymatic metabolites, ∆12 -PGJ2 and
15d-PGJ2 , which are agonists of PPARγ and inhibitors of NF-κB activation [18]. Activation of PPARγ
by these endogenous cyclopentenone prostaglandins (CyPGs) was shown to activate the expression
of HPGDS through the binding of PPARγ to the PPREs present in the proximal promoter of murine
HPGDS [18]. Additionally, our laboratory has shown that Se supplementation leads to the upregulation of
15-hydroxyprostaglandin dehydrogenase (15-PGDH), the enzyme that oxidizes PGE2 , and a subsequent
decrease in PGE2 during DSS-induced colitis leading to the resolution of inflammation [19]. Other studies
from our laboratory have shown that 15-PGDH is regulated by PPARγ, in that it can be increased
by PPARγ leading to the resolution of inflammation. While the increased 15-PGDH catabolically
inactivates PGE2 , the products of PGE2 oxidation, 13,14-dihydro-15-keto-PGE2 via its dehydrated product
13,14-dihydro-15-keto-PGA2 , could potentially increase the activation of PPARγ thus, forming a feedback
loop of control of NF-κB via activation of PPARγ. This is an attractive hypothesis that remains to be
completely tested.
While there are not many studies that focus on the effect of Se and PPARγ on inflammatory
bowel diseases and the mechanism through which Se acts, one can make conjectures based on the
available data using murine models of IBD [67,68]. Since PPARγ is decreased in IBDs such as ulcerative
colitis and Crohn’s disease and it has been shown that Se can increase both PPARγ and its ligand
15d-PGJ2 [5,13], it is plausible that under supplemented Se status, the disease would be significantly
decreased. This effect could be mediated in a number of ways. It could be that the upregulation of
PPARγ inhibits the activation of NF-κB in a number of cell types including intestinal epithelial cells,
macrophages and dendritic cells, thus preventing the production of pro-inflammatory cytokines that
are involved in the pathology of IBD. It has been shown that PPARγ can regulate T cell activation [63].
When activated T cells were treated with 15d-PGJ2 or ciglitazone, IL-2 expression was significantly
inhibited [69]. Thus, it is possible that PPARγ could inhibit the differentiation of Th1 cells or the
cytokine producing capabilities of these cells. Interestingly, the expression of Tregs during IBD is
not uniform. For instance, there is decreased Tregs circulating in the peripheral blood of active IBD
patients compared to inactive IBD patients. However, it was reported that there is increased Tregs
in the intestinal mucosa of active IBD patients [70]. Tregs are defined by their expression of FoxP3, a
transcription factor expressed by and that is important for the development as well as the function
of Tregs [60]. However, Tregs are not the only cell type that express this, since FoxP3 is also observed
on activated effector T cells [71]. Thus, activated effector T cells expressing FoxP3 could account for
the increase in Tregs observed in the intestinal mucosa. It has been shown that PPARγ increases the
expression of Foxp3+ Tregs , suggesting that during IBD this could lead to greater numbers of FoxP3+
Tregs in the colon, where it is needed to suppress the actions of the activated effector T cells. Thus,
Se could exert its effects through activation of PPARγ by inhibiting certain pathways or immune cell
functions, which could impact cell specific functions to lead to the active resolution of inflammation in
the gut.
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4. Complications of IBD
Complications can arise as a result of the continuous injury and repair taking place in the gut
during IBD. Intestinal fibrosis, occurring in patients suffering from both ulcerative colitis and Crohn’s
disease, results in strictures and obstructions in the gut [72]. The cytokine milieu of the gut during IBD
can contribute to the development of intestinal fibrosis, which include, but are not limited to IL-1β,
TNFα, IL-22 and IL-17. PPARγ is able to prevent the development of fibrotic cells in the gut through
antagonizing a number of pathways [71]. For instance, PPARγ disrupts the transforming growth factor
beta/mothers against decapentaplegic homolog 3 (TGF-β/SMAD3) pathway, which is involved in
the formation of fibrotic tissues in a number of organs including the intestine, thus preventing the
differentiation and activation of myofibroblasts [73,74]. It can then be speculated that Se can have an
effect on intestinal fibrosis, through the actions of selenoproteins or through PPARγ. In fact, it has
been reported that other forms of fibrosis such as cardiac fibrosis, resulted from a deficiency in Se.
Colorectal cancer (CRC) is also another complication of IBD. In fact, sufferers of IBD have an
increased risk of developing colorectal cancer. Clinical trials using selenium as supplementation
reported a decrease in the number of colorectal cancer cases when patients administered a placebo
were compared to patients administered Se [75]. Oxidative damage to DNA can result in the generation
of tumors, in which case selenoproteins antioxidant properties can decrease the risk of CRC [75]. Thus,
Se and selenoproteins are can be used as chemopreventative agents, especially since Se is involved in
regulating apoptosis and proliferation in the intestinal epithelium.
5. Conclusions
The etiology of IBD is multifaceted. Immune responses brought about by the activation of
transcription factors and nuclear receptors are implicated in the pathogenesis of the inflammatory
disorders. The transcription factors NF-κB and PPARγ represent two key regulators during IBD that
are differentially regulated. Interestingly, a bioactive lipid metabolite of PGD2 that activates PPARγ
also inactivates NF-κB, in the presence of all selenoprotein expression. This review highlights areas
that exploit such a unique relationship between NF-κB and PPARγ pathways, which could potentially
present as an approach to mitigate inflammation while promoting sustained resolution and remission.
Emerging studies point to resolution of IBD through inhibition of NF-κB and the activation of PPARγ
in a number of immune cell types including macrophages, Th1, Th17 and ILC3s, where Se could play
an important role (Figure 1). As discussed, it is probable that Se, through its effect on the activation
of NF-κB and PPARγ, could impact the immune mechanisms to “fine tune” for effective remission.
Interestingly, commensal microbiota, which can lead to IBD when the epithelial barrier is breached, can
also regulate the activation of both NF-κB and PPARγ [76,77]. Studies have shown that the butyrate
producing commensal Clostridia can activate PPARγ, while the commensal Streptococcus salivarius can
prevent the activation of NF-κB [76,77]. It has also been reported that Se can alter the composition
of the gut microbiota, which in turn can also impact the Se status of the host and consequently, the
selenoproteome of the host [78]. Therefore, it appears that Se could impact commensal bacteria that
regulate NF-κB and PPARγ. Furthermore, the effect of Se during an infection brought about by
pathogenic bacteria could result in different immune responses when compared to the action of Se
as it pertains to commensal bacteria. This review provides insights into the role of Se as a potential
dietary factor that could be used as an adjunct therapy in IBD; however, further studies are needed to
completely understand the intricate mechanisms the underlie the disease pathogenesis as well as the
ones that follow remission.

Antioxidants
2018,
7, 36
Antioxidants
2018,
7, x FOR PEER REVIEW

of 12
8 of812

Epithelial barrier
Th1
Dendritic Cell

Macrophage
M1

NF-κB

M2

IL-12
IL-6
IL-18
IL-1β
IL-23
TNF

PGE2

IFNγ
TNFα
IL-2

Th1 IFNγ

Dendritic Cell

ILC3

IL-17A
IL-22

Macrophage
Th17

IL-17A
IL-17F
IL-21
IL-22
IL-23

M1

NF-κB

M2

TNFα
IL-2

ILC3

IL-12
IL-6
IL-18
IL-1β
IL-23
TNF

15d-PGJ2
Δ12-PGJ2

IL-17A
IL-22

Th17

TGFβ
IL-10

Tregs

IL-17A
IL-17F
IL-21
IL-22
IL-23

PPARγ
Se

Inflammation
During IBD

Resolution
During IBD with Se Supplementation

Figure
Schematicshowing
showingdisruption
disruption of
of the
the epithelial
epithelial barrier
of of
immune
Figure
1. 1.
Schematic
barrierresults
resultsininactivation
activation
immune
networks
that
are
regulated
by
Se.
Consequently,
innate
immune
cells
such
as
macrophages
and
networks that are regulated by Se. Consequently, innate immune cells such as macrophages
and
dendritic
cells
sense
the
presence
of
the
bacteria
and
mount
an
immune
response
through
thethe
dendritic cells sense the presence of the bacteria and mount an immune response through
upregulation of the transcription factor, nuclear factor-kappa B (NF-κB), leading to the production of
upregulation
of the transcription factor, nuclear factor-kappa B (NF-κB), leading to the production of
pro-inflammatory cytokines such as interleukin (IL)-18 and interleukin (IL)-12, as well as IL-1β and
pro-inflammatory cytokines such as interleukin (IL)-18 and interleukin (IL)-12, as well as IL-1β and
IL-23, which are involved in the differentiation of innate lymphoid cells (ILC3s), Th1 and Th17 cells
IL-23, which are involved in the differentiation of innate lymphoid cells (ILC3s), Th1 and Th17 cells
respectively [36]. In the presence of Se, macrophages produce 15d-prostaglandin J2 (15d-PGJ2) and
respectively
[36]. In the presence of Se, macrophages produce 15d-prostaglandin J2 (15d-PGJ2 ) and
12-prostaglandin J2 (∆12-PGJ2). The nuclear hormone receptor, peroxisome proliferator-activated
∆
∆12 -prostaglandin J2 (∆12 -PGJ2 ). The nuclear hormone receptor, peroxisome proliferator-activated
receptor gamma (PPARγ), is upregulated and inhibits Th1, Th17 as well as the action of NF-κB, thus
receptor gamma (PPARγ), is upregulated and inhibits Th1, Th17 as well as the action of NF-κB, thus
inhibiting the production of the pro-inflammatory cytokines that are required for the differentiation
inhibiting
the production of the pro-inflammatory cytokines that are required for the differentiation
of T helper cells and ILC3s. Simultaneously, PPARγ leads to the differentiation of Tregs, which inhibit
of Tthehelper
cells
ILC3s.
to theofdifferentiation
of Ttoregs
, which
function
of and
T helper
cells.Simultaneously,
As 15d-PGJ2 and PPARγ
∆12-PGJ2 leads
are ligands
PPARγ, they bind
PPARγ
12 -PGJ are ligands of PPARγ, they bind
inhibit
the
function
of
T
helper
cells.
As
15d-PGJ
and
∆
2
2
and potentiates its action on NF-κB and Tregs, as well as directly inhibit the activation of NF-κB.
to PPARγ
and bacteria
potentiates
its action on
and circles.
Tregs , as
wellinterferon
as directly
inhibit
the ：
activation
Commensal
are represented
by NF-κB
filled black
IFNγ:
gamma;
TNFα
tumor
of NF-κB.
Commensal
bacteria
are
represented
by
filled
black
circles.
IFNγ:
interferon
gamma;
necrosis factor alpha; PGE2: prostaglandin E2; IBD: Inflammatory bowel disease; IL-2: interleukin-2;
TNFα:
tumor
necrosis
factor
alpha;
PGE
:
prostaglandin
E
;
IBD:
Inflammatory
bowel
disease;
IL-2:
IL-17A: interleukin-17A; IL-22: interleukin-22;
IL-6: interleukin-6;
IL-1β: interleukin-1β; IL23:
2
2
interleukin-2;
IL-17A:
interleukin-17A;
IL-22:
interleukin-22;
IL-6:
interleukin-6;
IL-1β:growth
interleukin-1β;
： transforming
interleukin-23;
IL-17F:
interleukin-17F;
IL-21:
interleukin-21;
TGF-β
factor
IL23:
interleukin-23;
IL-17F: interleukin-17F; IL-21: interleukin-21; TGF-β: transforming growth factor
beta;
IL-10: interleukin-10.
beta; IL-10: interleukin-10.
Acknowledgments: We thank all present and past members of the Prabhu laboratory for their help and advice.
K. Sandeep Prabhu thanks the National Institutes of Health (DK077152 and Office of Dietary Supplements; CA
We
thank
all presentofand
past members
the #4605).
Prabhu laboratory for their help and advice.
Acknowledgments:
162665) and United
States
Department
Agriculture
(Hatch of
Fund

K. Sandeep Prabhu thanks the National Institutes of Health (DK077152 and Office of Dietary Supplements;
of Interest:
The authors
declare of
noAgriculture
conflict of interest.
CA Conflicts
162665) and
United States
Department
(Hatch Fund #4605).
Conflicts of Interest: The authors declare no conflict of interest.

References

1.
De Lange, K.M.; Barrett, J.C. Understanding inflammatory bowel disease via immunogenetics. J.
References
Autoimmun. 2015, 64, 91–100, doi:10.1016/j.jaut.2015.07.013.

1. 2. De Abraham,
Lange, K.M.;
bowel
immunogenetics.
Autoimmun.
C.;Barrett,
Cho, J.C.
J.H.Understanding
Inflammatory inflammatory
bowel disease.
N. disease
Engl. via
J. Med.
2009, 361, J.
2066–2078,
2015,
64, 91–100. [CrossRef] [PubMed]
doi:10.1056/NEJMra0804647.
2. 3. Abraham,
C.; Cho,
J.H. Inflammatory
Inflammatorybowel
boweldisease:
disease.
N. Engl. J. World
Med. 2009,
361, 2066–2078.
Zhang, Y.Z.;
Li, Y.Y.
Pathogenesis.
J. Gastroenterol.
2014, 20,[CrossRef]
91–99,
[PubMed]
doi:10.3748/wjg.v20.i1.91.
3. 4. Zhang,
Y.Y.
Inflammatory
bowel
disease:
Pathogenesis.
World
J. Gastroenterol.
20, 91–99.
Han, Y.Z.;
Y.M.; Li,
Koh,
J.; Kim,
J.W.; Lee, C.;
Koh, S.J.;
Kim, B.G.;
Lee, K.L.; Im,
J.P.; Kim,
J.S. NF-kappa2014,
B activation
correlates
with
disease
phenotype
in
Crohn’s
disease.
PLoS
ONE
2017,
12,
1–13,
[CrossRef] [PubMed]
doi:10.1371/journal.pone.0182071.
4.
Han, Y.M.; Koh, J.; Kim, J.W.; Lee, C.; Koh, S.J.; Kim, B.G.; Lee, K.L.; Im, J.P.; Kim, J.S. NF-kappa B activation
correlates with disease phenotype in Crohn’s disease. PLoS ONE 2017, 12, 1–13. [CrossRef] [PubMed]

Antioxidants 2018, 7, 36

5.

6.

7.

8.
9.

10.

11.
12.

13.

14.
15.

16.

17.

18.

19.

20.
21.
22.
23.

9 of 12

Dubuquoy, L.; Rousseaux, C.; Thuru, X.; Peyrin-Biroulet, L.; Romano, O.; Chavatte, P.; Chamaillard, M.;
Desreumaux, P. PPARγ as a new therapeutic target in inflammatory bowel diseases. Gut 2006, 55, 1341–1349.
[CrossRef] [PubMed]
Sang, L.; Chang, B.; Zhu, J.; Yang, F.; Li, Y.; Jiang, X.; Sun, X.; Lu, C.; Wang, D. Dextran sulfate sodium-induced
acute experimental colitis in C57BL/6 mice is mitigated by selenium. Int. Immunopharmacol. 2016, 39, 359–368.
[CrossRef] [PubMed]
Han, E.S.; Oh, J.Y.; Park, H.J. Cordyceps militaris extract suppresses dextran sodium sulfate-induced acute
colitis in mice and production of inflammatory mediators from macrophages and mast cells. J. Ethnopharmacol.
2011, 134, 703–710. [CrossRef] [PubMed]
Papp, L.V.; Lu, J.; Holmgren, A.; Khanna, K.K. From selenium to selenoproteins: Synthesis, identity, and
their role in human health. Antioxid. Redox Signal. 2007, 9, 775–806. [CrossRef] [PubMed]
Andoh, A.; Hirashima, M.; Maeda, H.; Hata, K.; Inatomi, O.; Tsujikawa, T.; Sasaki, M.; Takahashi, K.;
Fujiyama, Y. Serum selenoprotein-P levels in patients with inflammatory bowel disease. Nutrition 2005, 21,
574–579. [CrossRef] [PubMed]
Geerling, B.J.; Badart-Smook, A.; Stockbrugger, R.W.; Brummer, R.J.M. Comprehensive nutritional status in
recently diagnosed patients with inflammatory bowel disease compared with population controls. Eur. J.
Clin. Nutr. 2000, 54, 514–521. [CrossRef] [PubMed]
Reimund, J.M.; Hirth, C.; Koehl, C.; Baumann, R.; Duclos, B. Antioxidant and immune status in active
Crohn’s disease. A possible relationship. Clin. Nutr. 2000, 19, 43–48. [CrossRef] [PubMed]
Seiderer, J.; Dambacher, J.; Kühnlein, B.; Pfennig, S.; Konrad, A.; Török, H.P.; Haller, D.; Göke, B.;
Ochsenkühn, T.; Lohse, P.; et al. The role of the selenoprotein S (SELS) gene -105G>A promoter polymorphism
in inflammatory bowel disease and regulation of SELS gene expression in intestinal inflammation.
Tissue Antigens 2007, 70, 238–246. [CrossRef] [PubMed]
Hoffmann, P.R. An emerging picture of the biological roles of selenoprotein K. In Selenium: Its Molecular
Biology and Role in Human Health; Springer Science & Business Media: New York, NY, USA, 2012; pp. 335–344.
ISBN 978-1-4614-1024-9.
Liu, J.; Rozovsky, S. Membrane-bound selenoproteins. Antioxid. Redox Signal. 2015, 23, 795–813. [CrossRef]
[PubMed]
Wiercinska-Drapalo, A.; Jaroszewicz, J.; Tarasow, E.; Flisiak, R.; Prokopowicz, D. Transforming growth factor
beta(1) and prostaglandin E2 concentrations are associated with bone formation markers in ulcerative colitis
patients. Prostaglandins Other Lipid Mediat. 2005, 78, 160–168. [CrossRef] [PubMed]
Barrett, C.W.; Reddy, V.K.; Short, S.P.; Motley, A.K.; Lintel, M.K.; Bradley, A.M.; Freeman, T.; Vallance, J.;
Ning, W.; Parang, B.; et al. Selenoprotein P influences colitis-induced tumorigenesis by mediating stemness
and oxidative damage. J. Clin. Investig. 2015, 125, 2646–2660. [CrossRef] [PubMed]
Barrett, C.W.; Singh, K.; Motley, A.K.; Lintel, M.K.; Matafonova, E.; Bradley, A.M.; Ning, W.; Poindexter, S.V.;
Parang, B.; Reddy, V.K.; et al. Dietary selenium deficiency exacerbates DSS-induced epithelial injury and
AOM/DSS-induced tumorigenesis. PLoS ONE 2013, 8, 1–11. [CrossRef] [PubMed]
Gandhi, U.H.; Kaushal, N.; Ravindra, K.C.; Hegde, S.; Nelson, S.M.; Narayan, V.; Vunta, H.; Paulson, R.F.;
Prabhu, K.S. Selenoprotein-dependent up-regulation of hematopoietic prostaglandin D2 synthase in
macrophages is mediated through the activation of Peroxisome Proliferator-activated Receptor (PPAR)g.
J. Biol. Chem. 2011, 286, 27471–27482. [CrossRef] [PubMed]
Kaushal, N.; Kudva, A.K.; Patterson, A.D.; Chiaro, C.; Kennett, M.J.; Desai, D.; Amin, S.; Carlson, B.A.;
Cantorna, M.T.; Prabhu, K.S. Crucial role of macrophage selenoproteins in experimental colitis. J. Immunol.
2014, 193, 3683–3692. [CrossRef] [PubMed]
Hayden, M.S.; Ghosh, S. NF-κB in immunobiology. Cell Res. 2011, 21, 223–244. [CrossRef] [PubMed]
Ahmed, S.; Dewan, M.Z.; Xu, R. Nuclear factor-kappaB in inflammatory bowel disease and colorectal cancer.
Am. J. Digest. Dis. 2014, 1, 84–96.
Baeuerle, P.A.; Baltimore, D. IκB: A specific inhibitor of the NFκB transcription factor. Science 1988, 242,
540–546. [CrossRef] [PubMed]
Oh, H.; Ghosh, S. NF-κB: Roles and regulation in different CD4+ T cell subsets. Immunol. Rev. 2013, 252,
41–51. [CrossRef] [PubMed]

Antioxidants 2018, 7, 36

24.

25.
26.
27.

28.

29.

30.

31.
32.

33.

34.
35.
36.
37.
38.
39.

40.

41.

42.
43.

44.

10 of 12

Nenci, A.; Becker, C.; Wullaert, A.; Gareus, R.; Van Loo, G.; Danese, S.; Huth, M.; Nikolaev, A.; Neufert, C.;
Madison, B.; et al. Epithelial NEMO links innate immunity to chronic intestinal inflammation. Nature 2007,
446, 557–561. [CrossRef] [PubMed]
Pasparakis, M. IKK/NF-κB signaling in intestinal epithelial cells controls immune homeostasis in the gut.
Mucosal Immunol. 2008, 1, 54–57. [CrossRef] [PubMed]
Pasparakis, M. Role of NF-κB in epithelial biology. Immunol. Rev. 2012, 246, 346–358. [CrossRef] [PubMed]
Kang, J.-H.; Choi, S.; Jang, J.-E.; Ramalingam, P.; Ko, Y.T.; Kim, S.Y.; Oh, S.H. Wasabia japonica is a potential
functional food to prevent colitis via inhibiting the NF-κB signaling pathway. Food Funct. 2017, 8, 2865–2874.
[CrossRef] [PubMed]
Seo, J.; Lee, C.; Hwang, S.; Chun, J. Nimbolide inhibits nuclear factor-κB pathway in intestinal epithelial cells
and macrophages and alleviates experimental colitis in mice. Phytother. Res. 2016, 30, 1605–1614. [CrossRef]
[PubMed]
Vunta, H.; Davis, F.; Palempalli, U.D.; Bhat, D.; Arner, R.J.; Thompson, J.T.; Peterson, D.G.; Reddy, C.C.;
Prabhu, K.S. The anti-inflammatory effects of selenium are mediated through 15-deoxy-∆12,14 -prostaglandin
J2 in macrophages. J. Biol. Chem. 2007, 282, 17964–17973. [CrossRef] [PubMed]
Rossi, A.; Kapahi, P.; Natoli, G.; Takahashi, T.; Chen, Y.; Karin, M.; Santoro, M.G. Anti-inflammatory
cyclopentenone prostaglandins are direct inhibitors of IκB kinase. Nature 2000, 403, 103–108. [CrossRef]
[PubMed]
Pande, V.; Ramos, M.J. Molecular recognition of 15-deoxy-∆12,14 -prostaglandin J2 by nuclear factor-kappa B
and other cellular proteins. Bioorg. Med. Chem. Lett. 2005, 15, 4057–4063. [CrossRef] [PubMed]
Christensen, M.J.; Nartey, E.T.; Hada, A.L.; Legg, R.L.; Barzee, B.R. High selenium reduces NF-κB-regulated
gene expression in uninduced human prostate cancer cells. Nutr. Cancer 2007, 58, 197–204. [CrossRef]
[PubMed]
Zhu, C.; Zhang, S.; Song, C.; Zhang, Y.; Ling, Q.; Hoffmann, P.R.; Li, J.; Chen, T.; Zheng, W.; Huang, Z.
Selenium nanoparticles decorated with Ulva lactuca polysaccharide potentially attenuate colitis by inhibiting
NF-κB mediated hyper inflammation. J. Nanobiotechnol. 2017, 15, 1–15. [CrossRef] [PubMed]
Atreya, I.; Atreya, R.; Neurath, M.F. NF-κB in inflammatory bowel disease. J. Intern. Med. 2008, 263, 591–596.
[CrossRef] [PubMed]
Neurath, M.; Finotto, S.; Glimcher, L. The role of Th1/Th2 polarization in mucosal immunity. Nat. Med. 2002,
8, 567–573. [CrossRef] [PubMed]
Giuffrida, P.; Corazza, G.R.; Di Sabatino, A. Old and new lymphocyte players in inflammatory bowel disease.
Dig. Dis. Sci. 2018. [CrossRef] [PubMed]
Maloy, K.J.; Kullberg, M.C. IL-23 and Th17 cytokines in intestinal homeostasis. Mucosal Immunol. 2008, 1,
339–349. [CrossRef] [PubMed]
Cortés, A.; Muñoz-Antoli, C.; Esteban, J.G.; Toledo, R. Th2 and Th1 responses: Clear and hidden sides of
immunity against intestinal helminths. Trends Parasitol. 2017, 33, 678–693. [CrossRef] [PubMed]
Victor, A.R.; Nalin, A.P.; Dong, W.; McClory, S.; Wei, M.; Mao, C.; Kladney, R.D.; Youssef, Y.; Chan, W.K.;
Briercheck, E.L.; et al. IL-18 drives ILC3 proliferation and promotes IL-22 production via NF-κB. J. Immunol.
2017, 1601554. [CrossRef] [PubMed]
Monteleone, G.; Biancone, L.; Marasco, R.; Morrone, G.; Marasco, O.; Luzza, F.; Pallone, F. Interleukin
12 is expressed and actively released by Crohn’s disease intestinal lamina propria mononuclear cells.
Gastroenterology 1997, 1169–1178. [CrossRef]
Sugihara, T.; Kobori, A.; Imaeda, H.; Tsujikawa, T.; Amagase, K.; Takeuchi, K.; Fujiyama, Y.; Andoh, A.
The increased mucosal mRNA expressions of complement C3 and interleukin-17 in inflammatory bowel
disease. Clin. Exp. Immunol. 2010, 160, 386–393. [CrossRef] [PubMed]
Fujino, S. Increased expression of interleukin 17 in inflammatory bowel disease. Gut 2003, 52, 65–70.
[CrossRef] [PubMed]
Geremia, A.; Arancibia-Cárcamo, C.V.; Fleming, M.P.P.; Rust, N.; Singh, B.; Mortensen, N.J.; Travis, S.P.L.;
Powrie, F. IL-23–Responsive innate lymphoid cells are increased in inflammatory bowel disease. J. Exp. Med.
2011, 208, 1127–1133. [CrossRef] [PubMed]
Michel, M.-L.; Keller, A.C.; Paget, C.; Fujio, M.; Trottein, F.; Savage, P.B.; Wong, C.-H.; Schneider, E.; Dy, M.;
Leite-de-Moraes, M.C. Identification of an IL-17-producing NK1.1neg iNKT cell population involved in
airway neutrophilia. J. Exp. Med. 2007, 204, 995–1001. [CrossRef] [PubMed]

Antioxidants 2018, 7, 36

45.

46.
47.

48.

49.

50.

51.
52.
53.

54.
55.
56.

57.
58.
59.

60.

61.
62.

63.
64.

11 of 12

Sutton, C.E.; Lalor, S.J.; Sweeney, C.M.; Brereton, C.F.; Lavelle, E.C.; Mills, K.H.G. Interleukin-1 and IL-23
induce innate IL-17 production from γδ T cells, amplifying Th17 responses and autoimmunity. Immunity
2009, 31, 331–341. [CrossRef] [PubMed]
Venken, K.; Elewaut, D. IL-23 responsive innate-like T cells in spondyloarthritis: The less frequent they are,
the more vital they appear. Curr. Rheumatol. Rep. 2015, 17, 30. [CrossRef] [PubMed]
Freudlsperger, C.; Bian, Y.; Contag Wise, S.; Burnett, J.; Coupar, J.; Yang, X.; Chen, Z.; Van Waes, C. TGF-β
and NF-κB signal pathway cross-talk is mediated through TAK1 and SMAD7 in a subset of head and neck
cancers. Oncogene 2013, 32, 1549–1559. [CrossRef] [PubMed]
MohanKumar, K.; Namachivayam, K.; Chapalamadugu, K.; Garzon, S.A.; Premkumar, M.; Tipparaju, S.;
Maheshwari, A. Smad7 interrupts TGF-β signaling in intestinal macrophages and promotes inflammatory
activation of these cells during necrotizing enterocolitis. Pediatr. Res. 2016, 79, 951–961. [CrossRef] [PubMed]
Nakao, S.; Ogtata, Y.; Shimizu, E.; Yamazaki, M.; Furuyama, S.; Sugiya, H. Tumor necrosis factor a
(TNF-a)-induced prostaglandin E2 release is mediated by the activation of cyclooxygenase-2 (COX-2)
transcription via NFκB in human gingival fibroblasts. Mol. Cell. Biochem. 2002, 238, 11–18. [CrossRef]
[PubMed]
Vong, L.; Ferraz, J.G.P.; Panaccione, R.; Beck, P.L.; Wallace, J.L. A pro-resolution mediator, prostaglandin D2 ,
is specifically up-regulated in individuals in long-term remission from ulcerative colitis. Proc. Natl. Acad.
Sci. USA 2010, 107, 12023–12027. [CrossRef] [PubMed]
Tian, T.; Wang, Z.; Zhang, J. Pathomechanisms of oxidative stress in inflammatory bowel disease and
potential antioxidant therapies. Oxid. Med. Cell. Longev. 2017, 2017. [CrossRef] [PubMed]
Chu, F.F.; Esworthy, R.S.; Doroshow, J.H. Role of Se-dependent glutathione peroxidases in gastrointestinal
inflammation and cancer. Free Radic. Biol. Med. 2004, 36, 1481–1495. [CrossRef] [PubMed]
Te Velde, A.A.; Pronk, I.; de Kort, F.; Stokkers, P.C.F. Glutathione peroxidase 2 and aquaporin 8 as new
markers for colonic inflammation in experimental colitis and inflammatory bowel diseases: An important
role for H2 O2 ? Eur. J. Gastroenterol. Hepatol. 2008, 20, 555–560. [CrossRef] [PubMed]
Kudva, A.K.; Shay, A.E.; Prabhu, K.S. Selenium and inflammatory bowel disease. Am. J. Physiol. Gastrointest.
Liver Physiol. 2015, 309, G71–G77. [CrossRef] [PubMed]
Narayan, V.; Kudva, A.K.; Prabhu, K.S. Reduction of tetrathionate by mammalian thioredoxin reductase.
Biochemistry 2015, 54, 5121–5124. [CrossRef] [PubMed]
Kliewer, S.A.; Lenhard, J.M.; Willson, T.M.; Patel, I.; Morris, D.C.; Lehmann, J.M. A prostaglandin J2
metabolite binds peroxisome proliferator-activated receptor γ and promotes adipocyte differentiation. Cell
1995, 83, 813–819. [CrossRef]
Forman, B.M.; Tontonoz, P.; Chen, J.; Brun, R.P.; Spiegelman, B.M.; Evans, R.M. 15-Deoxy-∆12,14 -Prostaglandin
J2 is a ligand for the adipocyte determination factor PPARγ. Cell 1995, 83, 803–812. [CrossRef]
Schupp, M.; Lazar, M.A. Endogenous ligands for nuclear receptors: Digging deeper. J. Biol. Chem. 2010, 285,
40409–40415. [CrossRef] [PubMed]
Kliewer, S.A.; Umesono, K.; Noonan, D.J.; Heyman, R.A.; Evans, R.M. Convergence of 9-cis retinoic acid and
peroxisome proliferator signalling pathways through heterodimer formation of their receptors. Nature 1992,
358, 771–774. [CrossRef] [PubMed]
Yamamoto-Furusho, J.K.; Jacintez-Cazares, M.; Furuzawa-Carballeda, J.; Fonseca-Camarillo, G. Peroxisome
proliferator-activated receptors family is involved in the response to treatment and mild clinical course in
patients with ulcerative colitis. Dis. Markers 2014, 2014. [CrossRef] [PubMed]
Ricote, M.; Glass, C.K. PPARs and molecular mechanisms of transrepression. Biochim. Biophys. Acta 2009,
1771, 926–935. [CrossRef] [PubMed]
Auboeuf, D.; Rieusset, J.; Fajas, L.; Vallier, P.; Frering, V.; Riou, J.; Staels, B.; Auwerx, J.; Laville, M.; Vidal, H.
Tissue distribution and quantification of the expression of mRNAs of peroxisome proliferator-activated
receptors and liver X receptor-alpha in humans: No alteration in adipose tissue of obese and NIDDM
patients. Diabtetes 1997, 46, 1319–1327. [CrossRef]
Choi, J.M.; Bothwell, A.L.M. The nuclear receptor PPARs as important regulators of T-cell functions and
autoimmune diseases. Mol. Cells 2012, 33, 217–222. [CrossRef] [PubMed]
Yang, X.Y.; Wang, L.H.; Chen, T.; Hodge, D.R.; Resau, J.H.; DaSilva, L.; Farrar, W.L. Activation of human T
lymphocytes is inhibited by peroxisome proliferator-activated receptor γ (PPARγ) agonists. J. Biol. Chem.
2000, 275, 4541–4544. [CrossRef] [PubMed]

Antioxidants 2018, 7, 36

65.

66.

67.

68.

69.

70.

71.
72.
73.

74.

75.
76.

77.

78.

12 of 12

Dubuquoy, L.; Å Jansson, E.; Deeb, S.; Rakotobe, S.; Karoui, M.; Colombel, J.F.; Auwerx, J.; Pettersson, S.;
Desreumaux, P. Impaired expression of peroxisome proliferator-activated receptor γ in ulcerative colitis.
Gastroenterology 2003, 124, 1265–1276. [CrossRef]
Desreumaux, P.; Dubuquoy, L.; Nutten, S.; Peuchmaur, M.; Englaro, W.; Schoonjans, K.; Derijard, B.;
Desvergne, B.; Wahli, W.; Chambon, P.; et al. Attenuation of colon inflammation through activators of the
retinoid X receptor (RXR)/peroxisome proliferator-activated receptor g (PPARg) heterodimer. A basis for
new therapeutic strategies. J. Exp. Med. 2001, 193, 827–838. [CrossRef] [PubMed]
Choo, J.; Lee, Y.; Yan, X.; Noh, T.H.; Kim, S.J.; Son, S.; Pothoulakis, C.; Moon, H.R.;
Jung, J.H.; Im, E. A novel peroxisome proliferator-activated receptor (PPAR)γ agonist 2-hydroxyethyl
5-chloro-4,5-didehydrojasmonate exerts anti-inflammatory effects in colitis. J. Biol. Chem. 2015, 290,
25609–25619. [CrossRef] [PubMed]
Bassaganya-Riera, J.; Reynolds, K.; Martino-Catt, S.; Cui, Y.; Hennighausen, L.; Gonzalez, F.; Rohrer, J.;
Benninghoff, A.U.; Hontecillas, R. Activation of PPAR γ and δ by conjugated linoleic acid mediates protection
from experimental inflammatory bowel disease. Gastroenterology 2004, 127, 777–791. [CrossRef] [PubMed]
Clark, R.B.; Bishop-Bailey, D.; Estrada-Hernandez, T.; Hla, T.; Puddington, L.; Padula, S.J. The nuclear
receptor PPARg and immunoregulation: PPARg mediates inhibition of helper T cell responses. J. Immunol.
2000, 164, 1364–1371. [CrossRef] [PubMed]
Maul, J.; Loddenkemper, C.; Mundt, P.; Berg, E.; Giese, T.; Stallmach, A.; Zeitz, M.; Duchmann, R. Peripheral
and intestinal regulatory CD4 +CD25 high T cells in inflammatory bowel disease. Gastroenterology 2005, 128,
1868–1878. [CrossRef] [PubMed]
Roncarolo, M.-G.; Gregori, S. Is FOXP3 a bona fide marker for human regulatory T cells? Eur. J. Immunol.
2008, 38, 925–927. [CrossRef] [PubMed]
Speca, S.; Giusti, I.; Rieder, F.; Latella, G. Cellular and molecular mechanisms of intestinal fibrosis.
World J. Gastroenterol. 2012, 18, 3635–3661. [CrossRef] [PubMed]
Zhao, C.; Chen, W.; Yang, L.; Chen, L.; Stimpson, S.A.; Diehl, A.M. PPARγ agonists prevent
TGFbeta1/Smad3-signaling in human hepatic stellate cells. Biochem. Biophys. Res. Commun. 2006, 350,
385–391. [CrossRef] [PubMed]
Kulkarni, A.A.; Thatcher, T.H.; Olsen, K.C.; Maggirwar, S.B.; Phipps, R.P.; Sime, P.J. PPAR-γ ligands repress
TGFβ-induced myofibroblast differentiation by targeting the PI3K/Akt pathway: Implications for therapy
of fibrosis. PLoS ONE 2011, 6. [CrossRef] [PubMed]
Peters, U.; Takata, Y. Selenium and the prevention of prostate and colorectal cancer. Mol. Nutr. Food Res.
2008, 52, 1261–1272. [CrossRef] [PubMed]
Kaci, G.; Lakhdari, O.; Dore, J.; Ehrlich, S.D.; Renault, P.; Blottiere, H.M.; Delorme, C. Inhibition of the NF-κB
pathway in human intestinal epithelial cells by commensal Streptococcus salivarius. Appl. Environ. Microbiol.
2011, 77, 4681–4684. [CrossRef] [PubMed]
Byndloss, M.X.; Olsan, E.E.; Rivera-Chávez, F.; Tiffany, C.R.; Cevallos, S.A.; Lokken, K.L.; Torres, T.P.;
Byndloss, A.J.; Faber, F.; Gao, Y.; et al. Microbiota-activated PPAR-γ signaling inhibits dysbiotic
Enterobacteriaceae expansion. Science 2017, 357, 570–575. [CrossRef] [PubMed]
Kasaikina, M.V.; Kravtsova, M.A.; Lee, B.C.; Seravalli, J.; Peterson, D.A.; Walter, J.; Legge, R.; Benson, A.K.;
Hatfield, D.L.; Gladyshev, V.N. Dietary selenium affects host selenoproteome expression by influencing the
gut microbiota. FASEB J. 2011, 25, 2492–2499. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

