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ABSTRACT
Inflammation has been proven to play a key role in both the resolution of gut bacterial
infections and the translocation of such bacteria to neighboring organs. It is thus to be expected
that, by limiting the production of pro-inflammatory cytokines such as TNF-α and IL-1,
resolution of infection will be maximized while dissemination of bacteria across the gut
epithelial barrier will be minimized. Selenium, an essential micronutrient obtained via dietary
sodium selenite and incorporated into selenoproteins, is known to interfere with the COX
pathway upstream of such cytokines via PPARγ mediated inhibition of NF-kB. In order to
elucidate the definitive effects of selenium on inflammatory responses to bacterial infection,
mice were fed diets either deficient or supplemented with selenium and then infected with
Citrobacter rodentium. Mice from each diet group were dissected via IACUC protocols at both
9 and 16 days p.i., and portions of the colon were allocated for both mRNA and protein isolation.
In addition to measurements of cytokines in the colon related to the inflammatory pathway,
bacterial dissemination to the liver and spleen and quantities of epithelial barrier tight junction
protein were also measured. Via both qRT-PCR and Western Blot techniques to measure mRNA
and protein expression respectively, it was determined that mice fed a Se-supplemented diet
recovered faster from infection, produced fewer pro-inflammatory cytokines, had mildly
lessened translocation of bacteria to neighboring organs, and produced more epithelial barrier
proteins. Based on this study, it is suggested that a diet supplemented with selenium may benefit
the gut in response to inflammation. In addition, the increased integrity of the gut epithelial
barrier in Se-supplemented conditions suggests that dietary sodium selenite may be a way to
prevent bacterial translocation.
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LITERATURE REVIEW

History and Metabolism of Selenoproteins:

The trace element selenium has been proven to be of definitive importance to
human and animal health as an antioxidant since the 1960s, at which point it was
determined to function similarly to Vitamin E [1]. Since then, selenium has been defined
as an essential micronutrient due to its roles in hormone metabolism, nucleic acid
synthesis, and most critically to this review, immune health via oxidative protection [2].
The majority of Americans get their daily source of selenium from diet, particularly from
grains, cruciferous vegetables, herbs (garlic), meat, seafood, and eggs)[3]. Dietary
selenium is present in the form of either inorganic form, which is predominantly found in
the soil and are used by plants (selenite and selenite), or in the organic form, such as
selenomethionine and selenocysteine (Sec) that are subsequently used by animals
(selonomethionine and selenocysteine)[2]. Compared to selenomethionine, Sec is
unstable and is usually synthesized on the tRNA[Sec] as the 21 st amino acid. Thus,
selenium, in the form of Sec, is found to be an integral part of 25 selenoproteins in
humans and 24 in mice [4]. The co-translational (and post-transcriptional) incorporation
of Sec into proteins occurs via reduction of selenite to hydrogen selenide (H2Se) and
conversion to selenophosphate by selenophosphate synthase. The selenophosphate form
is now used to charge the tRNASer/Sec to convert seryl-hydroxyl to a seleno group to yield
tRNASec. The tRNASec is exclusively utilized for selenoprotein synthesis and is encoded
by the Trsp gene [5].
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Figure 1 Schematic depicting selenoprotein synthesis. Dietary selenium (Se) as selenite
is first converted to hydrogen selenide, which is then converted to selenophosphate via
selenophosphate synthase. Selenophosphate is used to charge tRNASer/Sec to tRNASec
via conversion of the seryl-hydroxyl group to a seleno group. tRNASec is used to decode
the UGA codon and co-translationally insert Sec into proteins.
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These selenoproteins have many functions in the body that are being studied,
including their role in cancer as well as the immune system, the cardiovascular system,
and the nervous system [2]. A number of studies have suggested that selenium has anticarcinogenic effects due to its ability to aid in DNA synthesis, and these studies suggest
that low nutritional selenium intake is related to a higher risk of cancer, particularly in
lymphoma and cancers of the gastrointestinal tract, lung, and breast [1]. In addition,
antioxidants, including selenium, function protectively against cardiovascular diseases,
cognitive decline, and general health decline [2]. The primary function of selenium that
will be addressed in this review is its function in immunity via the effect of
selenoproteins on macrophages [6,7].

Macrophage Selenoproteins and Their Role in Resolution of Inflammation:

Macrophages are innate immune cells that serve as key mediators of inflammation
as well as resolution of inflammation. Activation of macrophages primarily involves
formation of biochemical mediators, including prostaglandins from arachidonic acid via
the action of cyclooxygenase (COX)-1 and COX-2 and specific downstream
prostaglandin synthase enzymes [8,9]. During the initiation of inflammation, the primary
prostaglandins that are synthesized include prostaglandin E2 (PGE2) and thromboxane A2
(TxA2); while the later response is characterized by a decline in inflammation as a result
of initiation of pro-resolution pathways that are mediated by PGD 2 metabolites, 12-PGJ2
and 15 deoxy 12,14-prostalgandin J2 (15d-PGJ2), collectively referred to as
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cyclopentenone prostaglandins (CyPGs) [10]. This pathway occupies a high relevance
when considering the regulation of inflammatory response to pathogens.

Figure 2 Schematic depicting infection-mediated metabolism of arachidonic acid via the
COX pathway. Upon infection, membrane-derived arachidonic acid is metabolized by
COX-1 and COX-2 followed by downstream prostaglandin synthases, microsomal PGE2
synthase, thromboxane synthase, and PGD synthase. During the early response to
infection when inflammation increases, PGE2 is produced by activated macrophages that
promote inflammation. During late response to infection, 15d-PGJ2 is produced to
alternatively activate macrophages and reduce the inflammatory response. In the presence
of selenium and selenoproteins, macrophages efficiently switch from PGE 2 to PGJ2
production to facilitate resolution [11].
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The plasticity of macrophages that allows them to be subject to various
prostaglandins occurs due to a change in phenotype. Classical M1 activation corresponds
to proinflammatory cytokines and initiation of a strong inflammatory response, while
alternative M2 activation corresponds to immuno-regulatory responses and a decline in
inflammation [12]. The polarization of macrophages is associated with either a
predominance of nuclear factor-kappa B (NF-kB) and STAT1 that promote M1
macrophages or predominance of STAT3 and STAT6 that promote M2 macrophages
[13].
Selenium has been studied as an inhibitor of nuclear factor-kappa B (NF-kB),
which is upstream of various pro-inflammatory molecules including interleukin 1 (IL-1),
tumor necrosis factor-alpha (TNF-α), and the microsomal PGE2 synthase [14]. Thus,
typical upregulation of these molecules via macrophage mediated activation of NF-kB in
an inflammatory environment without selenium results in widespread inflammation. In
the presence of selenium, however, the inhibition of NF-kB has varying effects.
Selenium (in the form of inorganic sodium selenite), through selenoproteins, stimulates
macrophages to produce 15d-PGJ2 instead of PGE2, which then leads to the direct
binding to a nuclear hormone receptor peroxisome proliferator-activated receptor gamma
(PPARγ) [15]. This process is termed as “eicosanoid class switching”. The resulting
inhibition of NF-B then causes a downregulation of inflammatory cytokines, suggesting
an inverse relationship between selenium status and inflammatory responses.
Selenium is incorporated in organisms (from archaea to mammals) via
metabolism and is measured primarily via the expression of selenoproteins. Previous
studies in the laboratory have indicated that arginase-1 (Arg-1), an enzyme that is
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primarily expressed during alternative macrophage activation is associated with a
decrease in proinflammatory cytokines, is activated by PPARγ and associated with its
mechanism of action [16]. In addition, H-PGDS is a prostaglandin synthase that has been
found in selenium-supplemented mice to be upregulated via the activation of PPARγ as a
result of enhanced production of 15d-PGJ2 and inhibition of enzymes typically targeted
by NF-kB [17]. PGJ2 is known to be an endogenous activator of PPAR [18]. Previously
studied selenoenzymes that can also serve as markers for the presence of selenium in the
diet include glutathione peroxidase (GPX), thioredoxin reductase [6], and other
selenoproteins.
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Figure 3 Schematic demonstrating macrophage-mediated inflammatory response. Upon
standard infection response without selenium, the upregulation of PGE2 causes
macrophage activation and the subsequent upregulation of NF-kB. NF-kB mediates the
upregulation of various proinflammatory cytokines, including IL-1 and TNF-α, that
promote inflammation. When selenium is supplemented, the activation of PPARγ
associated with selenoproteins results in the upregulation of both HPGDS and ARG-1.
HPGDS results in the production of 15d-PGJ2 that acts in a feed-forward manner leading
to high-levels of this molecule to facilitate the alternative activated macrophage
phenotypes. These macrophages then mitigate inflammation via the downregulation of
proinflammatory cytokines and other mediators. This process ultimately leads to the
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relatively rapid clearance of infection followed by restoration of homeostasis, as opposed
to the aforementioned exacerbated inflammation in the absence of selenium or lack of
selenoprotein expression.

Gut Inflammation Models:

The gastrointestinal (GI) tract must maintain strong immune support due to high
levels of exposure to pathogens, yet there must also be a careful balance with the need to
absorb nutrients from food through its epithelial walls. The gut does so via a complex
anatomy that incorporates tight junctions between epithelial cells, large surface area, and
a diverse community of commensal/mutualistic bacteria that comprise the microbiota
[19]. When the bacteria that typically reside in the gut impose themselves on the
epithelium or invasive bacteria take root in the gut, it is then that immune responses are
activated and widespread inflammation occurs. The epithelial cells of the gut express
unique proteins including Toll-like receptors (TLRs) and nucleotide-binding
oligomerization domain (Nod) molecules to recognize bacterial structures and activate
inflammation to initiate an immune response [20].
The recognition of pathogenic bacteria in contrast to beneficial bacteria is
accomplished via recognition of structures that are specific to harmful bacteria known as
PAMPs (pathogen-associated molecular patterns). These include recognition by TLRs of
markers such as LTA and PGN from Gram-positive bacteria and lipoproteins from Gramnegative bacteria and recognition of peptidoglycan in both forms of bacteria by Nod
molecules [20,21]. Upon recognition of these PAMPs, macrophages are stimulated to
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activate the pathway previously described, and the immune response to eventually
stimulate expression of inflammatory genes.
To stimulate a state of inflammatory signaling to discern the effects of diet on
pathways of inflammation in the gut, a model for a human GI disease that results in
widespread inflammation, such as Crohn’s Disease (CD), Irritable Bowel Disease (IBD),
or ulcerative colitis (UC) is critical. One such model of a state of increased inflammation
of the gut is the mouse-restricted pathogen Citrobacter rodentium that mimics human
enteropathogenic Escherichia coli [22]. Upon infection via the oral route, mice develop
colitis and diarrhea as the C. rodentium overtake and disturb the microbiota in the gut by
attaching to the mucosa of the intestinal tract resulting in effacing lesions. This results in
both an adaptive immune responses contingent on pre-existing microbiota composition
and innate immune responses including expression of antimicrobial peptides that prevent
attachment of Citrobacter to the intestinal surface [23]. As the body attempts to respond
to the such a microbial disturbance, C. rodentium initially colonizes the caecal patch of
the large intestines and then later switches virulence to colonize the more distal colon and
rectum via an infection cycle that mimics a bell-shaped cycle [24].
The life cycle and infection characteristics of C. rodentium have been studied
extensively due to the widespread use of this model. The extent of infection is
determined via a physiological change in the distal colon marked by crypt hyperplasia
and dilation as well as mucosal thickening in this region [10]. Extent of infection can
also be determined via quantification of bacterial load in fecal samples of infected mice.
Multiple studies have found that these symptoms and a significant fecal colonization can
take up to 6 days to become notable [25,26]. Disease symptoms continue to progress to
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the peak of infection, between 7 and 14 days p.i. [10,26], with the average peak of
symptoms and fecal bacterial load occurring at 9-11 days p.i. [27]. After infection peaks,
immune responses also peak and begin to successfully clear the infection in most strains
of mouse, resulting in complete clearance between days 21-28 p.i. [28].
The effects of selenium supplementation on pathogenicity of various viral and
bacterial infections has been studied extensively due to the benefits of antioxidants during
such infections. While in the past, other infection models have been proven to
demonstrate faster clearance rates upon selenium supplementation [29,30], the study of
selenium’s effects on Citrobacter rodentium and other gut inflammation models are more
limited. Primary investigation has suggested a causal relationship between selenium
supplementation and clearance of C. rodentium in the distal colon [10]. Decreased
severity of infection upon supplementation with dietary selenium was suggested due to a
decreased inflammatory response [10].

Gut Epithelial Barrier:

Throughout the distal colon and the surrounding segments of the GI tract that
together make up the “gut”, the intestinal epithelium constantly comes in contact with
both beneficial and harmful bacteria and serves as a barrier to the rest of the body. The
epithelium possesses various immune properties including receptors for PAMPs (as
detailed above), the ability to secrete cytokines and mucus, and overall selective
permeability as a physical barrier [31]. When the homeostasis is disturbed by an
infection and subsequent inflammation, this can cause a change in the epithelial barrier
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that results in increased permeability and the translocation of harmful bacteria from the
lumen of the gastrointestinal tract to the rest of the body. In addition, metabolic sepsis
that occurs during absorption of dietary components can also disrupt the barrier integrity
[32].
To begin, one must first understand the structure of the gut epithelial barrier
during homeostasis to understand how a disturbance can affect the dynamics of infection.
Adhesion between these epithelial cells is mediated by both tight junctions and adherens
junctions that together form a complex known as the apical intercellular junctional
complex (AJC) [33]. The major transmembrane proteins that mediate this physical
junction and maintain its integrity include occludin, claudin, and tight junction (TJ)
proteins at the tight junction and cadherin and nectin at the adherens junction, while
cytosolic plaque proteins include members of the zonula occludens (ZO) family [33].
These two classes of proteins function in different ways at the epithelial barrier to allow
some materials to cross while preventing the transport of materials that should remain in
the lumen. The transmembrane proteins extend into the space between cells and serve as
channels that selectively allow the passage of materials based on both receptors present
and size restriction (i.e. larger molecules cannot pass through the typical junction), while
the cytosolic proteins instead extend from the membrane to the cytoskeleton and anchor
cells to one another [31].
When enteric pathogens are present, junctions between epithelial cells can be
disrupted. Pathogens can release enzymes, such as proteases that degrade the
transmembrane proteins (occludin and claudin), or they themselves can phosphorylate or
dephosphorylate the proteins to limit their function [34]. E. coli, for example, act
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primarily on occludin by dephosphorylation and subsequent translocation of the protein
out of the tight junction and into the cytoplasm of epithelial cells, resulting in an
increasing in junction permeability [35]. E. coli can also disrupt the cytosolic proteins,
which stimulates phosphorylation of the myosin light chain (MLC) protein that causes the
cytoskeletal proteins to contract, increasing tension on the cytosolic proteins (primarily
ZO-1) to eventually lead to increased permeability of the epithelial barrier [36]. An
alternate cause of increased intestinal permeability that is distinct from alteration of tight
junction proteins is the induction of apoptosis of epithelial cells that results in barrier
disruption through which pathogens can disseminate into the submucosal layer to become
systemic [37]. It is suspected that the modulation of apoptosis that occurs upon infection
may be related to a decrease in villin (VIL) protein production, which epithelial cells
normally express to fight against apoptosis and maintain the integrity of the epithelial
barrier [38].
For these bacteria to affect the intestinal barrier, however, they must be taken up
by the epithelial cells. Pro-inflammatory cytokines, including TNF-α and IL-1, are
released to facilitate their uptake into the intestinal epithelium via phagocytosis [39]. The
release of these cytokines not only causes increased permeability of the epithelium via
breakdown of the junctional proteins, but also increases apoptosis of epithelial cells to
effect increased permeability [39]. Specifically, E. coli has been found to translocate
across the intestinal barrier upon an increase of cytokine release in many studies [39,40].
Immunoblot assays of tight junctions in cell lines infected with E. coli C25 demonstrate a
negative correlation between levels of pro-inflammatory cytokines and claudin 1 and
occludin [40]. Other studies have demonstrated dramatic internalization of tight junction
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transmembrane proteins upon prolonged exposure to these cytokines, with experimenters
suggesting a molecular mechanism including a change in protein phosphorylation state
that the cytokines induce to draw occludin, claudin, and tight junction proteins into the
cytoplasmic pool [41].
When these junctions are disrupted and more permeable, it is then that harmful
bacteria infecting the colon can disseminate to the liver via the portal system or
systemically via the bloodstream, causing inflammation and damage [42]. When an
infection is contained to the gut, as previously described, there are extensive mechanisms
of fighting the bacteria within the environment of the GI tract. It has long been proven
that the spleen and liver are among the first organs to which bacteria can migrate once the
gut barrier is compromised, and it is suggested that liver dysfunction resulting from a
problem with gut barrier integrity can promote widespread organ failure [43]. In
addition, bacteria can travel via the lymphatic system to lymph nodes (including the
spleen) when they breach the gut barrier, resulting in further immunological dysfunction
and inflammation and causing a cycle of continued bacterial translocation if not treated
properly [43].
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STATEMENT OF WORK

When evaluating the anti-inflammatory properties of selenium coupled with the
benefits of inducing pro-resolutory and anti-inflammatory pathways limiting the course
of Citrobacter rodentium infection in the gut and surrounding tissues, it is suspected that
dietary selenium supplementation may have a positive impact on infected mice. By
limiting the release of pro-inflammatory cytokines via alternative activation of 15d-PGJ2
stimulated macrophages, selenium may serve to reduce the colonic effects of C.
rodentium as well as dissemination of the bacteria to the liver and spleen. The studies are
based on the hypothesis that infected mice on diets supplemented with selenium will
recover from infection faster due to lower expression of pro-inflammatory cytokines, and
these mice will also express a greater amount of proteins found at the tight junctions of
the gut epithelium and correspondingly lower levels of bacterial dissemination to the liver
and spleen.
To test this hypothesis, two groups of mice will be compared upon infection with
C. rodentium: mice that have consumed a diet deficient in selenium (<0.01 ppm) and
mice that have consumed a diet supplemented with 0.4 ppm selenium (added as inorganic
selenite). Measurement of bacterial load via enumerating colony growth from fecal
pellets over the course of the infection are then used to compare the two groups of mice.
At two stages of infection representing both the peak and the time of full clearance (as
well as uninfected mice to serve as a control), dissected colons are prepared for mRNA
isolation and qRT-PCR to quantify the expression of genes associated with the PPARγ
pathway as well as pro-inflammatory cytokines. Subsequently, genes associated with
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various tight junction proteins of significance, including occludin, claudin, ZO-1, and
tight junction proteins, will be quantified via this same technique to once again compare
the two groups. As a means of correlating gene expression with protein production,
Western blot analysis will be performed to semi-quantify relevant protein amounts.
Finally, to measure the extent of dissemination of C. rodentium to the liver and spleen,
these dissected organs are plated and monitored for the growth of colonies of the bacteria.
Together, these results are expected to provide an estimation of the effect of selenium
supplementation on microbial infection of the gut including inflammation and bacterial
translocation.

16

EXPERIMENTAL METHOD

Dietary Supplementation and Citrobacter rodentium Infection:

For six weeks prior to infection, six C57BL/6 mice were fed a diet deficient in
selenium (<0.01 ppm) and six C57BL/6 mice were fed a diet supplemented with
selenium (0.4 ppm; as sodium selenite). A stock of Citrobacter rodentium was cultured
in Luria Broth with 1300 μg/mL nalidixic acid and a pellet containing approximately 1
billion colony forming units (CFU) of C. rodentium at 4 xg overnight at 37°C. The
concentration of this stock solution was measured via optical density at 600 nm of a 1:10
dilution of the stock in phosphate buffered saline (PBS) as compared to a 1:10 dilution of
an un-inoculated broth in PBS in a UV-Vis spectrophotometer. On the day of infection,
the inoculated stock was then diluted using PBS in appropriate quantities to produce a
solution that contained 5x109 inoculum per mL suspended in 200 μl per mouse based on
the optical density, and these aliquots were centrifuged at 23897 xg for 10 minutes at
4°C. The mice were then infected with C. rodentium stock via oral gavage and weighed
to determine starting weight. In order to test that the solution with which the mice were
infected contained the calculated bacterial quantity, the stock solution (in serial dilutions
with PBS of 10-7, 10-8, and 10-9) was plated via streaking on a petri dish containing
nalidixic acid diluted in MacConkey agar in a 1:953 ratio to inhibit the growth of most
other bacteria as described [45]. After overnight incubation at 37°C, the colonies on the
plate were counted to calculate the actual quantity of Citrobacter rodentium with which
each mouse was infected.
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Measurement of Bacterial Shedding:

Every Monday, Wednesday, and Friday during the course of infection, fecal
pellets were collected from the mice and weighed. These pellets were then diluted with
PBS at 10-1, 10-2, and 10-3 dilutions at 2 day intervals p.i. and homogenized with a pestle.
The resulting solutions were plated via streaking on the aforementioned media (1:953
dilution of nalidixic acid in MacConkey agar) and allowed to incubate overnight at 37°C.
Colony counts were obtained the following day via fecal collection and plating using
dilutions based on the course of infection and the desire to obtain countable ranges. This
occurred until 9 days p.i., at which point three mice from the Se-deficient group and three
mice from the Se-supplemented group were euthanized and dissected following the
protocol below. Fecal collection continued for the remaining six mice until 16 days p.i.,
at which point these final mice were also euthanized.

Euthanasia and Dissection Protocol:

Based on the timeline stated above, six mice were euthanized 9 days p.i. and six
mice were euthanized 16 days p.i. The mice were euthanized using the IACUC approved
protocol with carbon dioxide and dissected to retrieve the spleen, liver, and colon. Liver
and spleen, the organs were weighed and a small section was retrieved for plating to
measure dissemination of infection. The colon was weighed, measured, and cut into
three segments. The proximal segment was isolated for protein estimation and suspended
in PBS, the middle segment was used for RNA isolation and suspended in TRIzol
solution, and the distal segment was isolated for pathology and suspended in formalin for
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preservation. A small segment of the colon and spleen were also isolated and plated
following the protocol for fecal plating in order to measure dissemination of bacteria to
these organs.

mRNA Isolation and qRT-PCR:

RNA isolation from the colonic tissues allocated was performed using TRIzol
reagent (Life Technologies) according to the manufacturer’s instructions. This pellet was
then re-dissolved in RNase-free water for storage based on the size of the pellet, in
quantities of 10 μl water for mice 1 and 5, 20 μl water for mice 4 and 7, and 30 μl water
for the remaining samples.
In order to synthesize cDNA from the mRNA sample, UV absorption
spectrometry of the RNA samples was performed for each sample, and the concentration
of RNA measured at 260 and 280 nm that was used to produce a 1:10 concentration of
RNA in RNAse free water. 8 μl of a master mix (comprised of 5 μl polymerase mixture,
0.5 μl primer, and 2.5 μl dNTP water) was then prepared for each sample. The primers
used included GPX1, ARG1, HPGDS, IL-1 and TNF-α (paired with Taq polymerase
mixture), occludin, claudin, VIL1, ZO1, TJP1, and TJP2 (paired with Sybr Green
polymerase mixture) among multiple PCR runs, with GAPDH serving as a control on
each plate. During each run of the PCR, a 96 well plate was used, in which four genes
(including GAPDH) were tested. In each well, a 1:5 ratio of cDNA to master mix for
each of the indicated primers was added in a way that resulted in qRT-PCR of each
sample for each primer. In order to compare the RNA concentrations for the samples, the
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GAPDH values for each sample, including controls that were uninfected, were first
subtracted from the total Ct output of the qRT-PCR to yield ΔCt values. These resulting
ΔCt values for the control mice were then subtracted from the ΔCt values for each of the
sample mice to yield ΔΔCt. Finally, in order to standardize the values, 2-ΔΔCt was
calculated, and these values were used to compare the relative expression values of each
of the dietary groups.

Protein Estimation and Western Blotting:

The colonic segments allocated for protein estimation were homogenized, and to
each sample, 150 μl of Mammalian Protein Extract Reagent (MPER from Thermo
Scientific) and 6 μl Protein Inhibitor Cocktail (PIC from Sigma Aldrich) was added. The
cell lysate was incubated on ice for 20 minutes followed by centrifugation at 16000 xg
for 10 minutes at 4°C. Following this, the supernatant was collected and diluted 1:40 in
PBS. A 1:8 diluted solution of each resulting sample and reagent A/B stock were added
to the wells of a 96 well plate. Reagent A/B stock contained a 1:50 ratio of Pierce BCA
Protein Assay Reagent A (constituted of sodium carbonate and [2,2'-Biquinoline]-4,4'dicarboxylic acid, sodium salt 1:2) to Reagent B (constituted of copper (II) sulfate,
pentahydrate 1:1:5) from Thermo Scientific. Alongside the samples, a bovine serum
albumin (BSA) standard from 25 ug/ml to 2000 ug/ml was used to create a standard
curve against which the protein concentrations in the unknown samples was calculated.
The plate was allowed to stand in a drawer at room temperature, wrapped in aluminum
foil, for 30 minutes. Following this incubation period, the absorbance was measured at
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560 nm using a SpectraCount plate reader, which resulted in the concentration of protein
in each sample.
Using these concentrations, 25 μg samples of protein were electrophoresed onto a
12.5% SDS-polyacrylamide gel using 5% SDS-PAGE running buffer. The gel
electrophoresis was run for 1 hour, followed by transferring of the gel to a nitrocellulose
membrane in 1x transfer buffer made of 60.4 g Tris base, 288 g glycine, and 4 L
deionized water for 90 minutes. Ponceau was then added to the membrane to allow
visualization of the protein bands, which was used to guide the cutting of the membrane
into pieces for incubation with specific antibodies. These membranes were then blocked
with a 1:20 solution of TBS-T (50 mL Tris-buffered saline, 450 mL water, and 500 μl
Tween-20) and 5% powdered skim milk for 1 hour. Overnight, the membranes were
incubated in a 1:10000 solution of antibody in milk, specifically the antibodies for βactin, COX2, GPX2 (GI-GPX), and 15 PGDH. The following day, the membranes were
washed in TBST for 1 hour, followed by a block using secondary antibodies in the
aforementioned ratio of 1:10000 for one hour (the secondary antibodies used were antimouse for β-actin and anti-rabbit for the other proteins of interest). Finally, the
membranes were washed in TBST once more for 1 hour before visualization of the
proteins via enhanced chemiluminescence (ECL) assay according to the manufacturer’s
instructions.
Quantification of the protein based on the resulting images was performed using
ImageJ software (National Institutes of Health). The intensity of the bands for COX2,
GPX2, and 15PGDH were quantified via the program, and these values were then
normalized to the intensity of the bands for β-actin.
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Statistical Analysis

In order to evaluate statistical significance of the values obtained for each portion
of the experiment, 2 way ANOVA tests were performed using GraphPad Prism.
Regarding the bacterial shedding and weight change measurements, this test was used to
compare the two diets each day post infection. Regarding information about the liver and
spleen including dissemination values, the test was used to compare the two diets at both
9 and 16 days p.i. for the mice that were euthanized at these time points. Regarding
mRNA data obtained via qRT-PCR, this statistical test was used in order to compare
controls to average values for both diets, to compare each diet type at both 9 and 16 days
p.i., and to compare the two diets to one another. Protein data obtained via Western Blot
was also analyzed via 2 way ANOVA to compare each diet type at both 9 and 16 days
p.i. The tests were all performed with an alpha value of 0.05.
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RESULTS
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Figure 4 A. Measurement of Bacterial Shedding Bacterial Shedding was measured in
log(CFU/g) via fecal platting of both selenium supplemented and deficient mice on 1:953
dilution of nalidixic acid in MacConkey agar and incubation on Mondays, Wednesdays,
and Fridays of C. rodentium infection. n=6 for each diet until day 9 p.i and n=3 for each
diet day 9-day 16 p.i B. Percentage Weight Change During Infection The percentage
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of body weight was calculated and averaged for each diet as measured on Mondays,
Wednesdays, and Fridays of infection. n=6 for each diet until day 9 p.i and n=3 for each
diet day 9-day 16 p.i C. Colon Length Colon length was measured upon dissection at
both 9 and 16 days p.i. n=6 for each diet at day 9 p.i and n=3 for each diet at day 16 p.i.
D. Colon Weight Colon weight was measured upon dissection at both 9 and 16 days p.i.
n=6 for each diet at day 9 p.i and n=3 for each diet at day 16 p.i. E. Comparison of
Colons Between Diet This image depicts the difference in colon size between mice fed a
diet supplemented with selenium (top) and a diet deficient in selenium (bottom) upon
dissection 16 days p.i. F. Spleen Weight Spleen weight was measured upon dissection at
both 9 and 16 days p.i. n=6 for each diet at day 9 p.i and n=3 for each diet at day 16 p.i.

Decreased Severity of Infection in Se-S Mice
Upon infection with C. rodentium, mice begin to develop symptoms of infectionmediated inflammation including weight loss, colon shrinkage, and spleen enlargement
until complete bacterial clearance occurs. Supplementation with Se, as shown above,
resulted in a lower quantity of fecal bacteria, longer colons (statistically significant 16
days p.i.), heavier colons 16 days p.i., and lighter colons (statistically significant both 9
and 16 days p.i.). There was no substantial difference between weight change among the
two diets.
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A

B

Figure 5 A. Spleen Dissemination Bacterial dissemination of C. rodentium to the spleen
following infection of selenium supplemented and deficient mice was measured via
plating of a spleen segment on 1:953 dilution of nalidixic acid in MacConkey agar and
incubation. The resulting bacterial counts were reported in log(CFU/g) values. n=6 for
each diet at day 9 p.i and n=3 for each diet at day 16 p.i. B. Liver Dissemination
Bacterial dissemination to the liver was measured following this same protocol. n=6 for
each diet at day 9 p.i and n=3 for each diet at day 16 p.i.
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Decreased Bacterial Dissemination to Neighboring Organs in Se-S Mice
Regarding bacterial dissemination to the spleen, the bacterial load was lower for
mice supplemented with Se at both 9 and 16 days p.i., though neither value was
statistically significant (Figure 5A). Regarding bacterial dissemination to the liver, at 16
days p.i., there was a slightly lower level in Se-supplemented mice, though once again,
this value was not statistically significant (Figure 5B). Overall, the trend represents a
minimally lower level of bacterial translocation in Se-supplemented mice with greater
overall bacterial translocation to the liver in both diet groups.
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Figure 6 Cytokine Quantification Mice that had been fed diets supplemented and
deficient in selenium were subjected to C. rodentium infection and euthanized following
IACUC protocol. A segment of the colon was isolated to produce cDNA via TRIzol
Reagent, which was then subsequently subjected to qRT-PCR via Taq polymerase.
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GAPDH was used as a control to normalize the quantifications. The resulting fold
changes in mRNA were plotted and compared between the two diets as well as to control
mice from each diet group that had not been subjected to infection. The genes of interest
for various selenium markers and pro/anti-inflammatory cytokines were A. Arginase-1
(Arg-1), B. Glutathione peroxidase 1 (Gpx-1), C. Hematopoietic Prostaglandin D
Synthase (Hpgds), D. Interleukin-1 Beta (IL-1), and E. Tumor necrosis factor
alpha (Tnf-a) n=3 for each time point.

Decreased Pro-Inflammatory Cytokine Expression in Se-S Mice
The levels of various cytokines in response to C. rodentium infection in both Se-S
and Se-D mice was measured via qRT-PCR on colon segments at both 9 and 16 days p.i.
To begin, levels of Gpx1 were statistically higher for Se-S in comparison to Se-D at 16
days p.i., and these levels also significantly increased in Se-S mice from 9 to 16 days p.i.
(Figure 6B). Regarding cytokines known to decrease inflammation, both Arg-1 and
Hpgds levels were higher in Se-S mice than Se-D. Though none of these values were
statistically significant for Arg-1, the general trend is clear at both 9 and 16 days p.i.
(Figure 6A). Regarding Hpgds, at 9 days p.i., levels were significantly higher in Se-S
over Se-D, and levels of this enzyme significantly rose throughout infection, peaking at 9
days p.i. (Figure 6C). In reference to cytokines known to have pro-inflammatory
properties, Se supplementation resulted in lower levels of IL-1 and TNF- in
comparison to Se deficient conditions. Although there was no significant difference
between Se-S and Se-D mice with regards to IL-1, the trends are clear at both 9 and 16
days p.i., with both a larger quantity of the cytokine at 9 days p.i. as well as a larger
difference between the diets at this time point (Figure 6D). Finally, when evaluating
TNF-, this same trend was apparent once more as levels were lower in Se-S compared
to Se-D, and this difference was statistically significant at 9 days p.i. (Figure 6E).
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Figure 7 Mice that had been fed diets supplemented and deficient in selenium were
subjected to C. rodentium infection and euthanized following IACUC protocol. A
segment of the colon was isolated to produce cDNA via TRIzol Reagent, which was then
subsequently subjected to qRT-PCR via Taq polymerase. GAPDH was used as a control
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to normalize the quantifications. The resulting fold changes in mRNA were plotted and
compared between the two diets as well as to control mice from each diet group that had
not been subjected to infection. The genes of interest for gap junction proteins were A.
Claudin 6, B. Occludin, C. Tight Junction Protein 1 (Tjp1), D. Tjp2, E. Villin 1 (Vil1),
and F. Zona Occludin 1 (Zo1). n=3 for each time point.

Increased Gap Junction Protein Expression in Se-S Mice
The levels of various gap junction proteins in response to C. rodentium infection
in Se-S and Se-D mice was measured via qRT-PCR on colon segments at both 9 and 16
days p.i. Overall, the general trend is that these levels were higher in Se-S mice
compared to Se-D. These trends were not statistically significant with expression of
Claudin (Figure 7A), Tjp1 (Figure 7C), or Vil1 (Figure 7E). Specifically, for Vil1, the
differences were almost non-existent between the diets. Regarding Tjp2, at day 9 p.i.,
there was almost no difference between the diet types, while at 16 days p.i., there was a
statistically higher level of the protein in Se-S mice (Figure 7D). The largest differences
between the diet types were seen in Occludin (Figure 7B) and Zo1 (Figure 7F). Levels of
Occludin, at day 9 p.i., there was a significantly higher level of the protein in Se-S mice
compared to Se-D, and when referencing Zo1, there was a significantly higher level of
the protein in Se-S mice compared to Se-D at both time points.
The other statistic of interest is the change in gap junction protein expression in
infected mice compared to control. Levels of Tjp1, Tjp2, and Vil1 decreased upon
infection for both diet types, though these differences are not statistically significant.
Conversely, levels of Occludin, Claudin, and Zo1 all increased upon infection for both
diet types. This change was significant for Occludin at both time points for Se-S and at
16 days p.i. for Se-D, significant for Zo1 for Se-S mice at both time points, and not
significant for Claudin, though the greatest difference was for Se-S at day 9 p.i.
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Figure 8 Mice that had been fed diets supplemented and deficient in selenium were
subjected to C. rodentium infection and euthanized following IACUC protocol. A
segment of the colon was isolated to produce protein that was then visualized using
Western Blot technique (Figure 8A). The protein bands were quantified using Image J
software. β-actin was used as a control to normalize the values for each protein. The
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resulting quantifications of protein expression were plotted and compared between the
two diets. The proteins of interest were B. Cox2, C. Gpx2, and D. 15 Pgdh. n=3 for
each time point.

Protein Expression of Se-S and Se-D Mice Varies
The levels of various proteins in response to C. rodentium infection in Se-S and
Se-D mice was measured via Western Blot using colon segments at both 9 and 16 days
p.i. To begin, Cox2 levels were lower in Se-S at both 9 and 16 days p.i. when compared
to Se-D samples. Though this difference is exacerbated at 9 days p.i., neither of the
comparisons yielded statistical significance. Next, Gpx2 protein levels were higher at
both 9 and 16 days p.i. in Se-S mice compared to Se-D mice, and these values were
statistically different at both time points at values of p<0.001 and p<0.0001 respectively.
Finally, with regard to 15 Pgdh expression, there was a statistically higher expression of
the protein in Se-S mice compared to Se-D mice at both 9 and 16 days p.i.
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DISCUSSION

Previous studies in our laboratory indicate the anti-inflammatory properties of the
essential trace element, Se, and the resulting increased shedding of bacterial infections.
Alternate studies have also demonstrated increased translocation of bacteria in the gut
upon disruption of the gut epithelial barrier upon inflammation [40, 41]. The main focus
of this discussion involves the effects of a Se-supplemented vs Se-deficient diet in mice
infected with Citrobacter rodentium, including mediation of the COX pathway in
inflammatory responses as well as placement of tight junction proteins in the gut
epithelial barrier, both of which influence rate of infection clearance and dissemination.
It has been previously determined that bacterial infection, specifically regarding
C. rodentium in the gut results in symptoms including diarrhea, weight loss, increased
spleen weight, and changes in colon morphology (decreased length and increased weight)
[22, 44, 45]. When analyzing these values across the infection period between Se-S and
Se-D mice, regarding colon length and spleen weight in Figure 4C and 4F, it appears that
Se-S mice are affected less by the bacteria. The colon lengths for Se-S mice were longer
while spleen weights were lighter when compared to Se-D mice, suggesting that selenium
protected the mice from the shortening of colons and increased weight of spleens that is
often associated with gut infection. It is to be suspected, based on this explanation, that
the other symptoms of infection including weight change and colon weight increase
would also be lessened upon supplementation with selenium, however, this correlation
was not observed in experimentation. There was a very minimal difference both of these
levels when comparing the diet types. In reference to weight change depicted in Figure
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4B, it does appear that Se-S mice were able to gain back weight during the recovery
phase of infection quicker than Se-D mice, though the difference was not significant.
This reflects that the primary prostaglandin synthesis mediated by selenium is 15d-PGJ2,
which is a mediator of the late response to infection [10]. Regarding general infection
clearance, Figure 4A depicts a lessened presence of C. rodentium in fecal plating of Se-S
mice during the downward swing of the infection, also suggesting that this production of
15d-PGJ2 mediates increased clearance of the bacteria in mice supplemented with
selenium compared with those that are Se-deficient.
When analyzing bacterial translocation among the two diet types based on plating
of organ segments as shown in Figure 5, it appears as though there is no statistical
difference in dissemination to the liver or spleen. The general trend signifies lessened
dissemination of bacteria in Se-S mice compared to Se-D, specifically to the spleen. This
suggests a mechanism through which selenium protects the body against translocation of
C. rodentium, perhaps in the form of increased gut epithelial barrier integrity similar to
that discovered by other studies (to be discussed later) [31].
Previous studies have evaluated the effects of selenium on pro and antiinflammatory cytokines and has suggested a causal relationship between Se
supplementation and inflammation resolution [4, 11]. The suggested mechanism, as
previously stated, begins with infection-mediated upregulation of the COX pathway. As
depicted in Figure 8B, levels of Cox2 appear higher at 9 days p.i. compared to 16 days
p.i., suggesting that infection levels were higher at this time point, which is consistent
with the peak in C. rodentium infection cycle [27]. In addition, levels of Cox2 in Se-S
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mice appear to be mildly lower compared to Se-D mice. This finding corroborates with
the decreased inflammatory responses upon Se supplementation.
Farther along in the inflammation pathway, it has been suggested in prior
experimentation that Se supplementation causes increased Gpx production and activation
of PPARγ [17]. When analyzing Gpx1 mRNA levels in mice throughout experimentation
(Figure 6B), it is clear that Se-S mice express more of the enzyme in comparison to Se-D
mice, and levels appear to rise over the course of infection. When analyzing Gpx2
protein levels in the same mice (Figure 8C), the upregulation in Se-S mice compared to
Se-D mice is even more clear. The difference between the two diets was exacerbated at
16 days p.i., which corresponds to the mRNA findings as well. Both of these
experiments suggest that GPX is implicated in the resolution of inflammation and is
possibly related to 15d-PGJ2. This finding is consistent with those observed in studies of
RAW264.7 macrophages in previous studies [15].
The activation of PPARγ then causes both Arg-1 and Hpgds expression to
increase downstream. In our studies, both Arg-1 and Hpgds levels were in fact increased
in Se-S mice (Figure 6A and 6C). The difference in expression of Hpgds between the
diets was most apparent, specifically at 9 days p.i., corresponding to the peak in C.
rodentium infection cycle [27]. It is also notable that expression of Hpgds in infected
mice compared to control mice was very significant, consistent with previous findings
that this enzyme is produced in response to bacterial infection [17]. The upregulation of
Arg-1 in Se-S mice compared to Se-D was also apparent, though not statistically
significant. This may be explainable via the outliers present, and further experimentation
should increase the number of test subjects.
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Once Arg-1 and Hpgds are upregulated, the macrophages are then able to
downregulate proinflammatory cytokines and other mediators of inflammation, including
IL-1 and TNF-α [14]. In experimentation, it is clear that there is a lessened production of
these cytokines in Se-S mice compared to Se-D. Expression of IL-1 as depicted in
Figure 6D, while not statistically significant, is reduced in Se-S mice, specifically at 9
days p.i. Expression of Tnf-α as depicted in Figure 6E followed this same trend with a
statistically significant difference between the diets at 9 days p.i. Both of these findings
indicate that Se supplementation results in decreased expression of pro-inflammatory
cytokines. This has been demonstrated before in experimentation and this study
correlates with past findings to suggest that Se primarily causes downstream
inflammation mediation [10, 15, 18].
To finalize the discussion of pro-inflammatory cytokines, protein levels of 15hydroxyprostaglandin dehydrogenase (15-PGDH) were also determined. This enzyme is
known to degrade prostaglandins, and has been found to play a key role in the
degradation of PGE2, with 15-PGDH-deficient mice displaying twofold increases in
PGE2 [44]. In this study, Se supplementation had similar transitive effects. Levels of 15
PGDH were significantly higher in Se-S mice compared to Se-D, which suggests an
increase in the degradation of pro-inflammatory cytokines, leading to a more efficient
resolution of inflammation during infection.
As it is now apparent that Se supplementation results in a decrease in
inflammation via interference with cytokine production pathway in the COX pathway, it
is important how this information can be used to benefit patients. As previously
discussed, the implications of inflammation in disease progression are endless, and there

36

are many models for gut inflammation beyond bacterial infections. IBD and colitis are
two common diseases of interest in public health in which cytokine production leads to
chronic inflammation and symptoms. This study suggests that dietary Se has the
potential to interfere with production of cytokines including IL-1 and TNF-α and
improve quality of life for those suffering from intestinal inflammation. Further
experimentation is recommended in other animal models and with larger sample sizes to
determine if this finding is accurate. Also, it may be interesting to study other bacterial
infections and how Se is implicated in the resolution of those models.
The effects of Se extend further than simply inflammation resolution, and the
final portion of this study revolves around gut epithelial barrier integrity and subsequent
bacterial dissemination to the spleen and liver. Across the board, mice supplemented
with Se displayed higher levels of tight junction proteins compared to those deficient in
Se (Figure 7). Most notably, levels of Occludin, Tjp2, and Zo1 were significantly higher
in Se-S mice, though the trend continues in regards to Claudin, Tjp1, and Vil1. This data
suggests that Se supplementation results in more tight junction proteins in the gut,
possibly due to its involvement in inflammation. As previously discussed, proinflammatory cytokines facilitate the uptake of bacteria into the intestinal barrier [39].
After uptake, E. coli, and by extension C. rodentium, act on the gut barrier by disrupting
these proteins. Past studies have specifically found E. coli to dephosphorylate occludin
and increase tension on ZO-1, which is of interest due to the fact that these two proteins
were the ones that demonstrate most notable significant differences between the diet
types in this study [35, 36].
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Based on the data collected in this study in combination with known mechanisms
of action determined in previous experimentation, it can be deduced that the increased
inflammation associated with Se deficiency results in the uptake of C. rodentium into the
gut epithelial barrier. Therefore, supplementation with Se serves as a protective
mechanism against the elimination of tight junction proteins from the gut epithelium,
resulting in a stronger barrier in Se-S mice compared to Se-D. The implications of this
finding could potentially be applicable regarding reducing the probability of bacterial
translocation in humans suffering from bacterial infections, namely E. coli. It has already
been suggested that reduction of inflammation may benefit the gut epithelial barrier in
response to bacterial infections [31, 37], and one potential mode of accomplishing this
may be supplementation with dietary Se.
It is also worth noting that there are some tight junction proteins that evidently
decrease in quantity in infected mice compared to controls, while other proteins increase
in quantity. Tjp1, Tjp2, and Vil1 demonstrate a trend of lower concentrations in infected
mice, though none of these differences are statistically significant. In comparison,
Claudin, Occludin, and Zo1 appear to increase in infected mice, with these changes most
significant regarding Occludin and Zo1 levels in Se-S mice (Figures 7B and 7F). This is
of potential interest to determine further mechanisms of action of C. rodentium on
various epithelial proteins. Further experimentation is needed to elucidate these exact
mechanisms and how C. rodentium affects the various tight junction proteins implicated
in this study. In addition, with the low sample size in this experiment, it would be useful
to redo this study with more mice to determine if the trends observed were accurate or if
there are some tight junction proteins that C. rodentium does not affect.
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Finally, the result of decreased epithelial barrier integrity in Se-D mice
theoretically should be increased translocation of C. rodentium to various other organs
[39]. In this experiment, however, minimal difference was seen between the two diet
types regarding bacterial dissemination to both the spleen and liver. It appears as though
there was a slightly lower level of dissemination to the spleen in Se-S mice compared to
Se-D. This suggests that increased gut epithelial barrier integrity due to higher
concentration of tight junction proteins in Se-S mice may have prevent bacterial
translocation to the spleen. It is possible that the differences between the effect of diet on
bacterial translocation was not apparent due to the limited sample size (n=3 for each time
point in each diet group). Further experimentation is recommended with a larger sample
size to further study this concept. In summary, the findings in this thesis suggest that the
anti-inflammatory effects of selenium can have widespread benefits for those suffering
from intestinal infections, which could entirely change the way that such conditions are
treated.
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