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Abstract
We previously identified a Gdac1 (Gpx-deficiency-associated colitis 1) locus that influences the
severity of spontaneous colitis in Gpx1- and Gpx2-double knockout (Gpx1/2-DKO) mice.
Congenic Gpx1/2-DKO mice in the129S1/SvImJ (129) background but carrying the Gdac1B6

allele have milder spontaneous colitis than 129 Gpx1/2-DKO mice carrying the Gdac1129 allele.
Here, we evaluated the effect of the Gdac1B6 allele on 129 strain non-DKO mice that had a wild-
type (WT) Gpx1 or Gpx2 allele and WT mice. We found the congenic Gdac1B6 Gpx2-KO, Gpx1-
KO and WT mice also had better health than the corresponding 129 mice measured by at least one
of the parameters including disease signs, colon length or weight gain. The Gdac1B6 allele
prevented loss of goblet cells and crypt epithelium exfoliation in the Gpx1/2-DKO mice, but did
not affect epithelial cell apoptosis or proliferation. Because Gdac1B6 affects gut dysbiosis in the
DKO mice, we then tested its impact on bacteria-induced colitis in non-DKO mice. First, we
found both Gpx1-KO and Gpx2-KO mice were susceptible to Salmonella enterica serotype
Typhimurium (S. Tm)-induced colitis under conditions where WT B6 and 129 mice were resistant.
Second, the S. Tm-infected Gdac1B6 Gpx1-KO mice had stronger inflammatory responses than
129 Gpx1-KO, 129 Gpx2-KO with both Gdac1 allele and WT mice by having higher mRNA
levels of Nod2, Nox2, Tnf and Cox2. We conclude that the Gdac1 locus affects both spontaneous
and S. Tm-induced colitis in 129 non-DKO mice although in opposite directions.
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INTRODUCTION
Mice deficient for selenium-dependent glutathione peroxidases (GPX) 1 and 2 have large
variation in the penetrance and severity of colitis depending on their genetic background.
Gpx1/2-double knockout (DKO) mice in the C57BL/6J (B6) background have mild colitis,
while DKO mice in the 129S1/SvImJ (129) background have early-onset severe colitis. We
mapped a locus that contributes to this difference to distal chromosome 2 (118–125 mbp,
95% confidence interval), named the locus glutathione peroxidase-deficiency-associated
colitis 1 (Gdac1) and created a 129 congenic line that differs at the Gdac1B6 locus [1, 2].
The Gdac1 locus contains 128 well-annotated protein coding genes [2, 3]. This entire region
and some flanking area are preserved in humans at chromosome 15q: 38–49 mbp. The
human equivalent of Gdac1 contains a human Crohn’s disease locus (SNP rs16967103) with
four candidate genes, including RASGRP1 and SPRED1, and an ulcerative colitis locus
(SNP rs28374715) that contains 11 candidate genes [2, 3]. Since only a handful of humans
could be depleted of GPX1 and GPX2 to the extent found in Gpx1/2-DKO mice [4], before
we can apply the knowledge gained from studying the mouse Gdac1 locus to human colitis,
we need to illustrate the Gdac1 effect in mice without complete GPX depletion.

In studies to identify the Gdac1 locus in Gpx1/2-DKO mice, we measured colon length,
disease activity index, E. coli overgrowth and colon pathology score [2, 3]. Through our
breeding scheme to generate DKO mice, we also produced many 129 non-DKO mice that
carried one wild-type (WT) Gpx1 or Gpx2 allele of both Gdac1 genotypes (129 and B6).
Knowing that selenium-deficient Gpx2-KO (non-DKO) mice in a mixed B6 and 129
background also had spontaneous ileocolitis [5], we questioned here whether these 129 non-
DKO mice also have significant colitis. If so, would Gdac1 also affect spontaneous colitis in
these non-DKO mice?

The Gdac1 locus has a distinct effect on E. coli overgrowth in DKO mice [2, 3]. We have
found that E. coli overgrowth in the cecum is a distinct feature of 129 DKO mice but not B6
DKO, 129 WT or 129 non-DKO mice [6]. E. coli overgrowth is a reliable marker for gut
dysbiosis, which is linked to common human intestinal disorders, such as Crohn’s disease
and colorectal cancer [7]. Because commensal gut microbes also participate in defense
mechanisms to fend off invading pathogens [8], we questioned whether the Gdac1 locus
affected bacteria-induced colitis.

Salmonella enteric serotype Typhimurium (S. Tm) is a leading cause of food poisoning in
humans and causes 580 deaths annually in the United States [9, 10]. S. Tm has been widely
used as a mouse colitis model to study strategies by which enteropathogenic bacteria break
colonization resistance [11]. Alteration of gut microbiota with different antibiotics can affect
mouse susceptibility to S. Tm infection [12]. Thus, we tested whether the Gdac1 locus can
affect S. Tm infection in 129 Gpx1-KO and Gpx2-KO mice, which have almost no and very
mild spontaneous colitis, respectively.

Here we report that the Gdac1 locus significantly affected spontaneous and S. Tm-induced
colitis in Gpx1-KO mice. However, while the Gdac1B6 locus attenuated spontaneous colitis,
it exacerbates S. Tm-induced colitis. Intriguingly, 129 Gpx1-KO and Gpx2-KO mice were
susceptible to S. Tm-induced colitis conditions that WT B6 and 129 mice were resistant.
Thus, we provide the first evidence to demonstrate the function of GPx1 and GPx2 against
S. Tm colonization and infection. This finding may explain why selenium deficiency
increases the susceptibility of humans and other animals to infectious diseases [13].
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Materials and Methods
Mice

The Gpx1/2-DKO colony was maintained in both the B6 and 129 strains [2]. Because DKO
dams are poor fosters, male DKO mice were bred to Gpx1−/− Gpx2+/− (Gpx1-KO) females
or Gpx1+/− Gpx2−/− (Gpx2-KO) females to generate offspring having the same genotypes
as the parents. WT mice were derived from the DKO colonies by inbreeding heterozygous
mice and maintained as separate colonies. We established a congenic 129 line that carried
the Gdac1B6 locus. These 129-Gdac1B6 DKO mice had milder colitis than the parent 129
DKO mice [1, 2]. Mice were reared on semi-purified diets (Harland Teklad; casein, sucrose,
corn oil; TD 06306 and TD 06307) designed to mimic LabDiets 5020 (10% corn oil, Purina)
and 5001 (5% corn oil) for calories and macronutrients. The diets used AIN76A vitamin and
micronutrient specifications. All animal studies reported here were approved by the City of
Hope Institutional Animal & Use Committee.

Salmonella inoculation
A virulent strain of S. Tm, IR715, was obtained from Dr. Andreas J. Baumler (University of
California, Davis), who derived this strain from the 14028 isolate (American Type Culture
Collection)[14]. S. Tm was grown aerobically at 37oC in Luria-Bertani (LB) containing 50
µg/mL nalidixic acid (Sigma) and harvested after overnight growth. To allow colonization of
S. Tm, 6- to 8-week-old mice were either pre-treated with broad-spectrum streptomycin (20
mg in 25 µL PBS per mouse) by oral gavage for one day or with anaerobe-specific
metronidazole (0.75 g/L in drinking water) for four days and then gavaged with ~2×107

CFU of bacteria [15]. Streptomycin-treated mice were analyzed 1 and 2 days after
inoculation with S. Tm. Metronidazole-treated mice were euthanized 4 days post-
inoculation, when mice had the most consistent pathology [12]. Numbers of mice in each
group are provided in figure legends. All groups are male mice, except WT B6 group has 5
females and 3 males.

Mouse pathology and phenotypes
Disease activity index (DAI). Scoring criteria for DAI were reported previously [2]. The
final score was obtained by combining scores from the growth/wasting (scores 0–4) and
diarrhea (scores 0–4) categories, giving scores ranging from 0 to 8. Mice with scores of 6
and above were considered morbid and were euthanized within 24 h. Some mice with scores
of 5 were classified as morbid, post-hoc, based on a review of disease signs.

Colon pathology. Pathology on sections stained with hematoxylin and eosin (H&E) was
scored in a blinded fashion using a 14-point system as previously described [1]. Scores of 0–
6 generally reflect presence of crypt apoptosis/hyperproliferation and mucin depletion
without overt signs of inflammation. For scores greater than 6, acute inflammation is
generally evident together with neutrophil infiltration, gland abscesses or erosion of the
epithelium [1, 6]. Scores approaching 11 reflect considerable, in some cases nearly complete
erosion of the epithelium.

Quantization of goblet cells, apoptotic, mitotic cells and exfoliation. Goblet cells were
counted on cross sections of mid-lower colon after staining with alcian blue and counter
staining with nuclear fast red. The number of alcian blue stained cells from cross sections of
colon was counted from 5–10 mice in each group as detailed in the figure legend. The
mitotic and apoptotic cells as well as exfoliated cells were identified by morphology in H&E
stained cross sections. The number of crypts with at least one mitotic, apoptotic figure or
exfoliated cells in each cross section was divided by total number of crypt to determine
fraction. Each analysis was done on 90–200 crypts from 5–10 mice. Apoptotic cells were
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also analyzed with the TUNEL method to detect DNA strand breaks using ApopTag
Peroxidase In Situ Apoptosis Detection Kit (Millipore). All analysis was done in a blinded
fashion.

E. coli overgrowth. Cecum contents were analyzed for E. coli colony forming units (CFU)/
gm on LB plates grown aerobically at 37°C for 18–22 h. The cecum is a disease site in the
Gpx1/2-DKO mice [1, 6]. Large colonies were scored as E. coli, and less frequently detected
small colonies were identified as Enterococcus sp. (hirae, gallinarum or faecalis). Colony
identity was established by sequencing rDNA amplified (RISA) from single colonies of both
E. coli and Enterococcus sp. E. coli colonies were also were verified by the Clinical
Microbiology Laboratory at City of Hope [6]. Spot checks were performed on randomly
selected large colonies throughout the project to confirm their identities. Single dilutions of
cecal contents were plated with sensitivity of ~2×106-1×107 CFU/gm [1, 6]. Zero colonies
were entered as a default of 1×106 CFU/gm, which was empirically determined to be the
upper limit for healthy mice at this age [6, 16]. Salmonella CFUs were estimated similarly,
using nalidixic acidcontaining LB plates. Spot checks of colonies were done using
previously reported RISA primers with a standard of the original clone [6]. Salmonella
RISA banding analyzed on 1.3% agarose gels was easily distinguishable from both E. coli
and Enterococcus.

RT-PCR to evaluate gene expression
Mice were euthanized by CO2 asphyxiation. Distal colon tissues were dissected and stored
in RNAlater (Qiagen). For synthesis of cDNA, colon tissues were homogenized with a
Polytron homogenizer (PT 1200E: Brinkmann Kinematica, Fisher Scientific) and sonicated.
Total RNA was isolated using the RNeasy Mini kit (Qiagen). cDNA was synthesized from 2
µg total RNA by using M-MLV reverse transcriptase (Promega, Madison, WI, USA) in the
presence of random hexamers (1 µg; Invitrogen). Real-time quantitative PCR (qPCR) was
performed with the Eva qPCR SuperMix kit containing SYBR green dye (Biochain Institute,
Hayward, CA, USA) and using an iQ5 Detection system (Bio-Rad Laboratories, Hercules,
CA, USA). Data analysis was done as previously reported [2]. RNA quantity was
normalized to β-actin or villin for whole tissue or epithelial-specific expression,
respectively. Each assay was performed in duplicate. Primer sequences are listed in Table 1.

Statistical analysis
Comparison of different groups on the percentage of mice that showed disease signs and
morbidity (Fig 1A) was done with Fisher’s exact test. Comparison on colon length (Fig 1B),
body weight (Fig 1C), goblet cell number (Fig 2D), fraction crypts with exfoliation,
apoptosis, mitosis, (Fig 3A-C, and Sup 1B) and mRNA expression levels (Fig 5, 6, Sup Fig
3) was done with 1-way ANOVA, Tukey’s multiple comparison test. Gut dysbiosis and
cecum pathology scores (Fig 1D, 4A and 4B) were analyzed using Kruskal-Wallis test with
Dunn’s multiple comparison test. When P<0.05 is considered significant. All tests were
done with GraphPad PRISM, version 6.01.

RESULTS
The Gdac1 locus affects spontaneous colitis in mice with and without Gpx deficiency

We previously identified the Gdac1B6 locus, which alleviated the severity of colitis in 129
Gpx1/2-DKO mice [1, 2]. To determine whether the effect of the Gdac1B6 locus can be
detected in 129 mice without GPX deficiency, we evaluated five parameters indicative of
colitis (disease signs, morbidity, body weight, colon length and dysbiosis) in 129 Gpx1-KO
and Gpx2-KO mice that had a WT Gpx2 or Gpx1 allele, respectively, as well as 129 WT
mice. Disease signs evaluated included weight loss and diarrhea, which were used to
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determine DAI. Morbidity was defined as loss of at least 20% of peak body weight and/or
exhibiting diarrhea for more than one day. Analysis of a cohort of 574 DKO, 156 Gdac1B6-
DKO, 315 Gpx2-KO, 80 Gdac1B6-Gpx2-KO, 352 Gpx1-KO, 114 Gdac1B6-Gpx1-KO, 30
WT and 10 Gdac1B6 WT mice, revealed that Gdac1B6 significantly alleviated disease signs
in DKO, Gpx2-KO and Gpx1-KO mice (Fig 1A). Analysis of a cohort of 106 DKO, 69
Gdac1B6 DKO, 46 Gpx2-KO, 15 Gdac1B6 Gpx2-KO, 36 Gpx1-KO, 8 Gdac1B6 Gpx1-KO,
22 WT and 29 Gdac1B6 WT mice, revealed that Gdac1B6 mice had longer colons in DKO,
Gpx1-KO and WT mice determined at 22 days of age (Fig 1B). From a cohort of 22-day-old
339 DKO, 147 Gdac1B6 DKO, 193 Gpx2-KO, 72 Gdac1B6 Gpx2-KO, 293 Gpx1-KO, 97
Gdac1B6 Gpx1-KO, 36 WT and 43 Gdac1B6 WT mice, Gdac1B6 DKO and Gpx2-KO mice
gained more weight than Gdac1129 counterparts (Fig 1C). Therefore, the Gdac1B6 locus
provided better health than the Gdac1129 counterparts not only in DKO, but also Gpx2-KO,
Gpx1-KO and WT mice determined by at least one of the three criteria: disease signs, colon
length and body weight.

Gpx2, but not Gpx1, deficiency induces mild spontaneous colitis
We had reported that selenium-deficient Gpx2-KO mice (in a mixed B6 and 129 genetic
background) were prone to ileocolitis [5]. In the current study, we found the selenium-
adequate 129 Gpx2-KO mice had a significantly higher incidence of disease signs and E.
coli overgrowth (gut dysbiosis) than did 129 Gpx1-KO and WT mice (Fig 1A and 1D). The
congenic Gdac1B6 Gpx2-KO mice had shorter colon than congenic Gdac1B6 Gpx1-KO and
WT mice (Fig 1B). These results suggest that Gpx2-defiency predisposes gut to
inflammation. However, Gpx1 also protects mouse gut from developing full-blown disease,
which occurs in Gpx1/2-DKO mice.

The Gdac1 locus affects goblet cell depletion and exfoliation of crypt epithelium but not
apoptosis and mitosis of epithelium

Goblet cell depletion is a prominent feature of Gpx1/2-DKO and IBD patients [17]. We
determined whether the 129-Gdac1B6 can decrease goblet cell depletion in 129 Gpx1/2-
DKO mice by counting the total number of goblet cells in cross section of lower colon (Fig
2A-2C). We found the colon of 129-Gdac1B6 DKO mice had significantly higher number of
goblet cells than 129 DKO mice, although still lower than 129 WT mice (Fig 2D).

Other prominent pathological features of Gpx1/2-DKO mice include rampant exfoliation,
proliferation and apoptosis of colon crypt epithelial cells [18]. We also investigated whether
Gdac1B6 can decrease these pathological features. Impressively, Gdac1B6 DKO mice had
dramatically lower number of exfoliated cells than 129 DKO mice, to the same level as 129
Gpx2-KO mice, while 129 Gpx1-KO and WT mice did not have any detectable crypt
exfoliation (Fig 3A). Although Gdac1B6 DKO mice did not have lower incidences of
apoptotic and mitotic cells than 129 DKO mice (Fig 3B and 3C), the numbers of apoptotic
and mitotic cells in 129 DKO mice were most likely grossly underestimated due to the
severe inflammation resulting distorted morphology and restitution [1]. Gdac1 did not affect
crypt mitosis and apoptosis in WT mice. The fraction of crypts with mitosis was 0.145
analyzed from both 9 129 and 7 Gdac1B6 WT mice, and faction of crypt apoptosis was
0.004 and 0.009, respectively (P=0.21).

129 Gpx2-KO mice also had elevated number of apoptotic cells compared to Gpx1-KO and
WT mice (Fig 3B and Sup Fig 1). This result is similar to what we reported in B6 Gpx2-KO
mice [19].
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129 Gpx1-KO and 129 Gpx2-KO mice are more susceptible to S. Tm-induced colitis than
WT B6 and 129 mice

We reported that 129 DKO, but not B6 DKO, colon had E. coli overgrowth, which indicated
gut dysbiosis [6]. It is necessary to disrupt gut microbes with antibiotics to allow invasion of
pathogenic bacteria such as S. Tm to induce colitis in mice [12]. Different antibiotics were
able to produce different types of dysbiosis to alter susceptibility to S. Tm infection in a
strain-dependent manner [12]. As expected, when we pretreated B6 and 129 WT mice as
well as 129 Gpx1-KO and 129-Gdac1B6 Gpx1-KO mice with streptomycin, a broad
spectrum antibiotic, both strains WT mice developed acute colitis and had similar scores
(data not shown).

However, when we pretreated mice with metronidazole (Met), a nitroimidazole antibiotic
that is effective against anaerobes and routinely used to treat IBD, and inoculated mice with
the same amount of S. Tm as used for streptomycin-treated mice, neither B6 nor 129 WT
mice were infected by S. Tm or developed colitis (Fig 4A and 4B). Unexpectedly, Met-
pretreated 129 Gpx1-KO (carrying either Gdac1 allele) were highly susceptible to S. Tm-
induced colitis (Fig 4). While Met-pretreated Gpx2-KO mice carrying either Gdac1 allele do
not have statistically significant higher inflammation scores than WT mice (Fig 4B), when
combined, Gpx2-KO mice have significantly higher pathology than WT mice (P<0.05). The
inflamed cecum from both 129 Gpx1-KO and Gpx2-KO mice had lost epithelial cells and
were infiltrated with inflammatory cells (Fig 4D).

The Gdac1B6 allele exacerbates colitis in Gpx1-KO mice infected with S. Tm
Because the inflamed cecum had lost epithelial cells, we determined the levels of villin
mRNA, which is highly expressed in differentiated epithelial cells and is associated with
actin filaments [20] to quantify the extent of epithelial loss. We found that S. Tm-infected
both 129 and congenic Gdac1B6 Gpx1-KO as well as Gdac1B6 Gpx2-KO mice had two- to
four-fold lower expression of villin mRNA than did B6 and 129 WT mice (Fig 5A). The
villin gene expression levels when normalized with β-actin are inversely correlated with
pathology scores with correlation coefficient of -0.73 (Sup Fig 2). This result strongly
suggests that loss of villin gene expression is due to loss of epithelial cells.

Because the inflamed cecum had many infiltrating inflammatory cells, we used the mRNA
levels of genes highly, if not exclusively, expressed in inflammatory cells to quantify the
extent of inflammation. We analyzed Nod2, Tnf and Nox2 gene expression, since Nod2 is
highly expressed in monocytes in submucosa [21], Tnf is mainly expressed in macrophages
(RefSeq, NCBI), and Nox2 is exclusively expressed in neutrophils and monocytes [22, 23].
Because these genes are expressed in non-epithelial cells, their expression levels were
normalized to β-actin mRNA levels. Contrary to the anti-inflammatory activity of Gdac1B6

in spontaneous colitis, these three genes were expressed at significantly higher levels in the
Gdac1B6 Gpx1-KO mice than 129 Gpx1-KO and other types of mice (Fig 5B-5D). These
results suggest that Gdac1B6 allele exacerbated S. Tm-induced colitis in Gpx1-KO mice.

The acute colitis in Gpx1-KO mice is associated with myeloid cells
Although Salmonella-colonized Gpx2-KO mice have a similar severity of colitis pathology
and loss of epithelial cells as Gpx1-KO mice, regardless of their Gdac1 genotype, the Gpx2-
KO mice clearly had milder inflammatory responses as indicated by their low levels of
expression of inflammatory genes. In addition to Nod2, Tnf and Nox2 analyzed above, which
are highly expressed in monocytes, macrophages and neutrophils, we quantified Cd14 and
Cox2 mRNA levels. CD14 is a glycosyl-phosphatidylinositol-linked glycoprotein that
functions as a co-receptor of Toll-like receptors to sense microbes, and is highly expressed
on the surface of myeloid cells [24–26]. COX2 is highly expressed in the lamina propria,
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and much lower in the intestinal epithelial cells [27]. Cox-2 expression in myeloid and
endothelial cells, but not in epithelial cells affects DSS-induced colitis [28]. We found Cd14
and Cox2 mRNA levels were highly elevated in Gdac1B6 Gpx1-KO mice (Fig 6A and 6B).

We analyzed the expression levels of three more genes, Ifng, IL1β and Nlrp3, which are
highly expressed in innate immune cells. The primary source of interferon gamma (Ifng) is
lymphoid cells including natural killer cells and innate lymphoid cells [29, 30]. The primary
source of IL1β is macrophages, and IL1β is activated by Nlrp3 inflammasome [31]. Nlrp3 is
a member of Nod-like receptor proteins containing NACHT, leucine-rich repeat and pyrin
domains [32]. Nlrp3 mRNA is highly expressed in the neutrophils and myeloid cells [33].
While these genes were expressed at above background levels in Gpx1-KO mice, only IL1β
and Nlrp3 expression was significantly elevated in Gdac1B6 Gpx1-KO mice compared to
control mice (Sup Fig 3).

Taken together, these results strongly suggest that Salmonella-induced acute colitis in
Gdac1B6 Gpx1-KO mice is driven by infiltrating inflammatory cells.

Induction of Duox2 and Gpx2 gene in S. Tm-infected Gdac1B6 Gpx1-KO mice
It was reported that Salmonella enteritidis infected rat colon had 2–3-fold higher expression
of Duox2 and Gpx2 genes when normalized to Rps26, which encodes ribosomal protein S26
[34]. Here, we analyzed Duox2 and Gpx2 mRNA levels and normalized the results to villin
because of their restricted epithelial expression [35] [19]. Duox2 gene expression was
elevated ~20- to 30-fold in infected 129 Gdac1B6 Gpx1-KO mice as compared to Gpx2-KO
and WT mice (Fig 6D). In the infected 129 Gpx2-KO mice, the Duox2 mRNA was elevated
~6 fold as compared to 129 WT mice. However, this difference was not statistically
significant.

We also examined whether Gpx2 mRNA expression is elevated in the inflamed tissue,
because we have shown that intestinal Gpx2 is highly induced by γ irradiation [36].
Although the 4 to 5-fold elevated Gpx2 mRNA levels in 129 Gpx1-KO and Gdac1B6 Gpx1-
KO mice compared to uninfected Gpx1-KO and WT mice were not statistically significant
(Sup Fig 3D), when analyzing the combined infected Gpx1-KO of both Gdac1 alleles with
combined uninfected Gpx1-KO or WT mice, Gpx2 expression is significantly induced.

Because Nox1 can mediate TNF-induced apoptosis [37], and Nox1 is highly expressed in
colon epithelium [38], we also analyzed Nox1 mRNA levels. Probably due to the big spread
of Nox1 mRNA levels within the group, the elevated Nox1 mRNA levels in the S. Tm-
infected Gpx1-KO and Gpx2-KO mouse colon did not reach statistical significance (Fig
6C).

DISCUSSION
We previously identified the Gdac1 locus in mouse chromosome 2, which modifies the
severity of colitis, by comparing the phenotypes of 129 and Gdac1B6 congenic Gpx1/2-
DKO mice [1, 2]. Here, we have demonstrated that the Gdac1 locus also affects spontaneous
colitis in Gpx2-KO, Gpx1-KO mice and growth in WT mice, as assessed by signs of the
disease, colon length or body weight. Thus, the Gdac1 effect is not limited to DKO mice,
but also is evident in mice without complete deficiency in GPX activity. In all cases,
Gdac1B6 congenic mice were healthier and/or more robust than their 129 counterparts.
These findings suggest that these congenic Gdac1 mice can be used as a mouse model to
study the candidate genes of two human disease loci: a Crohn’s disease locus (comprising 4
genes, including RASGRP1 and SPRED1) and an ulcerative colitis locus (comprising 11
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genes). Both of these loci map to human chromosome 15 in the area corresponding to the
mouse Gdac1 locus [2, 3].

We have shown that gut dysbiosis manifested as E. coli overgrowth can be detected in 129
DKO but not B6 DKO or 129 WT mice [6]. Here, we showed that the Gdac1 locus affected
gut dysbiosis in 129 DKO and Gpx2-KO mice. Because antibiotic-induced dysbiosis allows
colonization of bacterial pathogens such as Salmonella enterica serovar Typhimurium (S.
Tm) to cause colitis in a mouse strain-dependent manner [12], we explored whether the
Gdac1 locus affected S. Tm infection. In contrast to its effect on spontaneous colitis, the
Gdac1B6 locus exacerbates bacteria-induced colitis in Gpx1-KO mice. This is in partial
agreement with the report that Met-treated 129 WT mice were resistant to S. Tm, while Met-
treated B6 WT mice were sensitive [12] since we found both Met-treated B6 and 129 WT
mice were resistant to S. Tm infection. The different outcome is due to a slightly different
procedure used; we used a shorter metronidazole pretreatment (4 days vs. 7 days) as well as
a 13.5-fold lower dose (2×107 vs. 2.7×108) of bacteria. When we extended Met treatment to
7 days, the WT mice also were infected (data not shown).

Perhaps it is expected that GPx1 and GPx2 play a important role in defending bacterial
infection, because expression of both Gpx1 and Gpx2 is modulated by selenium (Se) [5] and
Se-deficient mice were susceptible to food borne pathogens such as Listeria monocytogenes
and Citrobacter rodentium [40–42]. Nevertheless, this is the first report to identify GPx1
and GPx2 as two major selenoproteins that protect gut from bacteria-induced colitis. Se
deficiency-induced loss of GPx1 activity increases the susceptibility of humans and mice to
coxsackievurus-induced cardiomyopathy [43]. Although the Gpx2 mRNA level is rather
resistant to Se modulation, GPX2 protein expression is sensitive to Se deprivation, similarly
to GPX1 [5, 19].

The more severe Salmonella-induced colitis in Gpx1-KO mice as compared to Gpx2-KO
mice is likely due to the ubiquitous expression of the Gpx1 gene. The Gpx1 is expressed
evenly in gut mucosal epithelium and lamina propria, while Gpx2 is expressed specifically
in the epithelium and highly in the crypt [19, 44]. GPX1-deficiency augmented
lipopolysaccharide-induced CD14 gene expression in human and mouse endothelial cells to
induce expression of proinflammatory cytokines and adhesion molecules [24] [45]. CD14 is
a glycoprotein highly expressed on the surface of myeloid cells [45]. Thus, S. Tm-infected
Gdac1B6 Gpx1-KO colon will have more inflammatory cells, which highly express Nod2,
Tnf, Nox2, Cd14, Cox2, Il1b and Nlrp3 genes.

We suspected that Gpx2-KO mice would be sensitive to bacterial infection because gut
microbes are essential for causing ileocolitis in the Gpx1/2-DKO mice [18] and Se-deficient
Gpx2-KO, but not Gpx1-KO, mice develop spontaneous colitis [5]. Here, we demonstrated
that Gpx2-KO mice are susceptible to S. Tm-induced colitis compared to WT mice based on
cecal pathology and Gdac1B6 Gpx2-KO colon has lower villin mRNA levels compared to
WT mouse colon. The mild elevation of inflammatory gene mRNA levels in the Gpx2-KO
colon indicates that Gpx2-KO mice lack the strong inflammatory responses involving
myeloid cells. We suspect that the excessive epithelial cell death in Gpx2-KO intestine
makes them vulnerable to infection. Because S. Tm invasion of intestinal epithelial cells
activates p53 and promotes apoptosis [46, 47], the additional stress in epithelial cells of
Gpx2-KO intestine can lead to inflammation [48].

Since GPX2 modulates epithelial apoptosis, which can lead to inflammation when
perturbed, we suspect the Gdac1 gene(s) must modify the same pathway. DUOX2 is a prime
candidate of a Gdac1 gene, because 1) DUOX2 produces H2O2, a substrate for GPX1 and
GPX2; 2) both Gpx2 and Duox2 are induced in S. Tm-induced colitis; 3) DUOX plays an
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essential role in fending off ingested microbes [49, 50]; 4) DUOX2 has been identified as a
binding partner of NOD2 and functions as an effecter of NOD2 activation [51]; and 5) there
are three nonsynonymous single nucleotide polymorphisms between the B6 and 129 Duox2
alleles [2], suggesting that these two alleles have different H2O2-producing activities. It is
unclear why the Gdac1B6 allele has opposite effects on spontaneous and pathogen-induced
colitis. We suspect that stronger DUOX2129 activity than DUOX2B6 in the Gdac1B6 locus
(Leto, unpublished) is more effective at eliminating pathogens; however without abundant
invading pathogens, the weaker DUOX2B6 provides sufficient oxidants to carry out
signaling for infection-associated cell survival and wound healing [52, 53].

In this study, we used villin normalize epithelium-specific gene expression levels when
comparing inflamed and normal intestine. Villin is a 92.5 kDa, actin-binding, cytoskeletal
protein, which is located in intestinal microvilli to mediate cytoskeletal reorganization and
has been well recognized as a marker for differentiated intestinal epithelial cells [54].
Although villin protein is highly dynamic, which is activated by epidermal growth factor to
regulate actin assembly and cell migration, its mRNA levels remain constitutive [20]. Others
have shown that decreased villin gene expression in the intestine is positively correlated with
other epithelium-specific genes such as sucrose isomaltase expressed in differentiated
enterocytes and α-defensin-5 and -6, defensin beta-1 as well as peptide YY in Paneth cell
when comparing the normal and inflamed tissues of IBD patients [55–57]. Since we found
villin mRNA levels are inversely correlated with pathology scores, and the severely
inflamed intestine has lost epithelial cells, this is in complete agreement to others’ idea to
use villin gene expression levels as an indicator for inflammatory state reflecting loss of
epithelial cells [55].

In summary, we have demonstrated that Gdac1B6 alleviates colitis phenotypes in mice
without severe deficiency of GPX in the absence of infectious agents. The Gdac1 locus has
an opposite effect on S. Tm-induced colitis, possibly due to a stronger anti-bacterial activity
provided by DUOX2129, a Gdac1 gene. We also illustrated that GPX1 and GPX2 singly
protect mice from S. Tm infection. This provides the first evidence to demonstrate the
importance of GPX1 and GPX2 in protecting intestine from bacterial infection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The Gdac1 locus modifies colitis severity and was identified by comparing the
B6 and 129 Gpx1/2-DKO mice.

• Congenic 129-Gdac1B6 Gpx1-KO or Gpx2-KO mice have attenuated colitis in
the absence of pathogens compared to 129 strain mice.

• However, 129-Gdac1B6 Gpx1-KO mice have stronger inflammatory responses
to Salmonella-induced colitis than 129 strain mice.

• Gdac1 has an opposite effect on spontaneous versus bacteria-associated colitis.

• GPx1 and GPx2 individually protect mice against Salmonella-induced colitis.
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Figure 1.
Impact of the Gdac1 locus on spontaneous colitis in 129 strain mice with and without Gpx1
and Gpx2 deficiency.
A. The percentage of mice that showed colitis disease signs and morbidity at 22 days of age.
The Gdac1 effect was analyzed in four groups of mice: Gpx1−/−Gpx2−/− (DKO), Gpx1+/
−Gpx2−/− (Gpx2-KO), Gpx1−/−Gpx2+/− (Gpx1-KO) and wild-type (WT) of 129
background that carried either the Gdac1129 (129) or Gdac1B6 locus (Gdac1-B6). The
percentages of mice in each group that had disease signs (solid bar) or morbidity (open bar)
were analyzed separately. N = 574 129 DKO, 156 Gdac1B6 DKO, 315 129 Gpx2-KO, 80
Gdac1B6 Gpx2-KO, 352 129 Gpx1-KO, 114 Gdac1B6 Gpx1-KO, 30 129 WT and 10
Gdac1B6 WT. Groups with significantly different disease incidence are indicated by
different letters, where a>b>c>d. Groups that share a letter are not statistically different (i.e.,
bc is not different from b or c, and cd is not different from c or d).
B. Scatter dot plot of colon length of mice at 22 days of age. The same genotypes of mice
were used as in A. The gray horizontal lines are mean ± SEM. N= 106 129 DKO, 69
Gdac1B6 DKO, 46 129 Gpx2-KO, 15 Gdac1B6 Gpx2-KO, 36 129 Gpx1-KO, 8 Gdac1B6
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Gpx1-KO, 22 129 WT and 29 Gdac1B6 WT. Groups with significantly different means are
indicated by different letters, where a>b>c. C.
Scatter dot plot of mouse body weight of mice at 22 days of age. The gray lines with error
bars indicate mean ± SEM. N= 339 129 DKO, 147 Gdac1B6 DKO, 193 129 Gpx2-KO, 72
Gdac1B6 Gpx2-KO, 293 129 Gpx1-KO, 97 Gdac1B6 Gpx1-KO, 36 129 WT and 43
Gdac1B6 WT mice. Groups with significantly different means are indicated by different
letters, where a>b>c. Groups that share a letter are not significantly different (i.e., ab is not
different from a or b).
D. Scatter dot plot of mouse gut dysbiosis. Gdac1B6 DKO mice had significantly lower E.
coli counts than did 129 DKO mice, while 129 Gpx2-KO mice had higher E. coli counts
than did Gpx1-KO and WT mice. n = 35 129 DKO, 82 Gdac1B6 DKO, 41 129 Gpx2-KO, 16
Gdac1B6 Gpx2-KO, 38 129 Gpx1-KO, 5 Gdac1B6 Gpx1-KO, 25 129 WT and 29 Gdac1B6

WT mice. The gray horizontal lines with error bars indicate median ± interquartile range.
Medians that differ are indicated by different letters, where a>b>c. Groups that share a letter
are not statistically different (i.e., ab is not different from a or bc, and bc is not different
from c).
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Figure 2.
The Gdac1 locus modulates goblet cell number in the colon of DKO mice. Panels A-C are
representative cross sections of mouse colon of 129 WT, Gdac1B6 DKO and 129 DKO,
respectively, stained with Alcian blue. Arrows point at exfoliated epithelial cells in
postinflamed crypts. Panel D shows the total number of alcian blue-stained cells in each
cross section from 5 129 WT, 9 Gdac1B6 DKO and 11 129 DKO colon. The black
horizontal lines with error bars indicate mean ± SEM.
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Figure 3.
The Gdac1 locus modulates crypt exfoliation but not epithelial apoptosis or mitosis in the
colon of DKO mice. Panel A shows that 55% of colon crypt in 129 DKO mice had
exfoliated epithelial cells, while 15% and 15% of colon crypt in Gdac1B6 DKO and 129
Gpx2-KO colon, respectively, had. 129 Gpx1-KO and WT mice did not have significant
crypt epithelial cell exfoliation. n=124–199 crypts (5–10 mice). The groups that differ are
indicated by different letters, where a>b. Panel B shows the fraction of crypts has at least
one apoptotic cell; that is 0.33 in 129 DKO, 0.45 in Gdac1B6 DKO, 0.36 in Gpx2-KO, 0.11
in Gpx1-KO and 0.06 in 129 WT colon crypt. n= 90–200 crypts (5–10 mice). The groups
that differ are indicated by different letters, where a>b. Panel C shows the fraction of crypt
has at least one mitotic cell; that is 0.34 in 129 DKO, 0.39 in Gdac1B6 DKO, 0.31 in Gpx2-
KO, 0.39 in Gpx1-KO and 0.21 in 129 WT colon crypt. n= 90–200 crypts (5–10 mice).
Panel D shows H&E staining of 129 DKO colon crypts. The white arrow indicates
restitution in response to loss of epithelium, the open arrows point at apoptotic cells and the
black arrowheads point at mitotic cells. The top two photos show extreme (left) and mild
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(right) exfoliation. The left photo shows restitution (flattening) of crypt epithelium in
response to extreme cell loss, when the right photo shows near normal morphology.
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Figure 4.
GPx1 and GPx2, but not the Gdac1 locus, protects mice from S. Tm-induced colitis. Panel A
is a scatter dot plot of S. Tm colonization in the cecum of mice pretreated with
metronidazole. Each symbol represents one mouse. The horizontal bars are median ±
interquartile range. N = 9 129 GPx1-KO, 8 Gdac1-B6 GPx1-KO, 5 129 GPx2-KO, 7 Gdac1-
B6 GPx2-KO, 4 WT B6 and 7 129 WT mice. Medians that differ are indicated by different
letters, where a>b>c. Groups that share a letter are not a statistically different (i.e., ab is not
different from a or b). Panel B shows a scatter dot plot of cecum pathology analyzed at 4
days post S. Tm inoculation. The horizontal lines are median ± interquartile range. N = 8
each of 129 GPx1-KO and Gdac1-B6 GPx1-KO, 5 129 GPx2-KO, 7 Gdac1-B6 GPx2-KO, 4
B6 WT and 7 129 WT mice. Medians that differ are indicated by different letters, where
a>b. The control 10 129 Gpx1-KO and 6 Gpx2-KO mice had a median pathology score of 1
(range 0–7). Panels C and D are H&E stained cecum cross section from a non-infected and
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S. Tm-infected 129 Gpx2-KO mouse, respectively. The S. Tm-infected cecum has many
infiltrating cells and distorted glands.
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Figure 5.
Scatter dot plot of villin (A), Nod2 (B), Tnf (C) and Nox2 (D) mRNA levels in the cecum of
mice after inoculation with S. Tm. Control (Ctrl) 129 GPx1-KO and congenic Gdac1B6

GPx1-KO mice were either pre-treated with metronidazole (Met) without S. Tm inoculation
or were inoculated with S. Tm without Met pretreatment. All mRNA was normalized to β-
actin. The horizontal lines are mean ± SEM. N = 7–8 129 Gpx1-KO, 6–7 Gdac1-B6 Gpx1-
KO, 7–8 129 Gpx2-KO, 8–9 Gdac1-B6 Gpx2-KO, 3 Ctrl 129 Gpx1-KO, 7 Ctrl Gdac1-B6
Gpx1-KO, 4 B6 WT and 3 129 WT mice for all mRNAs. Means that differ are indicated by
different letters (where a>b>c). Groups share the same letter are not different (e.g cd is not
different from d, bcd or ac).
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Figure 6.
Scatter dot plots of Cd14 (A), Cox2 (B), Nox1 (C) and Duox2 (D) mRNA levels in mouse
cecum. Cd14 and Cox2 mRNA expression were normalized against β-actin, while Nox1 and
Duox2 mRNA levels were normalized against villin. The horizontal lines indicate mean ±
SEM, each symbol indicates one mouse. n = 6–8 129 Gpx1-KO, 6–8 Gdac1-B6 Gpx1-KO,
6–9 129 Gpx2-KO, 8–9 Gdac1-B6 Gpx2-KO, 3 Ctrl 129 Gpx1-KO, 6–7 Ctrl Gdac1-B6
Gpx1-KO (except 2 for Nox1 mRNA), 4 B6 WT and 3 129 WT mice for all mRNAs. Means
that differ are indicated by different letters, where a>b. Groups that share a letter are not
different (i.e., ab is not different from a, b or bc).
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Table 1

Real-time PCR primer sequences for mouse cDNA

Cd14 Forward 5’-CATTTGCATCCTCCTGGTTTCTGA-3’

Reverse 5’-GAGTGAGTTTTCCCCTTCCGTGTG-3’

Chac1 Forward 5’-CTGTGGATTTTCGGGTACGG-3’

Reverse 5’-CTCGGCCAGGCATCTTGTC-3’

Cox2 Forward 5’-TGTGACTGTACCCGGACTGG-3’

Reverse 5’-TGCACATTGTAAGTAGGTGGAC-3’

Duox2 Forward 5’-TCACAACGGACGGCTTGCCC-3’

Reverse 5’-CCCGGCCACTCCATTGCTGG-3’

Gpx2 Forward 5’-GAGGAACAACTACCCGGGACTA-3’

Reverse 5’-ACCCCCAGGTCGGACATACT-3’

Ifn-γ Forward 5’-ATGAACGCTACACACTGCATC-3’

Reverse 5’-CCATCCTTTTGCCAGTTCCTC-3’

IL1β Forward 5’-CTGCAGCTGGAGAGTGTGG-3’

Reverse 5’-GGGGAACTCTGCAGACTCAA-3’

Nlrp3 Forward 5’-ATGGCTGTGTGGATCTTTGC-3’

Reverse 5’-CACGTGTCATTCCACTCTGG-3’

Nod2 Forward 5’-CCTGGTACGTGCCCAAAGTAG -3’

Reverse 5’-GCCAAGTAGAAAGCGGCAAA -3’

Nox1 Forward 5’-CTCCCTTTGCTTCCATCTTG-3’

Reverse 5’-GCAAAGGCACCTGTCTCTCTA-3’

Nox2 Forward 5’-TGAGAGGTTGGTTCGGTTTT-3’

Reverse 5’-GTTTTGAAAGGGTGGGTGAC-3’

Tnf Forward 5’-CATCTTCTCAAAATTCGAGTGACAA-3’

Reverse 5’-TGGGAGTAGACAAGGTACAACCC-3’

Villin Forward 5’-TCAAAGGCTCTCTCAACATCAC-3’

Reverse 5’-AGCAGTCACCATCGAAGAAGC-3’
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