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Abstract
The pro-inflammatory effect of high-fat diet has been observed beyond the cardiovascular system,
but there is little evidence to support its role in triggering inflammatory bowel disease. GPx1/2-
double knockout (DKO) mice deficient in two intracellular glutathione peroxidases, GPx1 and
GPx2, on a C57BL/6 (B6) background, have mild ileocolitis on a conventional chow. We fed B6
DKO mice two atherogenic diets to test the dietary effect on atherosclerosis and ileocolitis. Both
atherogenic diets have high cholesterol, the Chol+/CA diet has cholic acid (CA) and the Chol+
diet has no CA. The Chol+/CA diet induced severe colitis, but not ileitis, in the DKO mice
compared with Chol+ and a Chol- control diet. On the Chol+/CA diet, the wild-type (WT) mice
had similar levels of aortic lesions and hypercholesterolemia as DKO mice did, but had no
intestinal pathology. The diet-associated inflammatory responses in the DKO mice included
increase of colonic pro-inflammatory serum amyloid A 3 expression, plasma lipopolysaccharide
and TNF-α levels. The Chol+/CA diet has lowered the expression of unfolded protein response
genes, ATF6, CHOP, unspliced XbpU and Grp78/Bip, in WT and DKO mice on the Chol- diet.
Thus, we conclude that cholesterol diet weakens colon unfolded protein response, which can
aggravate spontaneous colitis leading to gut barrier breakdown. GPx has no impact on
atherosclerosis without ultra-hypercholesterolemia.
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Introduction
It is well recognized that diet, like genetics, is an important factor in etiology of
inflammatory bowel disease (IBD). Elemental diets cause remission in 90% of patients, and
is considered as a first line in therapy for pediatric patients (1,2). The high-fat diet enriched
in cholesterol is a potential risk factor for triggering IBD (3). High-fat diets have recently
been shown to enhance inflammation in extra-cardiovascular organs, such as the colon, liver
and lung (4-6). The high-fat diets exacerbated dextran sulfate sodium (DSS)-induced acute
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colitis and lipopolysaccharide (LPS)-induced acute hepatitis in wild-type (WT) mice (4,5).
The pro-inflammatory activity of a high-fat diet in the lung was observed in ApoE-null
mice, which had ultra-hypercholesterolemia (6). Considering the dietary impact on the
etiology of IBD; it is important to determine whether high-fat diets have detrimental effect
on spontaneous ileocolitis.

We previously reported that mice deficient in two glutathione peroxidases, the ubiquitous
GPx1 and epithelium-predominant GPx2, GPx1/2-double knockout (DKO) mice, on a
mixed B6 and 129Sv (B6;129) genetic background had early-onset spontaneous ileocolitis
with a high risk for intestinal cancer (7). The extent of ileocolitis and cancer depended on
the luminal microflora as well as genetic background (7,8). Germ-free DKO mice did not
have inflammation (7). Similar to other mouse IBD models, B6 DKO mice were resistant
and 129 DKO were sensitive to ileocolitis (8)(unpublished observation). Since B6 DKO
mice have very mild IBD, we sought to study the effect of high-fat diets on the spontaneous
IBD in these mice.

Several lipid-enriched diets have been developed to study atherosclerotic lesions in mice.
Among them, diets developed by Paigen et al. have been demonstrated to induce
hypercholesterolemia and aortic lesions in B6 WT mice (9). A most studied atherogenic diet
contains high fat, cholesterol (Chol), and cholic acid (CA), which is a primary bile acid
included to increase cholesterol and other lipid absorption. GPx1 has been shown to
alleviate aortic lesions in ApoE-null mice (10,11). Since the ApoE-null mice were ultra-
hyperlipidemic (14.7- to 19.8-fold higher than normal levels) (10), and apparent functional
redundancy of GPx1 and GPx2 isoenzymes (12,13), we also tested whether GPx1/2 DKO
have increased aortic lesions than WT B6 mice do without ultra-hyperlipidemia.

Dietary cholesterol can affect ER signaling for gene activation. A well-known example is
regulation of the sterol regulatory element-binding protein (SREBP) in the intestine and
liver (14,15). SREBPs migrate from ER to Golgi; embedded in Golgi membrane, they are
digested by site 1 protease (S1P) and site 2 protease (S2P) to be released into nucleus to
function as transcription factors to regulate cholesterol metabolism (16). Activating
transcription factor (ATF)-6, another ER transmembrane protein, is also activated by the
same S1P and S2P to respond to ER stress (16,17). Whether dietary cholesterol can also
affect ATF6-regulated gene expression has not been evaluated. Thus, we also explored the
dietary effect on gene expression in the ATF6 pathway in the colon of DKO and WT mice in
this study.

Here, we provide evidence on the detrimental effect of high-fat diets on the spontaneous
colitis, but not ileitis, in GPx1/2-DKO mice. High-fat diets diminished gene expression
involved in unfold-protein responses, which aggravated colitis in the DKO mice manifested
with gut barrier breakdown. However, these two glutathione peroxidases have no impact on
atherosclerosis in the absence of ultra-hypercholesterolemia.

Materials and methods
Mice and diets

B6 (≥N7; backcrossed to C57BL/6J for at least 7 generations) GPx1/2 DKO and B6 WT
(Stratagene-Big Blue®, La Jolla, CA, C57BL/6N) mice were maintained in ventilated cages
with free access to food and water. The colony was maintained on irradiated rodent chows,
with breeders on a LabDiet containing 9.6% fat (LabDiet 5062, Purina Mills, Inc.,
Richmond, IN) (Table 1), and the pups on chow containing 5.5% fat (LabDiet 5061, Purina).
The Institutional Animal Care and Use Committee approved all procedures done on mice.
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Weanling B6 DKO and WT mice (~17 d old) were placed on one of the 3 defined diets
(Harlan Teklad, Madison, WI; Table 1) (9). For atherosclerosis studies, female B6 DKO and
WT mice were put on Chol+/CA (TD.06135), Chol+ (TD.06527), and Chol-(TD.07390)
diets to avoid potential gender bias in atherosclerosis (13,18,19). Both genders were used for
all other studies. Mice were monitored daily for body weight and signs of ileocolitis
including diarrhea and perianal ulceration. Moribund mice (showing loss of 15-20% body
weight, or poor health including absence of growth, shivering, prolonged diarrhea or
perianal ulceration) were euthanized and analyzed for ileocolitis.

Analysis of atherosclerotic lesions
B6 DKO and WT mice on the Chol+/CA, Chol+, and Chol- diets were analyzed for
atherosclerotic lesions after 20 weeks on the diet. The heart and the aorta were processed as
previously described (20). The aortic arch and partial heart were fixed in formalin (10%,
several hours), and stored in 30% sucrose containing 0.1% sodium azide. Serial frozen
sections (10 μm) were made from the left ventricular outflow tract through the aortic sinus,
with a cryostat (Leica Microsystems, Wetzlar, Germany) after embedding tissues in OCT
(Sakura Finetek USA, Inc., Torrance, CA). Every other section was collected and stained
with Oil Red O (Sigma, St Louis, MO) counterstained with hematoxylin; atherosclerotic
lesions were quantified utilizing a light microscope (Nikon Eclipse E400, 400X) containing
an eyepiece grid. The lesion size from all (~20) sections was summed for each mouse.

Detection of steatosis and inflammation of the liver
Formalin-fixed liver sections were stained with hematoxylin and eosin (H&E) and evaluated
for steatosis and steatohepatitis following the classification described by Brunt et al. (21).
The severity of steatosis was graded 0-3 based on the percentage of hepatocytes affected:
grade 0 (none), grade 1 (up to 33%), grade 2 (33-66%), and grade 3 (>66%). Steatohepatitis
includes steatosis, fibrosis (Masson's trichrome staining), as well as lobular and portal
inflammation. Liver fibrosis was scored as follows: stage 1 (zone 3 perivenular,
perisinusoidal or pericellular fibrosis), stage 2 (additional focal or extensive periportal
fibrosis), stage 3 (focal or extensive bridging fibrosis), and stage 4 (cirrhosis). Zone 3 is the
most distal zone of the functional unit of the liver, i.e. hepatic acinus. Lobular and portal
inflammation was scored at 200x magnification on a scale of 0-3 as follows: 0 (no
inflammation foci), 1 (1 inflammatory focus per field), 2 (2-3 inflammatory foci per field)
and 3 (>4 inflammatory foci per field).

Analysis of ileocolitis in the ileum and the colon
Pathology and inflammation were scored in a blinded fashion for mice on diets for 7 or 20
weeks. We used a 14-point system as previously described (7), which included: lymphocyte
and neutrophil infiltration (0-3 points), ileal Paneth cell or colonic goblet cell degranulation
(0-2 points), epithelium reactivity (such as crypt distortion, 0-3 points), inflammatory foci
(0-3 points), and apoptotic figures (0-3 points).

Plasma cholesterol, lipopolysaccharide (LPS), tumor necrosis factor (TNF)-α and
interleukin (IL)-6 levels

Blood was collected by cardiac puncture, heparinized and centrifuged (3,000 × g for 5 min)
to recover the plasma fraction. Cholesterol was assayed utilizing a Cholesterol Assay Kit
(Cayman Chemical, Ann Arbor, MI) to detect fluorescent resorufin. LPS was assayed with a
ToxinSensor Chromogenic LAL Endotoxin Assay kit (GenScript, Piscataway, NJ) with
lower detection limit of 0.005 EU. Mouse TNFα and IL-6 levels were measured with two
types of AlphaLISA kit (PerkinElmer, Waltham, MA) with lower detection limit of 1.2 pg/
ml and 3 pg/ml, respectively. Each sample was assayed in duplicate or triplicate.
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Quantitative real-time PCR to detect expression of genes involved in ER stress and
inflammation

Total RNA was isolated from mouse colon using the RNeasy kit (Qiagen, Valencia, CA).
Quantitative real-time PCR (RT qPCR) was performed using Eva qPCR SuperMix kit
detected with SYBR Green (BioChain Institute, Inc. Hayward, CA) using IQ5 (BioRad,
Hercules, CA) instrument. The ratio of spliced Xbp1 (Xbp1s) and unspliced Xbp1 (Xbp1u)
was used to determine ER stress. The primer set for the Xbp1s are forward primer 5’-
GGTCTGCTGAGTCCGCAGCAGG-3’ and reverse primer 5’-
AGGCTTGGTGTATACATGG-3’ (22). For Xbp1u (NM_013842.2), the forward primer is
5’-GGTCTGCTGAGTCCGCAGCACTC-3’ paired with the same reverse primer. For Atf6
(NM_1081304), the forward primer is 5’- AGCATACAGCCTGCGCCCAC-3’ and the
reverse primer is 5’- CACCGGGCTGCTCACCACAG-3’. For Grp78/Bip (NM_022310.3),
the forward primer is 5’-TGCAGCAGGACATCAAGTTC-3’ and the reverse primer is 5”-
TACGCCTCAGCAGTCTCCTT-3’. The CHOP gene (encoding the C/EBP homologous
protein-10, also known as GADD153) is another ER stress responsive gene (23). For CHOP
(NM_007837), the forward primer is 5’-CACCACACCTGAAAGCAGAA-3’, and the
reverse primer is 5’-CGTTTCCTGGGGATGAGATA-3’. Serum amyloid A (SAA) proteins
are markers for inflammation, and SAA3 is expressed in mouse colon epithelial cells (24).
The primer set for SAA3 are 5’-TGCCATCATTCTTTGCATCTTGA-3’ and 5’-
CCGTGAACTTCTGAACAGCCT-3’ (24). The mRNA levels were normalized against β-
actin, which was amplified with forward 5’-GCTCCTCCTGAGCGCAAGT-3’ and reverse
5’-TCATCGTACTCCTGCTTGCTGAT-3’ primers.

Fecal sample collection and analysis of fecal deoxycholic acid (DCA) levels by gas
chromatography-mass spectrometry (GC/MS)

Fecal samples were collected from mice on different diets at week 2-3, 7, or 20, and freeze-
dried and stored at -20°C. Fecal DCA levels were quantified using a procedure modified
from Kasbo et al. (25). Fecal samples (0.2 g) were homogenized using a polytron in cold
distilled water (1 ml), incubated (1 h, 37°C) and centrifuged (2,900 × g, 10 min). Bile acids
were then extracted from the pellet following incubation (1h, 80°C) with ethanol (5 ml)
containing NaOH (0.4 ml of 10 mM) and 5β-cholanic acid (100 μg, internal standard;
Sigma, St. Louis, MO). Samples were then centrifuged (2,900 × g, 10 min), and the
supernatant dried under vacuum. The residue was resuspended in water (1 ml) and then
passed through a Bond-elute C18 cartridge for solid-phase extraction. Prior to sample
loading, the C18 cartridge was reconditioned with successive elution (2 ml each) of
chloroform-methanol 2:1 (v/v), methanol, and HPLC-grade water. After loading, the column
was washed with HPCL-grade water and n-hexane (2 ml) and left for 10 min to remove
excess solvents. Methanol (5 ml) was used to elute DCA, and the internal standard and the
final eluent was dried under vacuum.

For GC/MS analysis, DCA and the internal standard were derivatized by methylation and
silylation to increase their volatility. Samples were first methylated in HCl-methanol
(Sigma, 400 μl of 1.25 M, 2 h, room temperature), vacuum dried, then silylated with N,O-bis
(trimethylsilyl) trifluoroacetamide (BSTFA, Sigma, 330 μl, 55°C, 20 min), and centrifuged
(18,400 × g, 2 min). The clear solution was then diluted with acetonitrile for GC/MS
analysis.

A GC/MS (GC17A-QP5000, Shimadzu, Kyoto, Japan) connected to a capillary column
(DB-5, 30 m; 0.25 mm; 0.25 μm) was used for DCA analysis. Samples (3 μl) were injected
in split mode (275°C) and the oven temperature was then raised from 100°C to 300°C (2
min at 100°C; 30°C/min; 15 min at 300°C). The mass spectrometric detector employed the
selected ion-monitoring mode (SIM). The selected ions were DCA (m/z 355, 370) and 5β-
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cholanic acid (m/z 217, 374). Data were quantified by using Lab Solutions software (GCMS
Solution, version 1.20, Shimadzu, Kyoto, Japan).

Statistical analysis
The plasma cholesterol, LPS, TNF-α and IL-6 levels and colon Atf6, Grp78/Bip, CHOP,
Xbp1U, ratio of Xbp1s to Xbp1U and SAA3 mRNA levels are presented in mean ± standard
error of the mean (SEM). Kaplan-Meier curves were applied to each group of mice defining
an event as the time when a mouse was determined to be moribund. The Chi-Square test was
used to analyze mouse morbidity/mortality rates. For time-to-event endpoints, we used the
log-rank test for comparing survival among diet groups. Student t-tests were used to
compare plasma cholesterol, LPS, TNF-α and IL-6 levels, colon RNA levels and fecal
deoxycholate levels. Pairwise Mann-Whitney U-tests were used to evaluate the difference of
atherosclerotic lesion and scores of intestinal inflammation. P < 0.05 is considered
statistically significant. Statistical analyses were executed either on Microsoft Excel, SPSS
12.0 or JMP 7.0 software.

Results
Chol+/CA diet was detrimental to B6 DKO mice

The Chol+/CA diet has been widely used to study atherosclerosis in B6 mice because of its
reproducibility with little mortality (13,26). Unexpectedly, the Chol+/CA diet caused
significantly higher morbidity in the DKO mice than WT mice on the same diet. Twenty-six
of 36 (72%) DKO mice on the Chol+/CA diet did not survive 20 weeks on this diet, with 2/3
of deaths occurring during the first 3-7 weeks (Figure 1). When on the Chol+ diet (without
cholate), 5 of 23 (22%) DKO mice did not survive 20 weeks. In contrast, only one of 23 WT
mice on the Chol+/CA diet, and one of 17 WT mice on the Chol+ diet died prematurely.
Moribund mice had diarrhea, empty stomachs, and hypoglycemia resulting from cessation of
ingestion. All of the 19 DKO mice on the Chol- control diet survived 20 weeks on the diet
(data not shown).

GPx1/2-DKO mice did not have more atherosclerotic lesions than WT mice on the
atherogenic diets

We have compared the lesion size in the heart-aorta sinus region of DKO and WT mice after
20 weeks on the Chol+ and Chol+/CA atherogenic diets (Figure 2 panels A and B, and
Figure 3). Although all DKO and WT mice on the Chol+/CA diet and most of DKO and WT
mice on the Chol+ diet had detectable lipid deposition in the aorta, there was no significant
size difference between DKO and WT mice on the same diet (Figure 3). As expected, the
Chol+/CA diet induced significantly larger lesions than the Chol+ diet. None of the 19 DKO
mice on the Chol- control diet for 20 weeks had detectable aortic lesions (data not shown).
Hence, we did not study the aortic lesions in the WT mice on the Chol- diet.

DKO mice did not have worse steatohepatitis than WT mice on the same diets
The atherogenic Chol+/CA diet is known to produce hepatic steatosis and steatohepatitis
(27,28). Both WT and DKO mice on the Chol+/CA diet and Chol+ diet for up to 20 weeks
had pale livers (steatosis), and mice on the Chol+/CA diet had significantly higher steatosis,
inflammation, and fibrosis (positive with Masson trichrome stain) than mice on the Chol-
diet (data not shown). However, there was no significant difference in the extent of any of
the liver pathology between DKO and WT mice on the Chol+/CA diet. The worst fibrosis
observed was at stage 2, which is not life-threatening. On the Chol+ diet, the DKO mice had
significantly lower level of liver pathology (steatosis, inflammation, and fibrosis) than the
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WT mice on the same diet (P<0.05). No liver pathology was observed in mice on the Chol-
diet.

DKO mice had exacerbated colitis, but not ileitis, induced by Chol+ and Chol+/CA diets
We compared intestinal pathology and inflammation among B6 DKO mice terminated after
20 weeks on the three defined diets, i.e. Chol+/CA, the Chol+ and Chol- diets. The diet did
not alter ileitis in the DKO mice, but impacted colitis dramatically (Figure 2 panels C-E, and
Figure 4). The Chol+/CA diet produced the most severe colitis, and Chol+ diet produced
moderate colitis, which was worse than Chol-diet in the DKO mice. Furthermore, the
moribund mice on the Chol+/CA diet had even higher pathology scores than the surviving
DKO mice on the same diet (Figure 4B and 4C). None of these diets caused ileitis or colitis
in the WT mice (with scores of 0-1 in both the ileum and the colon).

Atherogenic diets increased plasma cholesterol, lipopolysaccharide (LPS) and TNF-α
levels in DKO mice

Atherogenic diets are known to increase plasma cholesterol levels, which cause
atherosclerosis. Similar to others’ reports, the atherogenic Chol+/CA diet increased plasma
cholesterol levels by 2.2-fold in mice on the Chol- diet (Figure 5, Panel A)(9,13). Although
WT mice on the Chol+ diet did not increase significantly the plasma cholesterol levels,
DKO mice had significantly increased (1.4 fold) plasma cholesterol level on this Chol+ diet.

Gut epithelial barrier dysfunction allows leakage of luminal antigens into the subepithelial
tissues. To determine whether diet altered gut epithelial permeability, we measured plasma
LPS levels using Limulus amebocyte lysate (Figure 5, Panel B). DKO mice on the Chol+/
CA diet significantly elevated (1.3 fold) LPS level compared to all other groups.

TNF-α is a proinflammatory cytokine in IBD and its expression level is induced by high-fat
diet in ApoE-null mouse plasma and DSS-treated WT mouse colon (4,6). DKO mice on
both Chol+ and Chol+/CA diets increased plasma TNF-α level 2.9- and 3.5-fold respectively
compared with DKO mice on the Chol- diet (Figure 5, Panel C). However, IL-6, another
proinflammatory cytokine, level was not elevated (Figure 5, Panel D).

Atherogenic diet altered gene expression in unfolded protein response and inflammation
pathways in mouse colon

Cholesterol feeding affects transmembrane transcription factor, SREBP gene expression
(14,15). We studied the dietary effect on Atf6, another transmembrane transcription factor,
gene expression and expression of Xbp1u, Chop, Grp78/Bip genes, which are regulated by
Atf6 (29). The Chol+/CA diet significantly decreased the mRNA levels of Atf6 in the WT
mice and its responding genes, Xbpu, Chop and Grp78/Bip, in both WT and DKO mice
(Figure 6, Panels A-D).

Xbp1U is activated by the RNase activity of IRE1 to produce a functional (spliced) Xbp1S

mRNA to be translated efficiently after removing a 26-nucleotide intron. DKO mice on the
Chol+/CA diet had increased ratio of Xbp1S to Xbp1U compared to mice on the Chol-
control diet and WT mice on the same diet (Figure 6, Panels E). DKO mice on the Chol+
diet also had elevated Xbp1S/Xbp1U ratio compared to mice on the Chol-diet (P=0.06, 1 tail
t-test).

Serum amyloid A (SAA) proteins are pro-inflammatory markers, and SAA3 is highly
inducible in colon epithelium by luminal microbiota compared to germ-free mice (24).
High-fat diet induced SAA3 gene expression in the liver and adipose tissue of humans and
mice (30). Whether high-fat diet also induces SAA3 gene in the colon has not been studied.
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Thus, we tested the effect of atherogenic diets on colonic SAA3 gene expression. The Chol+
and Chol+/CA diets induced SAA3 gene expression 2- and 18-fold respectively compared to
DKO mice on the Chol- diet (Figure 6, Panel F). High-fat diets did not induce SAA3 gene
expression in the WT colon without inflammation.

DKO and WT mice excreted a similar level of DCA on the same diet
Cholesterol is metabolized into bile acids and excreted into feces. Among the bile acids,
deoxycholate (DCA), was implicated to induce colitis in WT B6;129 mice when
administered in a normal-fat, cholesterol-free defined diet (31). We analyzed fecal DCA
levels by GC/MS to determine whether they were correlated with the extent of colitis. After
on the Chol+ and Chol+/CA diets for 2-3 weeks, DKO mice had excreted similar levels of
DCA as DKO and WT mice on the same diet for 20 weeks (Figure 7). Similar to mice on
conventional LabDiets, DKO mice on the Chol- diet did not excrete DCA (Figure 7 and data
not shown). We also analyzed WT fecal DCA levels after on the Chol+ and Chol+/CA diets
for 20 weeks and did not find significant difference from levels present in DKO mice.

Discussion
Diet has a profound effect on IBD. High-fat diet has been linked to the increased risk for
IBD incidence and severity (3,32). High-fat-diet-induced obese mice have increased
proinflammatory cytokine expression in the colon (33). Although obesity is considered a
risk factor for developing IBD, there is scarce evidence to make a direct link between high-
fat diet and full-blown colitis (4,34). Here we provide a causative link between atherogenic
diets and aggravated colitis in a spontaneous mouse IBD model.

We fed GPx1/2-DKO and WT mice with cholesterol-containing atherogenic diets to study
the protective effect of GPx enzymes against atherosclerosis and ileocolitis. Two groups
have shown GPx1 significantly prevents aortic lesions in ApoE-KO mice (10,11). We were
surprised at the lethal effect of Chol+/CA diet on the DKO mice, since WT mice had
tolerated this diet for at least one year (35). It was unlikely that they died of cardiovascular
disease as the worst aortic lesions in mice on the Chol+/CA diet were relatively mild (stage
2 disease) (19). It was also unlikely that they died of liver disease since both DKO and WT
had similar liver pathology (data not shown). Since B6 DKO mice have very mild colitis
(while with more evident ileitis) when on regular LabDiets, we compared the dietary effect
on ileocolitis. The atherogenic Chol+ and Chol+/CA diets exacerbated colitis, but not ileitis,
in the DKO mice. Additionally, moribund DKO mice had significantly worse colitis than the
DKO mice, which survived 20 weeks of Chol+/CA diet, suggesting colitis leads to
morbidity. The moribund mice often have empty stomach, hypoglycemia, diarrhea and
wasting. These observations suggest that they probably die of lack of nutrient intake to
sustain their metabolic needs. We have previously reported 40% morbidity associated with a
high incidence of ileocolitis in the DKO mice on a mixed B6,129 genetic background when
on a standard commercial chow (36). Thus, we conclude that the severe colitis leads to
morbidity in the DKO mice. Furthermore, the Chol+/CA diet has been shown to cause lethal
typhlocolitis in cyclooxygenase-2 (Cox2) deficient mice within 3 weeks on the diet (37).
This suggests that the atherogenic-diet promoted colitis does not depend exclusively on the
GPx activity.

We have analyzed a few inflammatory markers in the DKO mice to substantiate our
standard pathology-based analysis. We found LPS and TNF-α, but not IL-6 levels were
significantly elevated in the DKO mice on the Chol+/CA diet. High dose LPS (≥10 ng/ml)
induced SAA3 gene expression in macrophage and colon epithelial cells to display
monocytes chemotactic activity (24). We found 18-fold increase of SAA3 gene expression
in DKO mouse colon corresponding to a slightly elevated LPS (~3 pg/ml) in the plasma
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when on the Chol+/CA diet. We might have underestimated plasma LPS levels, since SAA
can also bind LPS to neutralize its activity. Elevated LPS levels are likely due to breakdown
of the gut barrier, which occurs during inflammation. LPS treatment (0.2-2 mg/kg, i.p.)
increased many plasma inflammatory cytokines including TNF-α and IL-6 in a temporal
fashion (5). Although liver secretes these cytokines, intestine also responds to LPS by
producing these cytokines (38). Since we are studying chronic exposure of a low dose LPS,
we suspect IL-6 is primarily an acute phase cytokine and TNF-α is a cytokine of both acute
and chronic respondent.

Dietary cholesterol can change expression and activation of SREBP genes in the liver and
intestine (14,15). ATF6 is another transmembrane transcription factor, which shares a
similar mechanism for its activation via S1P and S2P cleavage (16). ATF6 is activated by
tunicamycin, thapsigargin or dithiothreitol, which are commonly used to induce ER stress to
study unfolded protein response (UPR) (16). Upon translocation of ATF6 to the nucleus,
ATF6 activates transcription of a chaperone protein GRP78 (a.k.a. BiP), the CCAAT/
enhance-binding protein homologous protein (CHOP), and XBP1 (17) (Figure 8). Similar to
liver SREBP-2 gene expression, which is inhibited by high cholesterol diet (14), the colon
ATF6, CHOP, Grp78/Bip, and XBP1 mRNA levels were mostly decreased in DKO or WT
mice on the Chol+/CA diet compared to mice on the Chol- diet. This result suggests that
atherogenic diets have weakened UPR in mouse colon. When inflammation occurs, the
colon would have ER stress, which is manifested as increased ratio of Xbp1S to Xbp1U.

Down regulation of expression of genes regulating UPR is a risk factor for IBD (17,39,40).
UPR transfers intracellular signal from the ER stress (accumulation of unfolded proteins) to
the nucleus. ER stress can lead to acute production of reactive oxygen species, increase
signals for programmed cell death and induce expression of proinflammatory genes (41-43).
ATF6 is one of the three distinct transmembrane sensors for ER stress to initiate UPR (29).
Hypomorphic S1P mutation, which is required for ATF6 activation, sensitizes mice to DSS-
induced colitis (17). IRE1β (inositol-requiring enzyme 1β), another transmembrane sensor
present in gut epithelium, is activated by ER stress to autophosphorylate and unmask its
endonuclease activity (39,44). IRE1 catalyzes XBP1U to XBP1S, an active transcription
factor (29). Either Ire1β-deficient or Xbp1-deficient mice are also sensitized to DSS-induced
colitis (39,40). Additionally, Xbp1-KO mice have spontaneous enteritis (40). In human IBD,
hypomorphic variants of XBP1 are identified as susceptibility factors (40). Since GPx1/2-
DKO have spontaneous ileocolitis, it is possible that GPx1 variants at the 3p21 locus also
influence susceptibility ad phenotype in patients with IBD (45).

The atherogenic diets worsen colitis but not ileitis in the DKO mice. Although unexpected,
we have noted that the severity and onset time of ileitis and colitis in DKO mice varies
depending on the genetic background and microflora content, but independent to each other
(7,46,47). The different response may be due to changes in the numbers and composition of
microflora in these two regions of the gut as well as host of immunological, biochemical,
functional and structural differences. The colon has three-order-magnitude higher number of
bacteria than the ileum, which has higher concentrations of conjugated bile acids secreted
from the liver that suppress bacterial growth (48). The mouse colon also has much higher
levels of toll-like receptors than the ileum, which might serve to exaggerate responses to
breaches of the colon mucosa barrier (49). The ileum and colon typically harbor a different
microbiota, which are environmentally malleable (50). Diet can also alter the composition of
gut microbiota from changes in host lipid metabolism (51,52). A high-fat diet had lowered
Bifidobacterium species in the cecum and increased endotoxaemia in mice (51). We suspect
that the atherogenic diets have altered gut microflora composition in these mice. Although
high cholesterol diets also increased DCA excretion, since the extent of colitis does not
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correlate with the DCA levels, this result does not support the role of DCA in colitis as
implicated by others (31,53).

In summary, we have provided evidence illustrating the anti-inflammatory activity of two
cytosolic glutathione peroxidases in mice. Atherogenic diet-induced hypercholesterolemia
has weakened unfolded protein response in the colon by down regulation of expression of
Atf6 and its regulated genes. The atherogenic diets aggravate inflammatory responses to
break down gut barrier in the DKO mice. Thus, we conclude that atherogenic diets have a
detrimental effect on the spontaneous colitis.
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Figure 1.
Kaplan-Meier plot of mice on the Chol+/CA and Chol+ diets to show DKO mice on the
Chol+/CA diet have high morbidity. Data are expressed as the percentage of survival.
Moribund mice were euthanized and counted as dead. The number of mice studied in each
group is: 36 DKO and 26 WT mice on the Chol+/CA diet, as well as 23 DKO and 17 WT
mice on the Chol+ diet. Comparison of survival after 20 weeks showed DKO mice were
highly sensitive to the Chol+/CA diet compared to other groups (P<0.05).
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Figure 2. Histopathology of aortic lesions and colitis
Panel A (40X) and B (100X) show fat-laden atherosclerotic lesions stained with Oil Red O
from a DKO mouse fed a Chol+/CA diet. Panels C-E (100X) show colon histology of DKO
mice on Chol-, Chol+, and Chol+/CA diets. H&E stained histology showing the
characteristic pathology from each group.
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Figure 3. Comparison of the size of aortic lesions (μm2) in DKO and WT mice on Chol+/CA and
Chol+ diets
Aortic lesions were analyzed in DKO and WT mice after 20 weeks on the Chol+/CA or
Chol+ diets. Each symbol represents one mouse: 9 DKO and 17 WT mice on the Chol+/CA
diet, 17 DKO and 16 WT mice on the Chol+ diet. The horizontal bars represent means from
each group: the Chol+/CA DKO and WT groups had larger lesions, when the Chol+ DKO
and WT groups had low levels of lesions. Means that differ are shown as a>b, P<0.05.
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Figure 4. Box-and-whisker plots of ileal and colonic pathology/inflammation scores of DKO mice
on atherogenic and control diets
Inflammation scores are from DKO mice on Chol-, Chol+, and Chol+/CA diets when they
became moribund or until termination of experiment. The box shows the lower quartile,
median (the horizontal line in the box), and upper quartile; and the whiskers show the
minimum and maximum of all the data. The circle indicates an extreme value. For ileum
(Panel A) and colon (Panel B), inflammatory scores were determined from 10 mice on Chol-
diet, 20 mice on Chol+ diet, and 45 mice on Chol+/CA diet. Panel C compares the colon
scores in DKO mice on the Chol+/CA diet between moribund group (n=25) and those
surviving (n=20) 7-20 weeks on the diet. Means that differ are shown as a>b>c, P<0.05.
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Figure 5. The effect of diet on plasma cholesterol, LPS, TNF-α and IL-6 levels of DKO and WT
mice
Panel A shows the total cholesterol levels measured from DKO and WT mice on Chol-,
Chol+, or Chol+/CA diets for 7 and 20 weeks. The error bars represent standard error of the
mean (SEM). Each group has 4-15 mice. The means that differ between different groups are
shown as a>b>c, P<0.05. The group labeled bc is not statistically different from groups
labeled with b and c. Panel B shows the LPS levels measured from DKO and WT mice on
three diets for 7 and 20 weeks. The error bars are SEM from groups of 4-12 mice. The
alphabet ranks the order of the mean of each group where a>b, and P<0.05. The group
labeled ab is not different from the groups ranked either a or b. Panel C and D show TNF-α
and IL-6 levels, respectively, measured from mice on three diets for 7 weeks. The error bars
are SEM from groups of 3-7 mice. The alphabet ranks the order of the mean of each group
where a>b, and P<0.05. The group labeled ab is not different from the groups labeled a or b.
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Figure 6. Dietary effect on the expression of genes in unfolded-protein and inflammatory
responses in the colon of DKO and WT mice
Panels A-D show mRNA levels of Atf6, Chop, Grp78/Bip and unspliced Xbp1U,
respectively, and normalized with β-actin mRNA level. Panel E shows the ratio of spliced to
unspliced Xbp1. Panel F shows the level of SAA3 mRNA levels normalized with β-actin.
Mice were on Chol-, Chol+, or Chol+/CA diet for 7 weeks. Each group had 4-5 mice. The
error bar represents SEM. Means that differ are shown as a>b>c, P<0.05 (one-side t-test).
The group designated with ab is not significantly different from the groups designated with a
or b, and the group labeled with bc is not different from groups labeled with b or c.
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Figure 7. Fecal DCA levels from DKO and WT mice on Chol-, Chol+, and Chol+/CA diets for 2
to 20 weeks
Circles represent individual mice (n=6-13 mice per group), and the horizontal line shows the
mean for the group. Means that differ are shown as a>b>c, P<0.05. The group labeled bc is
not different from those labeled either b or c. Mice on the Chol+/CA diet excreted the
highest levels of DCA, 12.8±8.1 mg/g and 8.3±4.9 mg/g, respectively from WT and DKO
for 20 weeks. These are not statistically different from DKO mice on the Chol+/CA diet for
2-3 weeks (7.8±4.9 mg/g). Mice on the Chol+ diet for 20 weeks had elevated DCA
excretion, 3.9±3.0 mg/g and 2.0±1.9 mg/g, respectively from WT and DKO mice. DKO
mice on the Chol+ diet for 2-3 and 7 weeks had similarly low DCA levels, 0.9±0.8 mg/g and
0.6±0.4 mg/g, respectively. Finally, DKO mice on the Chol- diet for 7 weeks has a similarly
low DCA level (0.5±0.2 mg/g) as DKO mice on the Chol+ diets for 2-3 and 7 weeks, but
significantly lower than DKO mice on the Chol+ diet for 20 weeks.
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Figure 8. Unfolded protein response (UPR) and the role of GPx in prevention of inflammation
UPR is regulated by three distinct pathways sensed by three transmembrane proteins,
protein-kinase-RNA-like ER kinase (PERK), inositol-required enzyme (IRE)-1, and
activating transcription factor 6 (ATF6) (17,29). PERK activation will phosphorylate to
inhibit eukaryotic translation initiation factor 2α (eIF2α), thus to inhibit ER protein influx.
IRE1β, which is expressed specifically in intestinal epithelium, initiates unconventional
splicing of the mRNA of X-box-binding protein 1 (XBP1) to produce the highly active basic
leucine zipper (bZIP) family transcription factor (42). XBP1 regulates a subset of UPR
genes that promote ER-associated degradation (ERAD) of misfolded proteins and ER
biogenesis (42). ATF6, another bZIP transcription factor, is synthesized as an inactive
precursor, tethered to the ER membrane by a transmembrane segment. Upon sensing ER
stress, ATF6 is transported from the ER to the Golgi apparatus, where it is cleaved by site-1
protease (S1P) and site-2 protease (S2P) to release the N-terminal ATF6N (containing DNA-
binding domain) into nucleus. ATF6 regulates gene expression of XBP1, BiP and CHOP
(42,54). High-cholesterol diet inhibits sterol regulator element-binding protein (SREBP)-2
gene expression, which is another bZIP activated by S1P and S2P (14). We have studied
whether high-cholesterol also affected ATF6 gene expression (shown by an asterisk mark).
Glutathione peroxidase (GPx) reduced H2O2 generated from protein folding, mitochondrial
oxidation phosphorylation, and bacterial infection (41). GPx prevents bacterial-associated
inflammatory response in the colon.
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