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Abstract

Background—Apolipoprotein E (ApoE) mediates potent anti-inflammatory and 

immunomodulatory properties in addition to its roles in regulating cholesterol transport and 

metabolism. However, its role in the intestine, specifically during inflammation is largely 

unknown.

Methods—Mice [C57BL/6 or ApoE deficient (ApoE-KO) mice] were administered either single 

or four injections (weekly) of anti-interleukin (IL)-10 receptor monoclonal antibody (1.0 mg/

mouse; intraperitoneally) and euthanized one week after the last injection. 16S rRNA sequencing 

was performed in fecal samples to analyze the gut bacterial load and its composition. Microbiota 

was ablated by administration of broad-spectrum antibiotics in drinking water. IL-10KO mice 

were cohoused with ApoE-KO mice or their WT littermates to monitor the colitogenic potential of 

gut microbiota harbored in ApoE-KO mice.

Results—ApoE-KO mice developed severe colitis upon neutralization of IL-10 signaling as 

assessed by every parameter analyzed. 16S rRNA sequencing revealed that the ApoE-KO mice 

display elevated and altered gut microbiota that were accompanied with impaired production of 

intestinal antimicrobial peptides. Interestingly, microbiota ablation ameliorates the colitis 

development in ApoE-KO mice. Exacerbated and accelerated colitis was observed in IL-10KO 

mice when cohoused with ApoE-KO mice.

Conclusions—Our study highlights a novel interplay between ApoE and IL-10 in maintaining 

gut homeostasis and that such cross-talk may play a critical role in inflammatory bowel disease 

(IBD) pathogenesis. Gut sterilization and cohousing experiment suggests that microbiota play 

pivotal role in the development of IBD in mice lacking ApoE.
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Introduction

The host-gut microbiota metabolism and inflammatory pathways are highly inter-regulated 

whereas, the loss of this balance leads to the development of chronic inflammatory disorders 

or tissue pathology (1-3). Among such diseases, the inflammatory bowel diseases (IBD), 

encompassing Crohn’s disease (CD) (4) and ulcerative colitis (UC) (5), are currently 

estimated to affect more than 1-1.3 million people in the United States (6, 7). IBD are 

widely believed to be due to the breakdown of tolerance to commensal microbiota, resulting 

in dysregulated immune cell infiltration into the mucosa that drives intestinal pathology. The 

persistent secretion of pro-inflammatory cytokines such as interleukin (IL)-1, IL-6, IL-8 and 

tumor necrosis alpha (TNFα) into the inflamed gut further exacerbate the disease (8, 9). 

Current strategies to treat IBD that involve the use of TNFα inhibitor (infliximab) (10) have 

been met with limited efficacy which are further complicated with undesired side effects 

(11, 12). Hence, there is a need for alternative therapeutic targets or strategies in treating 

IBD.

Apolipoprotein E (ApoE) is a 34-kDa secreted protein that belonged to the apolipoprotein 

superfamily whose members are involved in regulating cholesterol homeostasis and lipid 

metabolism (13). ApoE is primarily synthesized in the liver and macrophages, but is also 

produced in the brain, spleen, kidney, lung and muscle tissues as well (14, 15). It 

participates in the transport of plasma lipids by binding to very low-density lipoprotein 

(VLDL) and chylomicrons (13). As ApoE is also the ligand for the low-density lipoprotein 

(LDL) receptor, it plays an important role in lowering circulating cholesterol by facilitating 

its uptake by the liver (13). Due to its anti-atherogenic properties, ApoE deficient (ApoE-

KO) mice develop spontaneous atherosclerosis and had become one of the widely utilized 

mouse model to study atherosclerosis.

In recent years, studies have begun to unravel a perhaps under-appreciated anti-

inflammatory role of ApoE in the regulation of immune cells and their responses. In addition 

to its role in lipid metabolism, ApoE was shown to mediate the suppression of T cell 

proliferation (16) and maintain Th1/Th2 balance (17). Furthermore, ApoE modulates 

macrophage polarization, by favoring the establishment of alternatively activated anti-

inflammatory M2 macrophages over the pro-inflammatory M1 macrophages (18). ApoE 

also counter-regulates the systemic upregulation of pro-inflammatory cytokines IL-6, IL-12, 

TNFα and interferon-gamma (IFNγ) in response to lipopolysaccharide (LPS) and 

polyinosine-polycytidylic acid challenge, which respectively activates the toll-like receptor 

(TLR)-4 and TLR3 responses in mice (19). These studies suggest that ApoE can be regarded 

as part of the innate immunity and may play important role in regulating inflammatory 

responses. Indeed, the loss of ApoE in mice increases their susceptibility to develop TLR4- 

and MyD88-dependent lung lipidosis and inflammation, suggesting the extrahepatic role of 
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ApoE in tissue homeostasis (20). However, the roles of ApoE in intestinal homeostasis and 

inflammation are largely unknown and thus warrant further study.

Interleukin 10 (IL-10) is a pleiotropic anti-inflammatory cytokine that display inhibitory 

effects on the functions of TH1 cells, NK cells and macrophages (21). In the gut, IL-10 is 

produced by various immune cell types including T cells, B cells, macrophages, mast cells, 

NK cells, eosinophils and neutrophils (22). IL-10 is required to maintain immune tolerance 

in the gut and prevent unregulated/aberrant inflammatory responses and their consequent 

tissue damage (21, 23). This cytokine mediates its effect through binding to the IL-10 

receptor whose downstream signaling inhibits NF-κB-dependent pathways and pro-

inflammatory gene expression (24). The deficiency in intestinal IL-10 production, however, 

is known to disrupt gut homeostasis and potentiates the development of intestinal 

inflammation in a MyD88-dependent fashion (25, 26). Deletion of IL-10 in ApoE-KO mice 

exacerbate atherosclerosis (17), but it is not known whether IL-10/ApoE double knockout 

mice also succumb to IBD.

Herein, we investigated the interplay between intestinal ApoE and IL-10 and the extent to 

which the systemic subclinical inflammation due to dyslipidemia in ApoE-KO mice 

culminates into a robust chronic colitis upon breakdown of intestinal homeostasis. In the 

current study, we report that ApoE-KO mice are highly susceptible to the development of 

colitis upon neutralization of IL-10 signaling via the administration of anti-IL-10 receptor 

monoclonal antibody (αIL-10R). We further demonstrate that the colitis in αIL-10R-treated 

ApoE-KO mice are associated to a microbiotal dysbiosis that could have resulted from the 

loss of colonic ApoE. Collectively, our study highlights a novel role of ApoE in maintaining 

gut-microbiota homeostasis and the prevention of gut inflammation in an aberrant immune 

activation-induced colitis model.

Materials and Methods

Reagents

Rat anti-mouse IL-10 receptor (IgG1) monoclonal antibody (αIL-10R) and rat anti-mouse 

PD-1 monoclonal antibody were purchased from BioXcell (West Lebanon, NH). 

Hexadecyltrimethylammonium bromide, hydrogen peroxide, human neutrophil 

myeloperoxidase (MPO), lipopolysaccharide (LPS), RNAlater®, TRI Reagent® were 

purchased from Sigma (St. Louis, MO). Guaiacol (2-methoxyphenol) was obtained from 

Alfa Aesar (Ward Hill, MA). Mouse lipocalin 2 (Lcn2) and keratinocyte-derived chemokine 

CXCL1 (KC) duoset ELISA kits were procured from R&D Systems (Minneapolis, MN). 

SYBR® Green mix was procured from Quanta Biosciences (Gaithersburg, MD).

Mice

ApoE-KO, IL-10 deficient (IL-10KO) and stearoyl CoA desaturase-1 deficient (SCD1-KO) 

mice on C57BL/6 background were purchased from Jackson Laboratories. Toll-like receptor 

5 deficient (TLR5-KO) mice were originally generated by Dr. Shizuo Akira, Japan. These 

mice were bred with wildtype (WT) C57BL/6 mice and the resulting offsprings were 

crossed to generate homozygous ApoE-KO, IL-10KO, SCD1-KO, TLR5-KO mice and their 
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WT littermates. Mice were maintained in specific-pathogen free conditions in the animal 

house facility at Pennsylvania State University, PA. All animal experiments were approved 

by the Institutional Animal Care and Use Committee (IACUC) of Pennsylvania State 

University.

Dextran sodium sulfate (DSS)- and 2,4,6-trinitrobenzene sulphonic acid (TNBS)-induced 
colitis

DSS- and TNBS-induced colitis were induced in eight-week-old male C57BL6 mice as 

described in Chassaing et al (27), and Scheiffele and Fuss (28), respectively. For DSS-

induced colitis, mice were treated with 1.8% of DSS (MP Biomedical) in drinking water and 

euthanized at day 6 of treatment. For TNBS-induced colitis mice were administered TNBS 

(4mg/mouse prepared in 50% ethanol) intra-rectally using 3.5-French 38-cm, polyurethane 

catheter. Control mice received vehicle (50% ethanol) alone. After 3 days mice were 

euthanized to monitor colitis development.

IL-10R neutralization-induced colitis in mice

IL-10R neutralization-induced colitis was induced in ApoE-KO mice and their WT 

littermates as previously described (29). For the induction of acute colitis, eight-week-old 

male ApoE-KO mice and WT littermates (n=4) were administered single injection of 

αIL-10R (1.0 mg/mouse, intraperitoneally) and euthanized one week later. For the induction 

of chronic colitis, four-week-old ApoE-KO mice and WT littermates (n=4) were given four 

weekly intraperitoneal injections of αIL-10R and euthanized one week after the 4th 

injection. Control mice were given isotype control (anti-PD-1) antibody. Mice were 

monitored for body weights every two days. In some experiment, mice were maintained on a 

broad spectrum antibiotic cocktail (1.0 g/L ampicillin and 0.5 g/L neomycin) in drinking 

water two weeks before the first αIL-10R injection and maintained throughout duration of 

the study.

Cohousing

Four-week-old female IL-10KO mice (n=4) were cohoused with eight-week-old female 

ApoE-KO mice (n=4) or their WT littermates up to 6 weeks. Mice were constantly 

monitored for the onset of colitis by monitoring body weight, fecal occult blood, diarrhea 

and rectal prolapse.

Euthanasia and blood collection

At termination of experiment, mice were euthanized via CO2 asphyxiation and analyzed for 

standard colitic parameters as described previously (30). Blood was collected at the time of 

mice euthanasia in BD microtainer® (Becton, Dickinson, Franklin Lakes, NJ), via retro-

orbital plexus. Hemolysis-free sera was obtained after centrifugation and stored at −80°C 

until further used.

Colonic myeloperoxidase (MPO) assay

MPO assay was performed according to the previously described method (31). Briefly, 

frozen or fresh colon tissue (50 mg) was homogenized in 1 mL of 50 mM potassium 
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phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide, freeze-

thawed 3x, sonicated, centrifuged (10000g, 4°C) and the clear supernatants were collected. 

The reaction was initiated by adding final concentrations of 50 mM guaiacol and 0.002% 

H2O2 to the clear supernatant prepared in 96-well plate (Corning). The change in absorbance 

at 470 nm was measured over a period of 10 minutes at 1 minute intervals. One unit of MPO 

activity is defined as the amount that increases absorbance at 470 nm by OD of 1.0 per 

minute at 25°C, calculated from the initial rate of reaction using guaiacol as the substrate.

Enzyme-linked immunosorbent assay (ELISA)

Serum Lcn2 and KC were measured by ELISA kits according to the manufacturer’s 

protocol. Frozen or freshly collected feces were reconstituted (100 mg/mL) in PBS 

containing 0.1% Tween 20, vortexed (30 min, room temperature) and centrifuged (10,000g, 

4°C) to collect clear supernatants for fecal Lcn2 quantification as described previously (32). 

To monitor the systemic immunoreactivity to flagellin and LPS, serum samples were diluted 

(1:200) and analyzed by ELISA as described by Ziegler et al (33).

Quantitative RT-PCR

Mouse distal colons were collected in RNAlater® and stored in −80°C. Total colonic RNA 

was extracted using TRI Reagent® as per manufacturer's protocol. Purified RNA was used 

to synthesize cDNA for qRT-PCR using SYBR® Green mix according to the manufacturer's 

protocol. qRT-PCR was performed in StepOnePlusTM real time PCR instrument (Life 

technologies, Grand Island, NY). Sequence of primers used for qRT-PCR were (sense and 

antisense respectively): ApoE 5'-ACAGATCAGCTCGAGTGGCAAA-3’ and 5’-

ATCTTGCGCAGGTGTGTGGAGA-3’; Lcn2 5’-AAGGCAGCTTTACGATGTACAGC-3’ 

and 5’-CTTGCACATTGTAGCTGTGTACC-3’; IFNγ 5’- 

TCAAGTGGCATAGATGTGGAAGAA-3’ and 5’-TGGCTCTGCAGGATTTTCATG-3’; 

TNFα 5’- ACTCCAGGCGGTGCCTATGT-3’ and 5’-AGTGTGAGGGTCTGGGCCAT-3’; 

IL-4 5’-TCGGCATTTTGAACGAGGTC-3’ and 5’-GAAAAGCCCGAAAGAGTCTC-3’; 

IL-10 5’ATTTGAATTCCCTGGGTGAGAAG-3’ and 5’-

CACAGGGGAGAAATCGATGACA-3’; 36B4 5’- TCCAGGCTTTGGGCATCA and 5’-

CTTTATTCAGCTGCACATCACTCAGA-3’. Thermal profile for the reaction was: initial 

denaturation at 95°C for 10 min, and 40 cycles of denaturation (95°C for 15 s) and annealing 

and extension (60°C for 1 min). Relative fold difference between groups was calculated 

using comparative Ct (2−ΔΔCt) method. Results obtained were normalized with the 

housekeeping 36B4 gene.

Histology

Colons were washed with cold PBS and opened longitudinally to make Swiss rolls. 

Subsequently Swiss rolls were transferred into 10% buffered formalin (Fisher Scientific) for 

24 hours at room temperature. Paraffin embedding, slides preparation and hematoxylin & 

eosin (H&E) staining were performed at Animal Diagnostics Laboratories at the 

Pennsylvania State University using standard protocols. Histologic scoring was performed 

as described previously (34).
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Total fecal microbiotal load

Total bacterial DNA was isolated from weighted feces using QIAamp DNA Stool Mini Kit 

(Qiagen). After 1/10 dilution, DNA was subjected to quantitative PCR using Quanti Fast 

SYBR Green PCR kit (Biorad) with universal 16S rRNA primers 8F: 5'-

AGAGTTTGATCCTG GCTCAG-3' and 338R: 5'-CTGCTGCCTCCCGTAGGAGT-3' to 

measure total bacteria. Results were expressed as bacteria number per mg of stool, using a 

standard curve.

Sample collection and DNA isolation for 16S rRNA gene pyrosequencing

Fecal pellets from age and sex-matched ApoE-KO and WT littermates were collected under 

hygienic conditions and stored in sterile vials at −20°C for processing. DNA was extracted 

from 0.50g fecal material using the MO-BIO PowerSoil® DNA isolation kit (MO-BIO 

Laboratories, Carlsbad, California) according to the manufacturer’s instructions. DNA 

concentration was analyzed using the Qubit® 2.0 Fluorometer and related high-sensitivity 

double-stranded DNA kit, according to the manufacturer’s instructions (Life Technologies, 

New York, United States).

Illumina Tag PCR

DNA isolates were subject to duplicate 25 uL Illumina tag Polymerase Chain Reactions 

(PCR) to amplify the V4 region of the 16S rRNA gene. Each reaction contained final 

concentrations of 1X PCR buffer, 0.8uM dnTPs, 4uM 515F Illumina barcoded forward 

primers, 4 uM 806R reverse primers, 0.25 U Taq Polymerase, and 10 ng of template DNA. 

PCR was performed using the PTC-200 Thermocycler (MJ Research Incorporation, 

Massachusetts, United States). Reactions were held at 94°C for 3 minutes to allow for the 

DNA to denature, followed by 35 cycles at 94°C for 45s, 50°C for 60s, and 72°C for 90s, 

with a final extension time of 10 min at 72°C followed by holding at 4°C. PCR products 

were visualized on a 2% agarose E-gel (Life Technologies, Carlsbad, CA).

Library Preparation and Sequencing

The DNA concentration of successful PCR reaction products was analyzed using the Qubit® 

2.0 Fluorometer, and equal-molar amounts of each PCR product were pooled and SPRI-bead 

purified using the Agencourt AMPure XP-PCR Purification Kit according to the 

manufacturer’s instructions (Beckman Coulter, Indiana, United States). Cleaned, pooled 

libraries were quality checked using the Agilent 2100 Bioanalyzer and the related Agilent 

High Sensitivity DNA Chip, according to the manufacturer’s instructions (Agilent 

Technologies, California, United States).

Pooled libraries were stored at −20°C until they were shipped on dry ice to the University of 

Tennessee-Knoxville (Knoxville, TN) for sequencing. Library pools were size verified using 

the Fragment Analyzer CE (Advanced Analytical Technologies Inc., Ames IA) and 

quantified using the Qubit high sensitivity dsDNA kit (Life Technologies, Carlsbad, CA). 

After dilution to a final concentration of 1nM containing 10% PhiX V3 library control 

(Illumina, San Diego CA), the library pools were denatured for 5 min in an equal volume of 

0.1N NaOH, further diluted to 12 pM in HT1 buffer (Illumina) and sequenced using 
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Illumina MiSeq V2 300 cycle kit cassette with 16S rRNA library sequencing primers and set 

for 150 base, paired-end reads.

Organ ex vivo culture

Two cm sections of mice ileum (10 cm above the cecum) were collected and cultured in 

serum-free DMEM media (Sigma) supplemented with 1% penicillin-streptomycin (Sigma). 

After two washes with sterile PBS, ileum was transferred to 12-well culture plate (Corning) 

containing 1 mL of serum-free DMEM media with 1% penicillin-ptreptomycin and 

incubated for 24 hours at 37°C in CO2 incubator. The cultures were then centrifuged 

(10000g, 4°C) to collect clear supernatant for ELISA and immunoblotting.

Immunoblotting

Ileal culture supernatants prepared in loading buffer were fractionated by 4-20% SDS-PAGE 

(Bio-Rad) and transferred to PVDF membrane (Bio-Rad). Next, PVDF membrane was 

stained with Ponceau S solution (Sigma) to confirm equal loading of samples and then 

washed with H2O. The blots were blocked for 1 hour in 5% non-fat milk (Bio-Rad) at room 

temperature and then incubated overnight at 4°C with rabbit anti-mouse Ang4 or RegIIIγ 

(antibodies are kind gift from Dr. Lora Hooper, UT Southwestern Medical Center). After 3 

washes, blots were incubated with anti-rabbit HRP (Cell Signaling Technology) and 

developed by chemiluminiscent reagent.

Statistical Analysis

All values in the results are expressed as mean ± SEM. Statistical analysis for significance 

between two groups was determined using student’s t-test (unpaired, two-tailed) with p<0.05 

(*) considered as significant. GraphPad Prism 6.0 software was used to calculate statistical 

significance.

Results

Colonic ApoE is elevated in various murine model of colitis

In recent years, studies have begun to elucidate a previously under-appreciated anti-

inflammatory role of ApoE, highlighting the interrelation between lipid metabolism and 

inflammation (16-20). However, the role of ApoE in the regulation of inflammation, 

especially in the gut, has yet to be demonstrated. In this study, we first evaluated the 

expression of colonic ApoE in different murine models of colitis. ApoE expression was 

found to be significantly upregulated in the colon of DSS-induced and TNBS-induced colitic 

WT mice (Fig. 1A-B). Similarly, colonic ApoE expression was also elevated in 

spontaneously colitic IL-10KO mice with rectal prolapse (Fig. 1C). Besides that, colonic 

ApoE expression was also found to be considerably upregulated in IL-10R neutralization-

induced colitic TLR5-KO mice (Fig. 1D). The upregulation of ApoE expression in the colon 

was consistently observed across multiple models colitis, suggesting that perhaps ApoE 

could play a yet unknown role in maintaining gut homeostasis.
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Single dose of αIL-10R administration induces acute colitis in ApoE-KO mice

To further evaluate the role of ApoE in gut homeostasis, we employed the ApoE-KO mice 

in our study. Previously, we have described the feasibility of using IL-10R neutralization to 

induce colitis in genetically-susceptible mice (29). Hence, we asked whether ApoE-KO mice 

are susceptible to IL-10R neutralization-induced colitis by administering a single injection 

of αIL-10R followed by euthanasia one week later. Remarkably, αIL-10R-treated ApoE-KO 

mice developed classical symptoms of acute colitis as characterized by splenomegaly, 

colomegaly and increased neutrophil infiltration in the mucosa as measured by the colonic 

MPO activity (Fig. 2A-C). The severity of colitis in ApoE-KO mice was reflected in the 

increased levels of serum KC and Lcn2 (Fig. 2D-E). Histological analysis confirms that 

ApoE-KO mice developed colitis with increased immune cell infiltration in the colon (Fig. 

2F). In contrast, WT mice displayed modest to no elevation in the above colitic parameters.

Although αIL-10R treatment induced colitis development, the specificity of such phenotype 

may not be limited to only ApoE-KO mice. To rule out the possible non-specificity of our 

study approach, we tested αIL-10R on stearoyl-CoA desaturase deficient (SCD1-KO) mice. 

SCD-1 is known to be an obesogenic enzyme that synthesizes monounsaturated fatty acids 

palmitoleate and oleate (35). However, IL-10 neutralization did not induce any overt signs 

of colitis in SCD1-KO mice (Supplementary Fig. 1), which confirms that the αIL-10R-

induced colitic phenotype is specific to ApoE-KO mice.

Multiple doses of αIL-10R administration induces chronic colitis in ApoE-KO mice

Considering that human IBD are mostly characterized as chronic disease of the intestines, 

we therefore proceed to evaluate the susceptibility of ApoE-KO mice in a chronic colitis 

model. Four weekly injections of αIL-10R induced robust chronic colitis in ApoE-KO mice, 

characterized by the gross phenotype, lack of body weight gain, splenomegaly and 

colomegaly (Fig. 3A-D). The indicators of acute colitis such as the colonic MPO activity 

and serum KC of αIL-10R-treated ApoE-KO mice are low and comparable to the control 

mice (Fig. 3E-F), indicating that the gut inflammation had established a chronic state known 

to be characterized by MPO-negative immune cells (i.e. T cells and macrophages). 

Nonetheless, αIL-10R-treated ApoE-KO mice exhibit highly elevated serum, fecal and 

colonic Lcn2 (Fig. 3G-I), a sensitive biomarker of gut inflammation (32). Additionally, the 

expression of pro-inflammatory genes IFNγ and TNFα were also significantly elevated in 

colitic ApoE-KO mice (Fig. 3J-K). The expression of the anti-inflammatory IL-4 and IL-10 

mRNA were also elevated in αIL-10R-treated ApoE-KO mice (Fig. 3L-M), probably as a 

protective response against the loss of functional IL-10R. Histological analysis of mice 

colon confirmed the increased susceptibility of ApoE-KO mice to αIL-10R-induced chronic 

colitis as characterized by enhanced thickening of the mucosa (Fig. 3N-O). Consistent with 

our earlier observations, WT mice are resistant to IL-10R neutralization-induced chronic 

colitis; WT mice did not display significant changes in the analyzed colitic parameters, 

except in fecal Lcn2 in response to αIL-10R treatment.

ApoE-KO mice harbor elevated microbiota load and altered composition

IL-10 is known to play central role in the maintenance of gut homeostasis whereby its 

deficiency predisposes the development of microbiota-dependent spontaneous colitis in 
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IL-10KO mice (25, 36). As ApoE-KO mice were highly susceptible to IL-10R 

neutralization-induced colitis, we hypothesized that ApoE may play an equally important 

role in modulating the gut-microbiota homeostasis. To confirm this hypothesis, we 

performed fecal bacteria 16S rRNA sequencing to evaluate the gut microbiota in ApoE-KO 

mice. Interestingly, ApoE-KO mice were found to harbor an elevated gut bacterial load that 

is approximately 20-fold more compared to their WT littermates (Fig. 4A). Furthermore, 

ApoE-KO mice exhibit an altered microbiotal composition at the phyla level with a notable 

increase in the relative abundance of Bacteroidetes (~9.2% more) and a concomitant 

decrease in Tenericutes (~9.3% less) (Fig. 4B).

To evaluate the host response to intestinal microbiotal dysbiosis in ApoE-KO mice, we 

collected ileal sections from healthy mice, cultured them in serum-free DMEM media for 24 

hours and measured the secretion of two potent antimicrobial peptides secreted by intestinal 

paneth cells: angiogenin 4 (Ang4; a ribonuclease) (37) and regenerating islet-derived 3 

gamma (RegIIIγ; a C-type lectin) (38). We found ileal secretion of both Ang4 and RegIIIγ 

were substantially reduced in ApoE-KO mice compared to WT littermates (Fig. 4C). As 

shown in Figure 4D, the ileal sections from ApoE-KO mice also secreted a much reduced 

levels of Lcn2 that is also known for its antimicrobial properties in the gut (39). To assess 

the epithelial permeability or the extent to which gut luminal contents/microbial products 

disseminated to systemic circulation, we monitored the mice serum immunoreactivity to 

flagellin and LPS by ELISA. ApoE-KO mice displayed increased serum immunoreactivity 

to bacterial product flagellin and lipopolysaccharide (LPS) compared to WT mice, 

indicating increased dissemination of bacterial products across the gut mucosa which 

become more pronounced when mice were treated with αIL-10R (Fig. 4E-F).

Microbiota ablation protects ApoE-KO mice from IL-10R neutralization-induced chronic 
colitis

Having established that ApoE-KO mice are susceptible to gut microbiotal dysbiosis, we next 

asked whether microbiota ablation could prevent the development of αIL-10R-induced 

chronic colitis in these mice. ApoE-KO mice and their littermates receiving four weekly 

injections αIL-10R were administered a broad spectrum antibiotic cocktail (1.0 g/L 

ampicillin; 0.5 g/L neomycin) in the drinking water two weeks before the first injection and 

maintained throughout the duration of the study. This broad-spectrum antibiotics regimen 

(Abx) ablated 90% of the intestinal bacteria as measured by fecal 16S rRNA via qRT-PCR 

(data not shown). Interestingly, the Abx+αIL-10R-treated ApoE-KO mice were able to gain 

body weight normally over time and were significantly protected from developing colitis as 

evident by the lack of spleen enlargement and colon thickening (Fig. 5A-D). Other standard 

colitis parameters including colonic MPO activity, serum KC, serum Lcn2 and fecal Lcn2 of 

Abx+αIL-10R-treated ApoE-KO mice were comparable to the control group (Fig. 5E-H). 

The levels of colonic IFNγ and TNFα mRNA in Abx+αIL-10R-treated ApoE-KO mice were 

significantly mitigated compared to their counterparts without antibiotics treatment (Fig. 5I-

J). Further, serum immunoreactivity to flagellin and LPS in Abx+αIL-10R-treated were 

substantially reduced (Fig. 5K-L). Histological analysis further confirmed that the colons 

from microbiota-ablated ApoE-KO mice were significantly protected from αIL-10R-

induced thickening of the mucosa (Fig. 5M-N).
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Cohousing with ApoE-KO mice exacerbated spontaneous colitis in IL-10KO mice

Our results suggest that ApoE-KO mice display gut microbiotal dysbiosis and harbor 

potentially colitogenic microbiota. To confirm that the gut microbiota in ApoE-KO mice 

was responsible for their higher susceptibility to colitis, we cohoused IL-10KO mice with 

either WT or ApoE-KO mice (cohoused IL-10KO mice are hereafter named as KO/CoH-

WT and KO/CoH-ApoE-KO). Since mice are coprophagic in nature, the sharing of cages 

would allow the transmission of the colitogenic microbiota between cohoused mice. After 

four weeks of cohousing, 50% of the KO/CoH-ApoE-KO mice developed rectal prolapse, a 

severe irreversible form of colitis. KO/CoH-ApoE-KO mice also developed classical 

symptoms of colitis including lack of body weight gain, splenomegaly and colomegaly (Fig. 

6A-D). Serum and fecal Lcn2 was significantly elevated in KO/CoH-ApoE-KO mice, but no 

detectable difference was observed in the levels of serum KC and colonic MPO activity, 

indicating the chronic form of colitis (Fig. 6E-H). In comparison, no overt colitic 

phenotypes were observed in KO/CoH-WT mice.

Discussion

In recent years, many studies have begun to support the notion that host-microbiotal 

metabolism and inflammatory diseases are tightly linked (40-44). Among those that are 

extensively studied, the anti-atherogenic ApoE has emerged as having dual roles in 

regulating cholesterol homeostasis and mediating anti-inflammatory properties (16-20). 

Herein, we report that colonic ApoE expression was significantly upregulated in various 

murine models of chemical-, aberrant immune activation- and spontaneously-induced colitis, 

suggesting that ApoE may play a role during gut inflammation. Further, ApoE-KO mice are 

susceptible to develop acute or chronic colitis when IL-10 signaling was neutralized by 

administering a single or multiple doses of αIL-10R, respectively. Remarkably, the 

development of colitis is microbiota-dependent as antibiotics treatment significantly 

protected ApoE-KO mice against colitis.

Even though the etiology of human IBDs are not completely understood, several studies on 

murine models of colitis suggest the involvement of the gut microbiota. We have previously 

demonstrated that gut inflammation in TLR5-KO mice is microbiota-dependent due to their 

inability to manage the gut microbiota (29, 45-47). In the present study, we observed an 

unprecedented role of ApoE in the regulation of the gut microbiota. By performing fecal 

bacterial 16S rRNA sequencing, we found that ApoE-KO mice harbor an elevated gut 

microbiotal burden and an altered composition with a notably higher relative abundance of 

Bacteroidetes. The increase in the members of the gram negative Bacteroidetes phyla have 

been suggested to correlate with the risk of colitis (48-50). Additionally, the elevated gut 

bacterial load reflects an increased pool of bacterial ligands, toxins or metabolic products 

that could potentially translocate across the mucosal barrier, especially during gut 

inflammation when gut permeability is often compromised. Indeed, we detected elevated 

serum immunoreactivity against flagellin and LPS in αIL-10R-induced colitic ApoE-KO 

mice, confirming increased translocation of bacteria and/or their products that may further 

drive the disease. Further analysis revealed that the microbiotal dysbiosis in ApoE-KO mice 

could be, at least in part, due to impaired production of host antimicrobial peptides Ang4, 
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RegIIIγ and Lcn2 (37-39), which may be associated with the loss of colonic ApoE 

expression. Interestingly, the sharing of microbiota between cohoused ApoE-KO and 

IL-10KO mice accelerated the induction of chronic inflammation in IL-10KO mice, 

confirming that ApoE-KO mice harbor a transmissible colitogenic microbiota. Nevertheless, 

we cannot rule out the possibility that exacerbated colitis in cohoused IL-10KO mice could 

be due to elevated microbiotal load in ApoE-KO mice, rather than altered microbiota 

composition.

Our current knowledge on human IBD have advanced significantly due to the development 

of various murine models of colitis over the past decades. One such model is the IL-10KO 

mice which develop spontaneous colitis that are representative of human IBD (26). As such, 

many studies have generated IL-10 deficient mice on the background of their gene of 

interest [i.e. double knockout (DKO) mice] as a standard approach to study the role of target 

genes/proteins in gut inflammation (17, 46, 51-53). However, this approach is often 

complicated with many logistical problems including the tediousness in generating DKO, 

developmental defects, and the inability to maintain the colony due to spontaneous IL-10 

deficiency-exacerbated rectal prolapse (17, 26, 46, 51). To circumvent these problems, we 

therefore employed the use of αIL-10R that neutralizes IL-10 signaling as an alternative 

approach to study IL-10 deficiency-induced colitis in ApoE-KO mice. The αIL-10R 

treatment consistently induce a uniform 100% induction of colitis in genetically-susceptible 

mice, allowing better control on the onset and progression of disease compared to the 

conventional IL-10KO mice model (29, 30). The specificity of αIL-10R-induced colitis is 

well-noted as not all genetically-modified mice develop disease after treatment. As shown in 

this study, lipogenic enzyme, SCD1 deficient mice were resistant to αIL-10R-induced 

colitis, in addition to other mice strains (i.e. TLR4-KO, MyD88-KO and IL-1R-KO mice) 

that we have shown previously (29, 54).

The susceptibility of ApoE-KO mice to IL-10 neutralization-induced colitis strongly 

suggests a possible cross-talk between ApoE and IL-10 signaling in the gut. In one study, 

IL-10 deficiency was shown to disrupt the balance between Th1/Th2 cytokines levels and 

accelerate the development of atherosclerosis in ApoE-KO mice (17). Incidentally, both 

ApoE and IL-10 have been independently demonstrated to promote the establishment of 

alternatively activated anti-inflammatory M2 macrophage while inactivating the pro-

inflammatory M1 macrophage (18, 55). It is possible that both ApoE and IL-10 may have 

similar and overlapping functions that are not limited to atherosclerosis, but also apply to 

other inflammatory processes as well. Although current studies on colonic ApoE expression 

are limited, we speculate that colonic macrophages may be one of the major producers of 

ApoE in the gut. Hence, the loss of ApoE and IL-10 in the gut could potentially skew 

macrophage polarization and the gut microenvironment towards more pro-inflammatory and 

potentiate colitis.

The polymorphisms in the ApoE gene have been recently reported to affect the susceptibility 

to IBD. In humans, three alleles (ε2, ε3, and ε4) of the ApoE gene have been identified to 

encode three major isoforms of the ApoE proteins (13). Due to the available combinations of 

these alleles, any given individual can be genotyped as either ε2/2, ε2/3, ε2/4, ε3/3, ε3/4 or 

ε4/4. In one epidemiological study, IBD patients were reported to display a higher frequency 
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for the ε4 allele, suggesting that ApoE polymorphism could be a risk factor for IBD (56). 

This finding was supported by another study in which the prevalence of ε2 and ε4 alleles 

were shown to be significantly higher among IBD patients (57). Further studies are required 

to investigate the functional differences among the ApoE isoforms and on how these can be 

exploited as potential therapeutic targets in IBD.

The translational significance of ApoE has been recognized as potential therapeutics 

primarily against atherosclerosis. In particular, there had been a longstanding interest in 

studying the beneficial effects of synthetic ApoE mimetic peptides that are functionally 

similar to the native protein, despite the differences in size and structure (58). Several ApoE 

mimetic peptides were designed and have been tested to be bioactive in binding lipoprotein 

and clearing cholesterol from circulation (59, 60). The anti-inflammatory properties of ApoE 

mimetic peptides were also demonstrated in murine models of multiple sclerosis (61). In a 

study by Singh et al. (62), the group further demonstrated the protective efficacy of ApoE 

mimetic peptide COG112 in inhibiting inflammatory responses in murine models of 

Citrobacter rodentium-induced and DSS-induced colitis. In other studies with mice, the 

ApoE mimetic peptide COG133 was shown to be equally protective against 5-fluorouracil-

induced intestinal mucositis (63) and mitigating the inflammatory response to LPS challenge 

(64). In this regard, our present findings further highlights the importance of ApoE in 

maintaining gut homeostasis and that perhaps ApoE mimetic peptides would present a 

potential therapeutics to correct ApoE deficiency-associated microbiotal dysbiosis that 

predisposes colitis.

In summary, our study highlights a novel interplay between ApoE and IL-10 in maintaining 

gut-microbiota homeostasis and that such cross-talk modulate a critical inflammatory axis in 

IBD and possibly other inflammatory disorders. Due to the association between ApoE 

polymorphism and the susceptibility to IBD, ApoE poses as a potential therapeutic target in 

IBD. It is possible to further design/engineer effective ApoE mimetic peptides as an adjunct 

therapy that could be utilized to correct microbiotal dysbiosis and to treat human IBD.
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Lcn2 lipocalin 2

MPO myeloperoxidase
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FIGURE 1. Colonic ApoE transcripts are upregulated in various murine model of colitis
qRT-PCR analysis was used to quantify mRNA levels of ApoE in the colon of (A) DSS-

induced colitic WT mice, (B) TNBS-induced colitic WT mice, (C) spontaneously colitic 

IL-10KO mice and (D) αIL-10R-induced colitic TLR5-KO mice. mRNA values are 

represented as fold change normalized to 36B4 housekeeping gene and compared to the 

control group. Results presented as mean ± SEM. *p< 0.05.
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FIGURE 2. Single αIL-10R injection induces acute colitis in ApoE-KO mice
ApoE-KO mice and WT littermates (n=4) were treated with a single injection of αIL-10R (1 

mg/mouse, intraperitoneally) and euthanized one week later. The following colitis 

parameters were analyzed: (A) spleen weight, (B) colon weight, (C) colonic MPO activity, 

(D) serum KC, (E) serum Lcn2 and (F) histology of H&E-stained colon. Results presented 

as mean ± SEM. *p< 0.05.
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FIGURE 3. Multiple injections of αIL-10R induce chronic colitis in ApoE-KO mice
ApoE-KO mice and WT littermates (n=4) were treated with four weekly injections of 

αIL-10R (1 mg/mouse, intraperitoneally) and euthanized one week later. The following 

colitis parameters were analyzed: (A) gross colon, (B) body weight changes, (C) spleen 

weight, (D) colon weight, (E) colonic MPO activity, (F) serum KC, (G) serum Lcn2 and (H) 

fecal Lcn2. qRT-PCR analysis was used to quantify mRNA expression of colonic (I) Lcn2, 

(J) IFNγ, (K) TNFα, (L) IL-4 and (M) IL-10. mRNA values are represented as fold change 

normalized to 36B4 housekeeping gene and compared to the control group. (N) Histology 

images of H&E-stained colons and the corresponding (O) histological scores. Arrows 

indicate thickened mucosa. Results presented as mean ± SEM. *p< 0.05.
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FIGURE 4. ApoE-KO mice exhibit gut microbiotal dysbiosis
Mice fecal samples were collected from healthy ApoE-KO mice and WT littermates (n=4) 

for microbiota analysis by qRT-PCR and 16S rRNA sequencing. (A) Total fecal microbiota 

load. (B) Fecal bacteria composition. Sections of mice ileum were collected and cultured in 

serum-free DMEM media ex vivo. (C) Immunoblot of Ang4 and RegIIIγ in the supernatant 

of ileal cultures (upper panel) and Ponceau S staining as loading control (lower panel). (D) 

Ileal secretion of Lcn2 quantified by ELISA. Serum immunoreactivity to (E) flagellin and 

(F) LPS were quantified by ELISA. Results presented as mean ± SEM. *p< 0.05.
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FIGURE 5. Antibiotics treatment ameliorates αIL-10R-induced chronic colitis in ApoE-KO mice
ApoE-KO mice and WT littermates (n=4) were treated with or without antibiotics (1.0 g/L 

ampicillin and 0.5 g/L neomycin) in drinking water starting at two weeks before the first of 

the four weekly injections of αIL-10R and maintained throughout the duration of the study. 

The following colitis parameters were analyzed: (A) gross colon, (B) body weight changes, 

(C) spleen weight, (D) colon weight, (E) colonic MPO activity, (F) serum KC, (G) serum 

Lcn2 and (H) fecal Lcn2. qRT-PCR analysis was used to quantify mRNA expression of 

colonic (I) IFNγ, (J) TNFα. mRNA values are represented as fold change normalized to 

36B4 housekeeping gene and compared to the control group. Serum immunoreactivity to (K) 

flagellin and (L) LPS were quantified by ELISA. (M) Histology images of H&E-stained 

colons and the corresponding (N) histological scores. Arrows indicate thickened mucosa. 

Results presented as mean ± SEM. *p< 0.05.
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FIGURE 6. ApoE-KO mice harbors a colitogenic microbiota that is transmissible to IL-10KO 
mice
Four-week-old female IL-10KO mice (n=4) and eight-week-old female ApoE-KO mice 

(n=4) were cohoused for 4-6 weeks. At the end of six weeks (or when mice developed rectal 

prolapse), IL-10KO mice were euthanized and the following colitis parameters were 

analyzed: (A) gross colon, (B) body weight changes, (C) spleen weight, (D) colon weight, 

(E) colonic MPO activity, (F) serum KC, (G) serum Lcn2 and (H) fecal Lcn2. Arrows 

indicate shrunken cecum and rectal prolapse. Results presented as mean ± SEM. *p< 0.05.

Singh et al. Page 22

Inflamm Bowel Dis. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


