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Abstract

The role of dietary fiber in chronic inflammatory disorders has been explored, but very little is 

known about its benefits in acute inflammation. Previously, we have demonstrated that dietary 

cellulose supplementation confers protection in a murine model of sepsis by promoting the growth 

of the gut microbiota that are linked to metabolic health. The survival benefit is associated with a 

decrease in serum concentration of pro-inflammatory cytokines, reduced neutrophil infiltration in 

the lungs, and diminished hepatic inflammation. Here we aim to understand if the benefit of 

manipulating the gut microbiome exerts a broader “systemic” influence on the immune system in a 

lethal murine endotoxemia model. We hypothesize that mice fed high fiber cellulose (HF) diet will 

demonstrate a reduction in activated macrophages and dendritic cells (DCs) and a concomitant 

increase in the suppressive capacity of T regulatory cells (Tregs) toward T cells responsiveness. 

We characterized the immunological profile and activation status of macrophages, DCs and T cells 

in mice on HF diet who were then subjected to endotoxemia. Supplementation with HF diet 

decreased the number and activation of splenic macrophages and DCs in mice after LPS 

administration. Similarly, HF diet amplified the suppressive function of Tregs and induced anergy 

in T cells as compared to mice on a regular diet. Our data suggest that the use of HF diet can be a 

simple, yet effective tool that decreases the hepatic DNA binding activity of NF-κB leading to a 

reduction in pro-inflammatory cytokine response in a murine endotoxemia model.
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INTRODUCTION

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host 

response to infection and accounted for more than $20 billion (5.2%) of total US hospital 

costs in 2011[1]. The pathogenesis of sepsis is usually classified as an initial pro-

inflammatory phase followed by an anti-inflammatory or immunosuppressive phase [2]. The 

initial pro-inflammatory or “cytokine storm” phase is responsible for the recruitment of 

innate immune cells at the site of the infection, e.g., macrophages and DCs, that secrete pro-

inflammatory cytokines and chemokines. Over several days, the hyper-inflammatory 

response dissipates, and transitions to an anti-inflammatory and immunosuppressive phase 

characterized by increased Tregs, IL-10 secretion, anergy in T cells with a shift to Th2 

phenotype and reduced MHC-II expression by DCs [3]. Contrary to the previously held 

opinion that the hyper-inflammatory and immunosuppressive phases are sequential, recent 

evidence suggests that these phases are concurrent and start early in the course of sepsis [4]. 

Moreover, classifying cytokines strictly as “pro-inflammatory” and “anti-inflammatory” 

may be oversimplifying the complex and dynamic pathophysiology of sepsis.

Over the last few decades, several immunotherapeutic approaches designed to abrogate the 

uncontrolled pro-inflammatory response in the early phases of sepsis have failed. Multiple 

trials that targeted the cascade of pro-inflammatory cytokines, e.g., tumor necrosis factor α 
(TNF-α), interleukin (IL)-1, and HMGB1 have demonstrated limited clinical benefit.

The mechanistic underpinnings of the anti-inflammatory effects of fermentable fiber have 

been previously studied [5, 6], but very little is known about the protective anti-

inflammatory effects exerted by cellulose, a nonfermentable fiber. Previously, we have 

demonstrated that dietary supplementation of cellulose confers protection in two different 

murine models of sepsis (cecal ligation and puncture (CLP) and endotoxemia), and this 

survival benefit was associated with a decrease in serum concentration of pro-inflammatory 

cytokines, reduced neutrophil infiltration in the lungs, and diminished hepatic inflammation. 

Specifically, we noted that 24 hours after CLP, plasma concentrations of the pro-

inflammatory cytokines TNF-α, IL-1α, β and monocyte chemoattractant protein1 (MCP-1) 

were significantly lower in mice that were fed cellulose-rich (HF) diet as compared to a 

normal diet (BF) [7]. The benefit of dietary cellulose was associated with enrichment of the 

gut microbiome taxon Akkermansia, a genus commonly associated with positive metabolic 

health. A criticism of using the CLP model is that fecal spillage in HF diet mice will likely 

contain less virulent micro-organisms which could potentially explain the amelioration in 

peritonitis, systemic inflammatory response and improved survival. Due to this potential 

confounder, we have selected the murine endotoxemia model for further experiments in this 

area of study.

Recently, it has been proven that the impact of the intestinal microbiota is not restricted to 

the intestine, but extends to maintain immune homeostasis in the systemic environment. For 

example, Schuijt et al. demonstrated that the gut microbiota acts as a protective factor in the 

host defense and enhances macrophage function in distal organ sites, e.g., the lung in a 

murine pneumococcal pneumonia model [8]. To determine if the benefit conferred by HF 

diet supplementation extends to systemic immune cells, we used flow cytometric analyses of 
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innate and adaptive immune cells to identify, enumerate and characterize these populations 

in a murine endotoxemia model. The purpose of our study was to determine the effects of 

HF diet on macrophages, DCs, T and Treg cells, all critical components of the immune 

system. We hypothesize that mice fed HF diet will demonstrate a reduction in activated 

macrophages and DCs and a concomitant increase in the suppressive capacity of Treg cells 

toward T cells responsiveness.

MATERIALS AND METHODS

Animals care and animal use

C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME) and All animal 

experiments were performed with approval from the University of Pittsburgh IACUC, and 

care of the animals was in accordance with National Institutes of Health guidelines for 

animal treatment. Twenty-four hours after arrival, mice (6–8 wk old) were randomized to 

receive chemically defined BF or HF diets (Dyets, Bethlehem, PA) with fiber concentration 

of 5% and 30% respectively. The source of fiber in the mouse chow is alpha cellulose 

obtained directly from natural vegetable fibers. Apart from the difference in the fiber 

concentration, the diets were otherwise similar [7]. The mice weight as well as the amount 

of food eaten per cage and was comparable in both groups. After 2 weeks of the dietary 

intervention, sepsis was induced by intraperitoneal injection of endotoxin (LPS) (30 mg/kg) 

(Sigma-Aldrich, St. Louis, MO). There were no antibiotics administrated after endotoxin 

injection. Animals were removed from the study (and euthanized before the study time 

points of 24 and 72 h) if they showed signs of distress, e.g., unable or unwilling to walk 

around their cage. Additionally, the animals were monitored for hunched posture, reduced 

movement, loss of body weight, and piloerection. Mice were anesthetized with inhalational 

isoflurane to collect blood via terminal cardiac puncture at 24 and 72 h post endotoxin 

injection, and tissues were collected. Plasma and tissue samples were stored frozen at 

−80 °C until further analysis. Fecal samples during the dietary intervention and at sacrifice 

were collected for microbiome profiling. The number of mice used per experiment are 

specified in the figure legends.

Sequencing and analysis of bacterial 16S rRNA genes

Microbial DNA was extracted using MO BIO PowerSoil DNA Isolation kits using the 

manufacturer’s protocol with modifications. 16S rRNA amplicons were produced utilizing 

primers targeting the V4 region using 515F and 806R primers. Primers utilized either the 

Illumina adaptor, primer pad and linker (forward primer) or Illumina adaptor, Golay 

barcode, primer pad and linker (reverse primer) followed by a sequence targeting a 

conserved region of the bacterial 16S rRNA gene as described by Caporaso et al [9]. All 

PCR amplicons were purified, quantified, and pooled in equimolar ratios. Sequencing was 

performed on the Illumina MiSeq. QIIME (v1.9) was used to demultiplex raw sequence 

reads. UPARSE (v8.0) was used to quality filter the reads, cluster reads at a 0.97 operational 

taxonomic unit (OTU) threshold, and remove chimeric sequences (using the “gold 

database”). UCLUST was used to assign taxonomy to predicted OTUs, using the greengenes 

reference database (v13.8). Alpha and beta-diversity comparisons were performed using 

QIIME was and taxonomic summaries were generated with QIIME. Comparison of sample 
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composition and identification of statistically significant differences was performed with 

LEfSe using correction for independent comparisons. Genera predicted to be biomarkers by 

LEfSe were excluded if their relative abundance was less than 0.01 on average in the sample 

set under consideration.

Multiplex analysis

Luminex-based multianalyte assays using commercially-purchased systems (Beadlyte Assay 

System, BioRad Biotechnology, Hercules, CA) were performed on plasma samples and 

culture supernatants (CD4 cells or MLR supernatants) to assess profile cytokine profile. All 

measurements were performed in duplicate.

Splenocyte preparation

Spleens were harvested from mice and transferred to a 50 ml conical tube containing PBS. 

Using sterile techniques, the mashed spleens were centrifuged at 1500 rpm for 5 minutes. 

The supernatant was discarded and the cell pellet resuspended in 5 ml of red blood cell lysis 

buffer (BD Biosciences, San Jose, CA). The cell suspension was then filtered, centrifuged, 

and the cell pellet resuspended in 10ml of media or buffer to be counted.

Flow cytometry analysis

Freshly isolated splenocytes were stained with the following antibodies: CD11b, CD11c, 

CD40, CD80, CD103, F4/80 for macrophages and DCs; B220, CD19, CD69, CD1d, CD5 

for B cells; CD4, CD25, FOXP3 for T cells and Treg (eBioscience, San Diego, CA). Flow 

cytometry and flow-sorting were performed using a FACSCaria or a FACSVantage 

workstation (BD Biosciences, San Jose, CA) with non-overlapping fluorophores and 

appropriate isotype controls. At least 50,000 cells were counted for analysis. All 

experiments were performed in triplicate.

In vitro suppression assay

The conventional suppression assay was used herein [10] with the following modifications: 

Conventional Tregs (CD4+ CD25+) as well as CD4+ CD25− T cells were enriched from 

freshly-isolated splenocytes over commercial isolation columns (MACS column specific for 

CD4+ CD25+ T-cells; Miltenyi Biotec, Bergisch Gladbach, Germany). For the suppression 

assay, Tregs were added at increasing dilution ratios (1:1–1:16) to CD3/CD28-stimulated 

syngeneic freshly isolated splenic- 1 × 105 CD4+ CD25− T cells. CD3/CD28 stimulation 

was provided by the addition of Epoxy DynaBeads coated with anti-CD3 anti-CD28 

monoclonal antibodies (Invitrogen, Carlsbad, CA). The incubation was carried out for 5 days 

in RPMI-1640 with 10% FBS. At the end of incubation, 1 mm of BrdU was added for the 

final 16 h to assess proliferation. Suppression was determined by the level of FITC 

fluorescence and percentage of cells fluorescent by FACS analysis using the FITC-BrdU 

flow cytometry kit (BD Biosciences, San Jose, CA). The experiment was performed in 

triplicate.
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Protein preparation and Western blot

Protein extracts from the cytosol and nucleus were isolated using NE-PER Nuclear and 

Cytosolic Extraction Reagent (Thermo Fisher Scientific, Waltham, MA) at 24 and 72h. 

Protein concentration was determined by the BCA Protein Assay Kit (Thermo Fisher 

Scientific, Waltham, MA). Nuclear (10μg), cytoplasmic (30μg) protein lysates were 

separated in 10% SDS-PAGE and transferred onto a PVDF membrane (BioRad 

Biotechnology, Hercules, CA). The membrane was then incubated with specific primary 

antibodies (NF-κB p65 (C20) and H3 (Santa Cruz Biotechnology, Dallas TX); β-actin, 

Sigma, St. Louis, MO) followed by incubation with horseradish peroxidase (HRP)-

conjugated secondary antibody (HRP-conjugated goat anti-rabbit IgG, HRP-conjugated goat 

anti-mouse IgG (Jackson ImmunoResearch Labs, West Grove, PA). Protein-antibody 

complexes were visualized by enhanced chemiluminescence with ECL system (GE 

Healthcare, Little Chalfont, UK).

NF-κB binding activity assay

The NF-κB binding activity assay was evaluated using a non-radioactive NF-κB p65 

Transcription Factor Assay Kit (Abcam, Cambridge, UK) and the manufacturer’s 

instructions were followed. Nuclear extracts from BF and HF diet murine hepatic tissue 

were incubated in the presence of a specific double-stranded DNA sequence containing the 

NF-κB response element that was immobilized onto the bottom of a 96-well plate. The NF-

κB (p65)-NF-κB response element complexes are detected by addition of a specific primary 

antibody directed against NF-κB (p65). A secondary antibody conjugated to HRP was added 

to provide a sensitive colorimetric readout at 450 nm. The experiment was performed in 

triplicate.

Statistical analyses

Statistical analyses were performed using GraphPad Prism version 4·0 software. Data are 

presented as mean ± standard error of the mean (SEM); * indicates the presence of a 

significant difference when P ≤ 0.05 between control and endotoxemic diet mice and # 

indicates P ≤ 0.05 between HF and BF-fed mice as determined by the Mann-Whitney rank-

sum test or t-test.

RESULTS

Gut microbiome characterization and composition in mice fed with HF cellulose diet

Previously, we had demonstrated that there is a significant improvement in survival in HF 

diet-fed as compared to BF-fed mice during endotoxemia [7] and was associated with a 

sustained clear change in the gut microbiota. We noted significant differences in microbial 

community composition of the stool samples in HF diet group after 2 weeks of the 

prescribed diet regimen. Specifically, we found that samples collected after HF diet were 

highly enriched with bacteria from the family Lachnospiraceae, commonly found in the 

healthy colon, and Akkermansia, a bacterial genus with health-promoting properties (suppl. 

Fig. 1).
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HF diet decreases serum pro-inflammatory cytokines and chemokines in endotoxemic 
mice

Using a commercially available cytokine assay, we analyzed the serum levels of the main 

pro- and anti-inflammatory cytokines, 24 and 72 h post LPS injection in BF and HF diet 

mice. At both time points, endotoxemic mice had significantly higher levels of five of the six 

measured cytokines as compared to controls; however, mice that were fed HF diet 

demonstrated a significant reduction in a majority of the pro-inflammatory cytokines in 

contrast to mice fed BF diet (Fig. 1). Thus, supplementation with HF diet results in a 

reduction in the serum pro-inflammatory cytokine response in a murine endotoxemia model.

Decreased activation of macrophages and DCs in septic mice that were fed HF diet

To identify and characterize the macrophages and DCs in mice that were fed HF diet, we 

performed multi-color flow cytometry and sequential gating analysis. There was no 

difference in the mean percentage of macrophages, i.e., splenocytes that expressed CD11b in 

both groups of mice 24 h after endotoxin administration (14.2 ± 0.6% vs. 13.5 ± 0.5%; 

P>0.05) and were similar to control animals (Fig. 2A). Using gating strategy, we determined 

that markers of “classically activated” macrophages (CD40, CD80) were comparable in 

macrophages that were isolated from BF and HF diet mice (50 ± 2.4% vs. 48 ± 2.3%; P ≥ 

0.05) as compared to control mice. However, 72 h after induction of endotoxemia, BF diet 

mice demonstrated a significantly higher number of macrophages along with a concomitant 

increase in the activation markers as compared to HF diet mice (P ≤ 0.05) (Fig. 2A). Also, 

expression of F4/80, a marker for mature macrophages, was significantly decreased in 

macrophages isolated from HF diet mice (4.5 ± 0.1% vs. 9.8 ± 1.2%; P ≤ 0.05) (Fig. 2A).

Next, we examined the splenocytes that expressed CD11c+ 24 and 72 h after endotoxin 

administration. The percentage of CD11c+ DCs at 24 h were similar in HF and BF diet mice 

(11 ± 0.8% vs. 11.3 ± 0.7%; P ≥ 0.05) and comparable to DC isolated from control mice. 

However, by 72 h mice that were fed BF diet demonstrated a significantly higher CD11c+ 

DCs (18 ± 1.9% vs. 10.9 ± 1.3%; P ≤ 0.05) as compared to HF diet mice (Fig. 2B). To 

further elucidate the effect of HF diet on activation of DCs, we sought to determine the 

proportion of CD11c+ DC cells, which were positive for CD40+, CD80+, markers for 

activated DCs. Analogous to our results above, 72 h after endotoxin administration, the 

proportion of CD40+, CD80+ DC cells were significantly lower in the HF diet mice as 

compared to the BF-fed mice (26.5 ± 3% vs. 42 ± 3.8%; P ≤ 0.05) (Fig. 2B).

Taken together, these results suggest that supplementation with HF diet decreases the 

number and activation of both macrophages and DCs in the murine spleen.

HF diet is associated with hyporesponsiveness of T cells and the generation of Tregs with 
a strong suppressive activity in vitro

Having demonstrated a significant reduction in the number of DCs, we next wanted to 

ascertain if the effect of HF diet extended to DCs induced CD4+ T helper cell polarization. 

First, we assessed the number of CD4+ T cells in BF and HF-fed mice 24 and 72 h after 

endotoxemia. As shown in Fig. 3A, we noted a comparable decrease in the number of CD4+ 

T cells in both groups at 24 h after endotoxemia as compared to control animals. At 72 h 
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after endotoxemia, both groups demonstrated a slight increase in the number of CD4+ T 

cells, although this increase was not significant (Fig. 3A). For analysis of their functional 

properties, splenic CD4+ cells were isolated from mice that were fed HF or BF diet for 2 

weeks and had no prior exposure to LPS. At 16 h after exposure to LPS, the supernatant 

concentration of the pro-inflammatory cytokines, i.e., IL6, TNF-α, MIP-1a, and MIP-1b 

were significantly higher in the BF and HF diet mice as compared to their controls. As 

compared to the BF-fed mice, CD4+ T cells isolated from HF-fed mice that were treated 

with LPS ex vivo demonstrated a significant reduction in cytokines and chemokines 

secretion e.g., IL-6 (95 ± 0.3 vs. 50 ± 0.5 pg/ml) and TNF-α (200 ± 0.2 vs. 120 ± 1.3 pg/ml) 

(P ≤ 0.05) (Fig. 3B). These results extend and confirm our previous findings that HF diet 

induces anergy in a vital lymphocyte subset that influences the innate and the adaptive 

immune response.

Tregs play a vital role in suppression of the immune response and are considered critical in 

the maintenance of immunologic homeostasis and tolerance [11]. The transcription factor 

forkhead box p3 (Foxp3) is specifically expressed in most CD4+CD25+ T cells and is 

required for the development of suppressive/regulatory T cells [12]. First, we determined if 

the Treg numbers are increased after induction of sepsis and examined the expression of the 

transcription factor Foxp3 as a more definitive marker of Tregs in cells that were 

CD4+CD25+. We observed a minimal change in the percentage of CD4+CD25+Foxp3+ T 

lymphocytes in both BF and HF diet mice 24 h after endotoxin administration as compared 

to control mice (7.6 ± 0.3% vs. 7.9 ± 0.2%; P ≥ 0.05). We observed a 2-fold increase in the 

percentage of CD4+CD25+Foxp3+ T cells in the spleen 72 h following induction of 

endotoxemia in both groups of mice as compared to control mice (13.5 ± 0.8 vs 12.6 

± 0.7%; P ≥ 0.05) (Fig. 4A). Thus, the type of diet had minimal impact on the number of 

Treg cells as both groups demonstrated an increase in the percentage of Tregs after 

endotoxin administration. We next examined the suppressor cell activity of Tregs as they are 

characterized as potent suppressors of T effector cell proliferation. Interestingly, the 

CD4+CD25+Foxp3+ cells from HF diet mice displayed significantly increased suppressive 

properties as compared to the CD4+CD25+Foxp3+ cells from the BF diet mice (Fig. 4B).

Taken together these results suggest that although HF diet failed to alter the number of Treg 

cells, it amplified the suppressive function of Tregs, thereby enhancing the regulatory 

capacity of Tregs after endotoxemia.

HF diet supplementation inhibits LPS-mediated activation of hepatic NF-κB

As NF-κB activation acts as a focal point for proinflammatory gene expression, we next 

determined the effect of HF diet on LPS-mediated activation of NF-κB using Western blot. 

We used an antibody directed to the p65 subunit of NF-κB to detect the transcription factor 

NF-κB in nuclear extracts prepared from samples of liver obtained from mice 24 and 72 h 

after LPS administration. After endotoxin administration, nuclear translocation of the p65 

subunit of NF-κB was significantly increased in hepatic nuclear extracts isolated from BF-

fed mice. In contrast, HF-diet mice demonstrated a marked reduction in nuclear p65 

translocation as compared to BF-fed mice (Fig 5A). Further corroboration of the effect of 

HF diet on the DNA binding activity of NF-κB was obtained by using a non-radioactive 
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binding assay. As shown in Figure 5B, supplementation of HF diet led to a significant 

decrease in the hepatic DNA binding activity of NF-κB on both study days as compared to 

mice that were fed BF diet. Taken together these findings illustrate the importance of HF 

diet-mediated effects on the immune cells and decrease of hepatic DNA binding activity of 

NF-κB leading to a reduction in pro-inflammatory cytokine response in endotoxemia.

DISCUSSION

Fiber has long been recognized for its nutritional value, and as per the last iteration of the 

Dietary Reference Intakes (DRI), the daily value for fiber is ~14g/1000 Kcal. Despite these 

recommendations, the amount and type of fiber required to meet the recommended dietary 

allowances are unclear. In general, fiber represents a group of carbohydrates or 

carbohydrate-containing compounds that are neither digested nor absorbed in the small 

intestine [13, 14]. Based on the fermentation potential, the quantity and type of fibers will 

differentially modulate the evolution of the intestinal microbiome. The novelty of our work 

was the utilization of cellulose, an insoluble non-fermentable fiber that is a significant 

component of the vegetarian diet, as it is present in most plant tissues [15]. The term 

prebiotic has often been used to describe cellulose as it is a non-digestible carbohydrate that 

favors the growth of desirable microflora in the bowel. In contrast to fermentable fiber where 

the inflammatory benefits are secondary to the production of short chain fatty acids [16], the 

benefits of cellulose are due to the transformation it brings to the colonic microbial 

composition [17].

The resurgence of interest in the microbiome stems from its importance as a potential 

therapeutic target as well as its role in the modulation of host response to acute illness. 

Previously, we have demonstrated that gut microbiome constituents in this model are altered 

after HF diet supplementation, such that it confers survival protection and reduction of pro-

inflammatory cytokines in a CLP and endotoxemia murine model of sepsis [7]. In 

continuation of our previous work, we note that the reduced pro-inflammatory response in 

HF diet mice can be ascribed to 1) the decrease in number and activation of the splenic 

macrophages and DCs, 2) the increase in the suppressive activity of Tregs, and 3) the 

development of T cell anergy.

Macrophages and DCs are critical innate effector cells and are the first line of host defense 

to protect against bacterial infections. Most studies examining the microbiota and its 

regulation of immunity have examined it in a “local” context, i.e., maturation of the 

intestinal immune system and maintaining homeostasis [18, 19]. Recent data demonstrate 

that in the absence of signals from the commensal bacteria, certain bacterial pathogens, 

including Listeria monocytogenes and Klebsiella pneumoniae are lethal in mice [20–22]. 

Thus, the commensal microbiota can potentially regulate antibacterial immunity at extra 

intestinal sites or exert a broader “systemic” influence. Clarke et al. confirmed that the 

antibacterial activity of alveolar macrophages is compromised in the absence of the 

commensal microbiota, leading to defects in early bacterial clearance from the lung, which 

can be restored by administration of bacterial Nod-Like Receptor (NLR) ligands via the 

gastrointestinal tract [23]. In a murine model of endotoxemia we demonstrate that strategies 

like diet modification to an HF diet can alter commensal gut bacteria leading to a reduction 
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in the number and activation of macrophages, thereby reducing the proinflammatory 

cytokine burden on the host.

Similar numbers of DCs in non-mucosal tissues in germ-free and conventional mice suggest 

that the microbiome does not regulate DCs differentiation [24]. This contrasts with our data 

as we demonstrate an increase in splenic DCs in mice that were fed BF diet and 

administered LPS. However, animals that were fed HF diet did not demonstrate an increase 

similar to the BF diet mice suggesting that diet may indeed modulate the immune response. 

Two possible explanations are: a) the change in splenic DCs is microbiome specific, i.e., it is 

the presence of certain constituents of the microbiome that leads to a reduction in the splenic 

DCs, b) in germ-free mice the temporal differentiation and activation of DCs may be 

different, requiring a longer duration. In any case, taken together, our work suggests that 

there may be a more robust role for microbiota in shaping the host immune response to 

bacterial infections. The next few steps entail comparison of DCs from germ-free mice, 

microbiome replete, and conventional mice, and examining the key genes involved in the 

regulation of cytokines and chemokines production.

Natural Tregs (CD4+CD25+/− ) are derived from the thymus and comprise 5%–10% of 

CD4+ T cells in the peripheral circulation and lymphoid compartment [25, 26]. We 

demonstrated that the use of HF diet was associated with an increase in the suppressive 

capacity of Tregs isolated from the spleen as compared to BF-fed mice. Corroborative data 

was also obtained from CD4 cells as CD4+ T cells isolated from spleens of mice on BF diet 

still retain the capacity to secrete high levels of both pro and anti-inflammatory cytokines 

and chemokines, e.g., IL-6, IL-10, TNF-α and RANTES in contrast to T cells isolated from 

HF diet mouse.

LPS signals via the TLR-4/CD14 complex and further downstream activates inhibitors of 

IκB Kinase (IKK). IKK mediates phosphorylation of IκB, an inhibitor of the transcription 

factor NF-κB, which leads to IκB degradation through the proteasome pathways and enables 

NF-κB to translocate to the nucleus, resulting in proinflammatory cytokine gene expression 

[27]. In its active DNA-binding form, NF-κB is a dimer composed of members of the Relish 

(Rel) family [28]. Several studies have demonstrated the role of NF-κB activation and the 

subsequent pro-inflammatory cytokine expression leading to the development of sepsis-

induced organ failure [29]. Interventions that prevent NF-κB translocation to the nucleus or 

agents that block the nuclear localization sequence of the NF-κB dimer, not only decrease 

LPS induced expression of NF-κB–dependent pro-inflammatory genes but also result in 

diminished endotoxemia-induced organ dysfunction and death [28, 30]. Studies on animal 

models of sepsis-induced either by LPS injection or by CLP have demonstrated that 

inhibition of NF-κB protects the animals from sepsis lethality [31]. Furthermore, inhibition 

of NF-κB restored systemic hypotension and ameliorating septic myocardial dysfunction. In 

our study, use of a cellulose-rich diet was associated with a decrease in the nuclear 

accumulation, activation of NF-κB and expression of NF-κB-dependent pro-inflammatory 

cytokine expression, e.g., IL1-α, IL-β, MIP-1, and MIP-2. It is possible that the Tregs play a 

key role as their suppressive activity is amplified in HF diet mice as compared to BF diet 

mice.
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The anti-inflammatory effect of fiber supplementation has been investigated in patients with 

inflammatory bowel disease, and specific benefits were noted in particular cohorts [32]. For 

example, patients with ulcerative colitis who received germinated barley foodstuff in 

addition to the anti-inflammatory medication demonstrated better control of their disease 

along with a decrease in the systemic inflammatory cytokines [33]. Currently, clinical 

studies of sepsis patients do not account for which species are present in the gut at the time 

of disease. This is likely to change with the awareness that the commensal microbiota exerts 

previously unrecognized influences on immunity and inflammation. Fiber supplementation, 

by promoting the growth of bacteria that are considered pro-health influences the immune 

system and thus modulates the inflammatory response [6]. Our data have important 

therapeutic implications as it suggests that the systemic host antibacterial response may be 

governed by the gut microbiota. Moreover, the novelty of our work was the utilization of 

cellulose, a non-fermentable fiber, as a daily source of fiber. The fermentable fiber, e.g., 

pectin, have been extensively studied and its beneficial effect on the immune system well 

documented but very little data exist on the effects of cellulose in the gut microbiome and 

the immune response [34].

Based on our findings, there are important questions that still need to be addressed about the 

role of fiber in modulating the inflammatory response in sepsis. How does the fostering of 

the pro-health gut microbiome lead to systemic effects on the immune system? Are these 

effects long-lasting or transient? Finally, will these strategies work if deployed after the 

onset of sepsis? In conclusion, our data suggest that the use of HF diet is a novel, effective 

tool that inhibits the hepatic DNA binding activity of NF-κB, leading to a reduction in the 

pro-inflammatory cytokine response in a murine endotoxemia model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Cellulose supplementation decrease severity of systemic inflammation after 
endotoxin injection
Multiplex analysis of cytokines and chemokines of serum from 8 survivor mice at 24 and 72 

h post LPS injection was performed. Results are shown for mice fed BF and HF diets for 

two weeks prior to LPS injection. Each data point represents the mean ± S.E.M. of 8 mice 

for each group (*P ≤ 0.05 between control and endotoxemic diet mice; # P ≤ 0.05 between 

HF and BF-fed mice).
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FIGURE 2. High fiber intake decreased the number and activation of splenic macrophages and 
DCs
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(A) Twenty-four h or 72 h after endotoxin injection, the percentage of splenic macrophages 

was analyzed by flow cytometry. Data show mean ± SEM of n=8 surviving mice per group 

at each time point and are representative of at least three experiments. Seventy-two h after 

induction of endotoxemia, BF diet mice demonstrated a significant increase in the number of 

macrophages (22.4 ± 1.4% vs. 14.2 ± 1.3%; P ≤ 0.05), and a concomitant increase in the 

activation markers as compared to mice that were fed HF diet (38.2 ± 4.2% vs. 24 ± 3.2%; P 
≤ 0.05) (Fig. 2A) (B) Twenty-four h or 72 h after endotoxin injection, the percentage of 

splenic DCs was analyzed by flow cytometry. Data show mean + SEM of n=8 surviving 

mice per group at each time point and are representative of at least three experiments. At 72 

h after LPS administration, the proportion of CD40+, CD80+ DC cells was significantly 

lower in the HF diet mice as compared to the BF-fed mice (26.5 ± 3% vs. 42 ± 3.8%; P ≤ 

0.05) (Fig. 2B). (* indicates the presence of a significant difference when P ≤ 0.05 between 

HF and BF-fed mice).
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FIGURE 3. HF diet is associated with hyporesponsivess of T cells ex vivo
(A) Twenty-four h or 72 h after endotoxin injection, the percentage of splenic T cells was 

analyzed by flow cytometry. Data show mean ± SEM of n=8 surviving mice per group at 

each time point and are representative of at least three experiments. (B) In separate 

experiments, isolated splenic CD4 T cells from 8 mice that were fed either HF or BF diet 

were exposed overnight (16h) to LPS ex vivo. As compared to the BF diet mice, CD4T cells 

isolated from HF diet mice demonstrated a significant reduction in cytokines and 

chemokines secretion i.e. IL6, TNF-α, MIP-1a and MIP-1b. Each data point represents the 

mean ± S.E.M. of 8 mice for each group (*P ≤ 0.05 between control and endotoxemic diet 

mice; # P ≤ 0.05 between HF and BF-fed mice).
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FIGURE 4. HF diet supplementation amplifies the suppressive activity of Tregs in vitro
(A) Twenty-four h or 72 h after endotoxin injection, the percentage of splenic Tregs was 

analyzed by flow cytometry. Data show mean ± SEM of n=8 surviving mice per group at 

each time point and are representative of at least three experiments. (B) In vitro Tregs 

suppressive assay. Splenic Tregs were isolated from BF and HF diet-fed mice that were not 

exposed to LPS and co-cultured with CD3/CD28-stimulated syngeneic CD4 T cells at 

increasing dilution ratios (1:1–1:16) (* indicates the presence of a significant difference 

when P ≤ 0.05 between BF and HF-fed mice).
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FIGURE 5. NF-kB nuclear translocation and consequent activity is inhibited in liver of HF- fed 
mice
(A) Representative Western blot analysis of p65 nuclear translocation in liver protein 

extracts from BF and HF diet mice 24 h post LPS injection. Histone H3 and β-actin were 

used as loading controls. Proteins from 8 survivor mice were analyzed. (B) NF-kB DNA 

binding activity in liver nuclear extracts from BF and HF diet mice at 24 and 72 h post LPS 

injection. Each data point represents the mean ± S.E.M. of 8 mice for each group (* 

indicates the presence of a significant difference when P ≤ 0.05 between HF and BF-fed 

mice).
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