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Abstract

Objectives—Links between microbial alterations and systemic inflammation have been 

demonstrated in chronic disease, but little is known about these interactions during acute 

inflammation. This study investigates the effect of dietary supplementation with cellulose, a 

nonfermentable fiber, on the gut microbiota, inflammatory markers, and survival in two murine 

models of sepsis.

Design—Prospective experimental study.

Setting—University laboratory. Subjects: 6 week old male C57BL/6 wild-type mice.

Interventions—Mice were assigned to low-fiber (LF), normal-fiber (NF), or high-fiber (HF) 

diets with or without antibiotics for two weeks and then subjected to sepsis by cecal ligation and 

puncture (CLP) or endotoxin injection. Fecal samples were collected for microbiota analyses 

before and after dietary interventions.

Measurements and Main Results—Mice that received a HF diet demonstrated increased 

survival after CLP relative to mice receiving LF or NF diets. The survival benefit was associated 

with decreased serum concentration of pro-inflammatory cytokines, reduced neutrophil infiltration 

in the lungs, and diminished hepatic inflammation. The HF diet also increased survival after 

endotoxin injection. Bacterial 16S rRNA gene sequences from each sample were amplified, 

sequenced, and analyzed. Fiber supplementation yielded an increase in relative abundance of the 

genera Akkermansia and Lachnospiraceae, taxa commonly associated with metabolic health. 
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Administration of antibiotics to mice on the HF diet negated the enrichment of Akkermansia 
species and the survival benefit after CLP.

Conclusion—Dietary supplementation with cellulose offers a microbe-mediated survival 

advantage in murine models of sepsis. Improved understanding of the link between diet, the 

microbiota, and systemic illness may yield new therapeutic strategies for patients with sepsis.
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Introduction

The role of gut bacteria in modulating immune and inflammatory responses during sepsis 

has not been well studied. Important recent research has clearly shown that the microbiome 

typically plays a central role in the training and function of the host immune system (1). In 

times of health, the host-microbe relationship supports the appropriate response to pathogens 

and tolerance to commensals (1). However, disturbance of this relationship can clearly lead 

to significant local and systemic inflammation. The links between microbial disturbances 

and systemic inflammation have been well studied in the setting of chronic disease, e.g. 

obesity (2), inflammatory bowel disease (3), and HIV infection (4). In the setting of an acute 

insult such as sepsis, it is unclear whether the constituents of the gut microbiome can impact 

the inflammatory response and clinical outcomes.

Dietary modification is increasingly recognized as a relatively simple method of modifying 

systemic inflammation via changes in the gut microbiota (5, 6). In particular, dietary fiber 

possesses well documented anti-inflammatory properties that can be explained in part by 

fiber-induced effects on the microbiota (7–11). Fiber is typically divided into classes of 

fermentable and nonfermentable (resistant) fibers, and to date the anti-inflammatory 

potential of fermentable fibers have been best studied (10, 12). Elegant work in preclinical 

models has demonstrated how fermentable fiber supplementation can modify disease 

outcomes via microbiota-induced changes in production of specific anti-inflammatory 

metabolites (13, 14).

Although the mechanisms are not yet elucidated, recent evidence suggests that 

supplementation with cellulose, a nonfermentable fiber, also exerts protective anti-

inflammatory effects that may be mediated by the microbiome (15, 16). We hypothesized 

that cellulose supplementation would improve animal survival in murine models of sepsis by 

modulating the microbiome and decreasing systemic inflammation. We report that short 

term cellulose supplementation prior to a septic insult leads to a reproducible enrichment in 

protective gut microbial species and a survival benefit, and that these results are abrogated in 

the presence of antibiotics.
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Materials and Methods

Animal experiments

All animal experiments were performed with approval from the University of Pittsburgh 

IACUC, and care of the animals was in accord with NIH guidelines for animal treatment. 

Twenty four hours after arrival, C57BL/6 mice (6-8 weeks old) were randomized to receive 

chemically defined diets (DyetsInc, Bethlehem, PA) containing low (LF) fiber concentration 

(0.4%), normal (NF) fiber concentration (5%), or high (HF) fiber concentration (30%) (n=24 

in each group). The content of diets (Table S1 in supplemental digital content) was 

otherwise comparable although the HF diet contained fewer calories due to increased 

cellulose content. Mice were not pair fed but daily weights were monitored routinely. After 2 

weeks of the dietary intervention, sepsis was induced by cecal ligation and puncture (CLP) 

or endotoxin injection. In the CLP model, mice (n=24-38/group) were anesthetized with a 

2% isoflurane/oxygen inhalational gas and CLP was performed under aseptic conditions. A 

1 cm midline incision was made in the abdomen and the cecum was delivered into the 

wound, ligated 1 cm from the cecal tip using a single suture, and then punctured with a 

single pass of a 20-gauge hypodermic needle. The cecum was gently squeezed to extrude a 

small amount of feces from the perforation sites and returned to the peritoneal cavity. The 

laparotomy was closed with silk sutures. Sham controls were subjected to the same 

procedures but without ligation and puncture of the cecum. Tissue and blood samples were 

collected at 1, 4 and 7 days after CLP. Mice were weighed weekly. Fecal samples during the 

dietary intervention and cecal samples at sacrifice were collected for microbiome profiling.

In the endotoxemia model, mice (n=14/group) received an intraperitoneal injection of 

lipopolysaccharide (30 mg/kg Escherichia coli LPS, serotype 0127:B8; Sigma, St Louis, 

MO, USA). Fecal samples during the dietary intervention and cecal samples at sacrifice 

were collected for microbiome profiling. For experiments involving antibiotics (n=14 in 

each group), ampicillin (1 g/l; Sigma, St Louis, MO), neomycin (1 g/l; Sigma, St Louis, 

MO), metronidazole (1 g/l; Sigma, St Louis, MO), and vancomycin (0.5 g/l; Sigma, St 

Louis, MO) were each added to the drinking water. The amount of water intake was 

comparable in the different treatment groups.

Tissue myeloperoxidase assay

The myeloperoxidase (MPO) assay was performed as previously described, with minor 

modifications (17). Frozen lung tissue (50 mg) was homogenized in 1 ml of 0.5% hexa-

decyl-trimethyl-ammonium bromide dissolved in 10 mM potassium phosphate (ph 7.0) and 

centrifuged at 4,000 rpm for 30 min at 4° C. An aliquot of the diluted supernatant was 

allowed to react with 16 mM tetra- methyl- benzidine and 80 mM sodium polyphosphates 

(NaPP) (ph 5.5) for 5 minutes. Next, 0.004% H2O2 was added to each well for 3 minutes 

and the reaction was stopped with 500 ul of 2 M acetic acid. The rate of change of 

absorbance was measured by spectrophotometry at 650 nm, and data were expressed as the 

quantity of enzyme degrading 1 μmol of peroxide/min at 37° C in units per 100 mg weight 

of tissue.
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Hepatic Histology

Identical segments of liver and lung from each animal were rapidly harvested at sacrifice, 

fixed in 4% paraformaldehyde and embedded in paraffin. Tissue sections (5μm) were cut 

from the paraffin blocks and stained with hematoxylin and eosin. The tissue sections were 

examined under light microscopy by a senior independent pathologist (S.R.) blinded to 

experimental groups.

Multiplex cytokine assay

Serum was collected by centrifugation at 2000 g for 5 min at 4°C, aliquoted, and stored at 

-70°C until analysis. A multiplex cytokine assay (M60009RDPD Bio-Rad, Hercules, CA, 

USA) was performed in accordance with the manufacturer's instructions using the Luminex 

200 system instrument (Luminex Corporation).

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 in Caporaso et al. (18). All 

PCR amplicons were purified, quantified, and pooled in equimolar ratios as described in 

(19), with the exception that 30 PCR cycles were done. Sequencing was performed on the 

Illumina MiSeq.

QIIME (v1.9) was used to demultiplex raw sequence reads (20). 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”) (21). UCLUST was used to 

assign taxonomy to predicted OTUs, using the the green genes reference database (v13.8). 

Alpha and beta-diversity comparisons were performed using QIIME was and taxonomic 

summaries were generated with QIIME.

Comparison of sample composition and identification of statistically significant differences 

was performed with LEfSe using correction for independent comparisons (22). 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.

Statistical Analysis

Statistics are expressed as mean ± standard error of the mean (SEM) in all figures and tables. 

Kaplan–Meier survival curves were calculated for each treatment group, and differences 

between survival curves were analyzed by log rank tests (Sigmaplot 13.0, Systat Software, 

San Jose, CA, USA). Two-way analysis of variance (ANOVA) (Prism, Graphpad) was used 

to evaluate the effect of treatment on each immune parameter at each time point. When an 

independent variable had a significant P value, a posthoc t test with Bonferroni correction 

for multiple comparisons was performed.
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Results

Supplementation with cellulose reduces inflammation and improves survival after cecal 
ligation and puncture

Mice were fed with either NF, LF or HF diets for two weeks and then subjected to CLP. 

During the two week feeding period, weight gain was similar across all three groups 

(10-13% above baseline). Among mice that were fed NF diet, the first deaths after CLP 

occurred at 24 h and overall mortality after CLP was 80% at 96 h (Figure 1). Mice fed with 

LF diet demonstrated a similar mortality rate of 70% at 96 h after CLP. However, mice that 

were fed HF diet demonstrated a delay in the onset of death and a significant reduction in 

overall mortality (50% at 96 h) (P=0.026).

At one day after CLP, plasma concentrations of the pro-inflammatory cytokines tumor 

necrosis factor (TNF), interleukin (IL)-1ɑ and IL-1β and monocyte chemoattractant protein 

1 (MCP-1) were significantly lower in mice fed HF diet compared to LF and NF dietmice 

(P<0.05) (Figure 2A-D). IL-1ɑ and IL-1β concentrations were similar in LF and NF diet 

groups, but interestingly TNF and MCP-1 were highest in the LF diet animals. In all three 

groups, plasma concentrations of the pro-inflammatory cytokines normalized four days after 

CLP, at which point there was no difference between the three groups (P>0.05) (Figure 2).

At seven days after CLP in mice fed NF or LF diet, histologic examination of liver tissue 

sections revealed spotty hepatic necrosis, hemorrhage, neutrophilic infiltration, and 

ballooning degeneration (Figure 2E-F). Areas with portal vein congestion were also present. 

However, there was preservation of the hepatic architecture in HF diet mice with infrequent 

necrosis, reduction in inflammatory cell infiltration and decreased ballooning degeneration 

(Figure 2G). Preservation of pulmonary architecture was also seen at seven days 

(Supplemental Figure 1). Finally, we noted significantly lower MPO activity in the lung at 3 

and 6 h after CLP in HF diet mice relative to NF diet mice (P<0.05) (Figure 2H). MPO 

activity in mice fed NF and LF diet was comparable (data not shown). Taken together, we 

have demonstrated that mice on the HF diet had increased survival after CLP associated with 

decreased serum pro-inflammatory cytokine expression at 24 hours, fewer areas of hepatic 

injury, and a reduction in neutrophilic infiltration in the lung.

Fiber supplementation promotes growth of protective microbial populations

We employed bacterial 16S rRNA gene sequencing to profile the gut microbiota of animals 

in each group before and after the dietary interventions. We found no significant difference 

in alpha diversity (a metric of number of species present and their distribution) between 

initial samples and samples collected after two weeks of either LF, NF, or HF diets 

(observed species metric, nonparametric Monte Carlo test, 999 permutations, p-values > 

0.05). By contrast, we observed significant differences in community composition (beta 

diversity) of the samples in each treatment group after 2 weeks of dietary intervention. 

Principal Component Analysis of all samples (Figure 3A) clearly demonstrates that the 

initial samples and samples collected 2 weeks after introduction of the HF diet cluster 

separately within PCoA space. The NF and LF samples overlap significantly rather than 

forming discrete clusters.
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Specific genera enriched or depleted within experimental groups (Figure 3B) were identified 

using LEfSe. Notably we found that samples collected after 2 weeks of a HF diet were 

highly enriched with Akkermansia, a genus associated with metabolic health. They were 

similarly enriched with taxa from the family Lachnospiraceae, which contains beneficial 

anaerobes commonly found in the healthy colon. Interestingly, the NF and LF groups were 

each enriched with the genera Bifidobacterium, Allobaculum, and Enterococcus.

Antibiotic administration negates the protective effect of cellulose supplementation

To explore whether the protective effect of the high cellulose diet is mediated in part by the 

gut microbiota, we exposed animals in the HF and NF diet groups to broad spectrum oral 

antibioticsin their drinking water for 2 weeks prior to CLP. We found that the survival 

benefit conferred by the HF diet was completely lost in the presence of antibiotics, 

indicating that an intact microbiome is required for the protective effect provided by 

cellulose supplementation (P<0.05) (Figure 4A). PCoA plot of unweighted UniFrac 

distances between samples demonstrates that fecal microbial populations of animals exposed 

to antibiotics no longer segregate according to cellulose supplementation (Figure 4B). The 

previously observed enrichment of Akkermansia after HF diet was not observed in the 

presence of antibiotic administration (mean relative abundances HF v NF, 0.022 v. 0.001, 

respectively).

Fiber supplementation improves survival in endotoxemia sepsis model—
Finally, we sought to determine if the protective effect of a HF diet in a CLP model could be 

recapitulated in another model of sepsis, the murine endotoxemia model. To this end, mice 

fed with NF or HF diet for 2 weeks were administered intraperitoneal LPS (600 μg). Similar 

to the CLP cohort, approximately 80% of mice that were fed normal chow died within four 

days of LPS administration. In contrast, only 20% of mice fed a HF diet died after LPS 

administration (P<0.05) (Figure 5).

Discussion

Septic shock is a common cause of death among critically ill patients (23). There is growing 

recognition that the morbidity from sepsis may derive both from an over exuberant pro-

inflammatory response and/or an exaggerated anti-inflammatory response that creates a state 

of immunosuppression (24). Attempts to modulate outcomes and to identify predictive 

biomarkers after sepsis have generally considered the early pro-inflammatory state, but more 

recent studies have targeted anti-inflammatory mechanisms and the frequently observed 

post-sepsis state of immunosuppression. It has been suggested that establishing a heretofore 

undefined balance of pro- and anti-inflammatory mechanisms is a key to surviving sepsis. 

Host-specific variables such as age (25), gender (26), and preexisting comorbidities (27) 

have been shown to impact these processes.

It has been proven that the configuration of the gut microbiota can impact response to 

therapy in a range of clinical settings including diabetes (28) and cancer (29, 30). To date, 

however, clinical studies of sepsis to date have not accounted for the status of the gut 

microbiota, i.e. they have not accounted 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 

Morowitz et al. Page 6

Crit Care Med. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



previously unrecognized influences on immunity and inflammation. Indirect evidence that 

gut microbes impact survival after sepsis was provided by Johnson et al., who observed 

decreased risk-adjusted survival in patients receiving antibiotics in the 90 days prior to ICU 

admission for sepsis (31). In parallel, compelling work in animal models has demonstrated 

that the commensal microbiota can sharply impact the systemic response to bacterial 

infection and susceptibility to sepsis (32–35). Thus far, this work has focused upon innate 

immune responses, e.g. neutrophil homeostasis and production of reactive oxygen species, 

rather than the adaptive response. Taken together, these results suggest that specific 

organisms that are present in a specific patient at a particular point in time could impact the 

response of that patient to a septic insult.

Diet represents a powerful link between the gut microbiota and immune function (5, 6), and 

it appears that this relationship has relevance for survival in sepsis. Several groups have 

demonstrated that mice on a high fat diet experience increased mortality and organ 

dysfunction relative to controls in CLP and other murine models of sepsis (36–38). In 

humans, population-based studies indicate that a high-fat diet is associated with an increased 

lifetime risk of sepsis and increased biomarkers of inflammation (39, 40). These findings 

suggest that an individual's baseline characteristics, including the status of the microbiota, 

can impact the risk of experiencing adverse clinical outcomes.

In this study, animals receiving cellulose supplementation were partially protected against 

systemic inflammation and death in two murine models of sepsis. Previous work by Peck et 

al. demonstrated that calorie restriction improves survival in mice challenged with S. 
typhimurium (41). However, mice in that study lost 30% weight after three weeks of caloric 

restriction. In contrast, the average weight gain in mice in our study was 10-13% in all three 

groups. Specifically, the weight gain in the HF and NF diet mice was comparable (10.1 vs. 

10.5%). Thus it is unlikely, that restriction of calories explains the significant reduction in 

overall mortality. Animals in this study also sustained clear changes in the gut microbiota, 

notably an enrichment for Akkermansia. This anaerobic organism is a commonly observed 

member of the human and rodent gut microbiome, and its abundance in humans has been 

inversely correlated with body weight (42) and inflammatory activity in IBD (43). Several 

reports have shown that expansion of A. muciniphilia populations is associated with 

improved glucose and adipose tissue metabolism, improved gut barrier function, and 

decreased systemic inflammation in mice and humans (44–47). These studies have also 

demonstrated that dietary supplementation with an oligofructose prebiotic reproducibly 

increases the abundance of A. muciniphilia, and that administration of A. muciniphilia to 

animals holds promise as a therapeutic strategy in diabetes, metabolic syndrome, and 

obesity.

Our data suggest that the protective effects of cellulose supplementation are microbiota-

dependent, as the effects were abrogated in the presence of antibiotics. A simple potential 

explanation for this protection is that the organisms causing peritonitis in the CLP model are 

less virulent after fiber supplementation, but this would not explain the protective effect in 

the endotoxemia model which does not involve fecal spillage. Therefore, we favor the 

explanation that fiber supplementation alters the microbiota and host physiology such that it 

becomes possible to respond to injury with an appropriate inflammatory response 
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compatible with survival. The details of this response must yet be clarified. It is possible that 

improved understanding of the link between diet, the microbiota, and systemic illness can 

yield new diet-based therapeutic strategies for patients suffering from sepsis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cellulose supplementation increases survival after cecal ligation and puncture. Shown are 

Kaplan-Meier survival curves for mice fed LF, NF and HF diets for two weeks prior to CLP 

(n=24 in each group). Survival was significantly increased in HF diet mice relative to NF 

and LF diet mice (*, P =0.026; log-rank analysis).
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Figure 2. 
Cellulose supplementation dampens the severity of systemic inflammation after cecal 

ligation and puncture. Shown are results for mice fed LF, NF and HF diets for two weeks 

prior to CLP or sham surgery. (A-D) Plasma concentrations at 1 day and 4 days after CLP 

are shown for TNFα (A), IL-1ɑ (B), IL-1β (C), and MCP-1 (D) are shown. Each data point 

represents the mean ± S.E.M. of 6 mice for each group. (*Represents P < 0.05 versus sham 

mice; # represents P < 0.05 versus mice fed with NF and LF diet and subjected to CLP) (E-

G) Representative hepatic sections from NF, LF, and HF diet mice that were sacrificed 7 

days after CLP. NF and LF diet mice demonstrate spotty hepatic necrosis, hemorrhage, 

neutrophilic infiltration and ballooning degeneration (E-F; bold arrows). In contrast, HF diet 

fed mice demonstrated a preservation of the hepatic architecture with infrequent necrosis, 

reduction in inflammatory cell infiltration and decreased ballooning degeneration (G). (H) 

MPO, an enzyme present in neutrophils, was measured as an index of neutrophil infiltration 

into the pulmonary tissue at 3 and 6 hours after CLP in the NF and HF diet mice. Each data 

point represents the mean ± S.E.M. of 6 mice for each group.(*Represents P < 0.05 versus 
sham mice; # represents P < 0.05 versus mice fed with NF and subjected to CLP).
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Figure 3. 
Microbial diversity before and after dietary fiber supplementation with cellulose. Fecal 

samples were collected from animals before or after 2 weeks on a low (LF), normal (NF), 

and high fiber (HF) diet. (A) Principal coordinate analysis plot of weighted UniFrac 

distances between samples from the four groups. (B) Relative abundance of microbial taxa 

predicted to be enriched or depleted following cellulose supplementation. LEfSe was used to 

identify biomarkers (p<0.05) for either the initial, LF, NF, or HF sample groups. Taxa 

displayed here are those with high relative abundance across sample groups (> 0.01).
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Figure 4. 
Antibiotic treatment reverses the benefits of cellulose supplementation. (A) Kaplan-Meier 

survival curves for mice fed NF and HF diets in the presence of antibiotics and subjected to 

CLP (n=14 in each group). HF diet fed mice had a significant (*, P < 0.05; log-rank 

analysis) difference in survival compared with NF diet fed mice, but this protective effect 

was completely lost in the presence of antibiotics (*, P > 0.05; log-rank analysis). (B) 

Changes in cellulose-induced microbiota changes in the presence of antibiotic therapy. Fecal 

samples were collected from animals before or after 2 weeks on a NF or HF diet, with or 

without treatment with broad-spectrum antibiotics. The principal coordinate analysis plot of 

weighted UniFrac distances between samples demonstrates that the tight clustering of HF 

samples is no longer observed in the presence of antibiotics.
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Figure 5. 
Cellulose supplementation increases survival in murine model of endotoxemia. Kaplan-

Meier survival curves for mice fed NF and HF diets and injected with LPS for induction of 

sepsis. HF diet fed mice had a significant (*, P < 0.05; log-rank analysis) difference in 

survival compared with NF diet fed mice.
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