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Abstract

Objective—Visceral adipose tissue is a major site for expression of pro-inflammatory and pro-

coagulant genes during acute systemic inflammation. In this study, we tested whether loss of fat 

mass by dietary restriction (DR) would remove the major source of these factors resulting in 

improved tolerance to sepsis and endotoxemia.

Design—Prospective, laboratory controlled experiments.

Setting—Aging and Critical Care Research Laboratory in a university hospital.

Subjects—Middle-aged (12 month-old) male C57BL/6 mice.

Interventions—Mice were subjected to 40% DR for three weeks followed by induction of 

abdominal sepsis or endotoxemia by intraperitoneal injection with cecal slurry or 

lipopolysaccharide (LPS), respectively.

Measurements and main results—Compared to freely-fed mice, DR mice exhibited 

dramatically improved survival (80% vs 0% after sepsis, p<0.001;86% vs 12%after endotoxemia, 

p=0.013) and significantly reduced visceral fat-derived mRNA expression of interleukin-6 (IL-6), 

thrombospondin-1, plasminogen activator inhibitor-1, and tissue factor which positively correlated 

with fat mass. Plasma levels of IL-6 were significantly reduced by DR and correlated with adipose 

IL-6 mRNAlevels and fat mass (p<0.001, R2=0.64 and 0.89). In vitro culture of visceral fat 

explants from naïve DR mice showed significantly reduced IL-6 secretion compared to that from 
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freely-fed mice in response to LPS. Analysis of major adipose immune cell populations by flow 

cytometry demonstrated that macrophages were the only cell population reduced by DR and that 

CD11c+/CD206+ (M2-type) and CD11c-/CD206- (double negative) macrophages, in addition to T 

cells, are the major immune cell populations that produce IL-6 in middle-age during systemic 

inflammation.

Conclusions—Short-term DR drastically improved the survival outcome of middle-aged mice 

during both polymicrobial sepsis and sterile endotoxemia. Improved survival was accompanied by 

a significantly attenuated inflammatory response in adipose tissue, which is likely due to 

alterations of both fat mass quantity and qualitative changes including a reduction in macrophage 

populations.
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Introduction

Visceral adipose tissue is a major source of pro-inflammatory and pro-coagulant factors 

during acute systemic inflammation. We recently reported increased expression of pro-

inflammatory cytokines TNFα, IL-1α, IL-1β, and IL-6, and pro-coagulant factors 

plasminogen activator inhibitors (PAI)-1 and -2, thrombospondin-1 (Thbs-1), and tissue 

factor (TF) in visceral adipose tissue of normal-weight mice under acute systemic 

inflammation (1). We further showed that degree of induction of most of these factors was 

significantly augmented in adipose tissues with age, and that these adipose factors are 

mainly produced by stromal vascular fraction (SVF) cells, rather than adipocytes (1). Within 

the SVF, which includes various immune cells as well as preadipocytes and vascular cells, it 

is largely unknown which specific cell types produce the above inflammatory and pro-

coagulant genes during acute systemic inflammation.

Caloric or dietary restriction (DR) is a well-established and heavily studied area of research 

best known for its effects on lifespan extension of laboratory animals (2, 3). DR has also 

been shown to improve resistance to various acute stressors including surgical trauma, 

exposure to heat, and response to toxic drugs (4). DR studies are typically carried out over 

long periods of time (several months to years), however, the potential benefits of short-term 

DR have recently become of interest (5). In fact, surgical patients have shown postoperative 

benefits by short term preoperative reduced caloric intake (6). Despite the obvious decrease 

in fat mass due to DR, the effects of DR on adipose tissue physiology and the benefit of 

these changes in modulating response to acute illness are not well studied.

In the current study, we hypothesized that a reduction of fat mass in normal weight middle-

aged mice would lead to an improved outcome with respect to survival and adipose tissue 

physiology during acute systemic inflammation induced by endotoxemia and experimental 

sepsis. The major objectives of this study were to: (1) examine the effects of short-term 

dietary restriction (DR) on sepsis-mediated mortality, (2) correlate an altered pro-

inflammatory and pro-coagulant profile of adipose tissue with improved outcome during 
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acute systemic inflammation, and (3) identify changes in immune cell populations in adipose 

tissue during DR.

Materials and Methods

Animals and Husbandry

Twelve month-old male C57BL/6 mice were obtained from the National Institute on Aging. 

These mice are the human equivalent of a 40-45 year old person (7). All mice were 

maintained in an environment under controlled temperature (21–23°C), humidity (30–70%), 

and lighting (14 hours light/10 hours dark) with free access to drinking water and chow 

(Rodent Diet No. 2500, LabDiet, St. Louis, MO) prior to experimentation. All procedures 

were approved by the Institutional Animal Care and Use Committee at the University of 

Kentucky and performed in accord with the National Institutes of Health guidelines for 

ethical animal treatment.

Dietary restriction

Short-term dietary restriction (DR) was achieved by restricting food intake by 40% for a 

period of approximately three weeks. All mice were fed ad libitum (AL) for one week, and 

food consumption monitored for each cage. Subsequently, mice were assigned to either the 

DR or AL group, and the DR mice received 40% less food each day than their average daily 

food intake for the previous week. This method of DR, when carried out for long periods of 

time, has proven to extend the lifespan of laboratory animals without causing undernutrition 

(8). All mice were weighed daily immediately prior to feeding. Lean and fat mass of each 

mouse were measured by EchoMRI Body Composition Analyzer (EchoMRI LLC, Houston, 

TX) before and after three weeks of DR.

Induction of abdominal sepsis and endotoxemia

Acute polymicrobial abdominal sepsis was induced by intraperitoneal (i.p.) injection with 

the minimum lethal dose (LD100) of cecal slurry (CS), prepared as we recently described in 

detail (9). Acute systemic inflammation was induced by injection with lipopolysaccharide 

(LPS) derived from Pseudomonas aeruginosa (Sigma-Aldrich, St. Louis, MO). LPS was 

dissolved in physiological saline and administered i.p. with a dose of 2.5mg/kg as used in 

previous studies (1, 10-12). The dose of LPS given to DR mice was calculated based on 

original body weight prior to weight loss. Body temperature, as a measure of disease 

severity (13), was monitored by rectal temperature probe (Precision Thermometer 4600, YSI 

Inc., Yellow Springs, OH). Surviving animals were euthanized after being monitored for at 

least 10 days. For plasma analysis in survival study mice, 30μL of blood was drawn from the 

tail vein. For tissue harvesting, separate mice were injected with LPS and sacrificed 6h later 

as follows. Mice were deeply anesthetized by isoflurane inhalation, laparotomy was 

performed and blood was collected from the inferior vena cava with a heparin-coated needle 

and syringe. Subsequently, the inferior vena cava was cut, and the entire vasculature was 

perfused with saline through the cardiac ventricles, for the purpose of eliminating circulating 

cells from tissues to be analyzed. Epididymal adipose tissues were harvested, weighed, flash 

frozen in liquid nitrogen, and stored at -80°C.
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RNA isolation, sample preparation and quantitative real-time RT-PCR

Frozen epididymal adipose tissues were homogenized with TRIzol reagent (Invitrogen, 

Carlsbad, CA) and total cellular RNA was purified using PureLink RNA Mini Kit (Life 

Technologies, Grand Island, NY). The concentration of the RNA was determined by 

measuring the absorbance at 260 and 280 nm using a NanoDrop ND-1000 (NanoDrop 

Technologies, Wilmington, DE) and integrity was confirmed through visualization of 18S 

and 28S RNA bands using an Agilent 2100 Bioanalyzer (Aligent Technologies, Santa Clara, 

CA). Equivalent amounts of RNA were reverse-transcribed into cDNA using SuperScript III 

First-Strand Synthesis SuperMix (Life Technologies) according to the manufacturer's 

protocol. Primers were designed using the Universal ProbeLibrary (Roche Applied Science, 

Indianapolis, IN) and purchased from Integrated DNA Technologies (Coralville, IA). The 

qRT-PCR reaction was performed on Roche Light Cycler 480 using the hydrolysis probe 

format with LightCycler 480 Probes Master mix. Target gene expression was normalized to 

hypoxanthineguanine phosphoribosyl transferase (HPRT) expression as an endogenous 

control, and fold change was calculated as 2-(ΔΔCT), using the mean ΔCT of the AL group 

as a calibrator.

In vitro adipose tissue explant culture

Explant culture of adipose tissue was performed as we recently described (12). Briefly, 

epididymal adipose tissues were cultured in vitro, treated with LPS (10 μg/mL), and the 

culture medium sampled at designated time points. After the final sampling, adipose tissue 

fragments were collected for determination of DNA content.

Plasma and culture medium cytokine analysis

Plasma samples were obtained by centrifugation of blood at 2,500 × g for 15 minutes at 4°C 

and stored at -80°C until use. Plasma and culture medium were analyzed in duplicate by 

enzyme-linked immunosorbent assay (ELISA) for quantification of IL-6 (Thermo Scientific, 

Rockford, IL), PAI-1 (Molecular Innovations, Novi, MI), leptin and adiponectin (R&D 

Systems, Minneapolis, MN) using the protocols recommended by the manufacturer. In 

addition, multiplex assay was performed to quantify the plasma concentrations of TNFα, 

IL-1β, and IL-10 (Luminex, Life Technologies, Grand Island, NY). Culture medium 

cytokine data was adjusted by the DNA content of adipose tissues in each sample.

Stromal vascular fraction (SVF) cell isolation

SVF cells from epididymal adipose tissue were purified as we previously described (1, 14). 

Red blood cells were lysed from pelleted cells and remaining cells were washed with Cell 

Staining Buffer (BioLegend, San Diego, CA), passed through a 70μm cell strainer, and 

counted using a hemocytometer.

Analyses of immune cell populations by flow cytometry

Purified SVF cells were blocked with anti-mouse CD16/32 antibody for 10 minutes on ice. 

For analysis of immune cell populations, cells were further incubated for 30 minutes on ice 

in the dark with the following anti-mouse antibodies obtained from BioLegend: APC-

CD11b, APC-Cy7-CD11c, PE-CD206 or PE/Cy7-CD206, PerCP/Cy5.5-Ly6G, FITC-CD3, 
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PerCP/Cy5.5-CD19, APC/Cy7-NK1.1. After antibody conjugation, cells were washed with 

Cell Staining Buffer and analyzed on a Becton-Dickinson LSRII analytical flow cytometer. 

For analysis of intracellular IL-6, purified SVF cells obtained by pooling the SVF of two AL 

mice were incubated with 1× Brefeldin A solution (BioLegend) for 4h in culture medium at 

37°C. Blocking and cell surface staining were performed as described above followed by 

fixation and permeabilization using Fixation/Permeabilization Reagents and the protocol 

recommended by the manufacturer (eBioscience, San Diego, CA). Intracellular staining of 

IL-6 was performed using anti-mouse PE-IL-6 and negative control (PE-Rat IgG1, κ Isotype 

control). Cells were analyzed using iCyt Synergy Cell Sorter (Sony Biotechnology San Jose, 

CA). Analysis of flow cytometry data was performed using FlowJo data analysis software 

(FlowJo, LLC, Ashland, OR).

Statistical Analysis

Statistical analysis was performed using SigmaPlot Statistical Software, Version 11.0 (Systat 

Software, Chicago, IL). Survival curves were analyzed by Kaplan Meier LogRank test. For 

all other comparisons, data are expressed as means and standard deviations, and statistical 

significance was analyzed by student's t-test or two-way analysis of variance when 

appropriate. Post-hoc analysis was carried out using Holm-Sidak method. A p value less 

than 0.05 was considered statistically significant.

Results

Analysis of body weight loss and body composition changes during dietary restriction

Mice were randomized into freely-fed (ad libitum, AL, n=10) and 40% dietary restricted 

(DR, n=10) groups, and DR was carried out for approximately 3 weeks. Initial body weight 

of the two groups was not significantly different (36.5 ± 2.2 and 35.1 ± 1.9, p=0.179). While 

AL mice maintained their body weight with no significant change, DR mice lost on average 

25.1% of their original body weight (9.0 ± 1.0g grams lost, p<0.001, compared to pre-diet 

weight)during the 3 weeks (Fig. 1A). Body composition analysis by EchoMRI showed a 

significant decrease in total body fat by DR (p<0.001) and a significant difference in total 

body fat mass between AL and DR mice after the DR period (p=0.007, Fig. 1B). Lean mass 

was not significantly changed by DR (p=0.140). Epididymal fat pads were significantly 

smaller in DR mice compared to AL mice (p<0.001, Fig. 1C); retroperitoneal fat also 

showed reduced size by DR (data not shown). These data confirm that short-term DR led to 

a significant reduction in total body fat mass while lean mass remained largely unaffected.

Animals are rescued from lethal polymicrobial sepsis and endotoxemia by dietary 
restriction

In a separate experiment, mice were again randomized into AL and 40% DR groups, and DR 

was carried out for 3 weeks prior to induction of experimental sepsis by injection with the 

minimum LD100 of cecal slurry (CS, 200 μL). While 100% of AL animals died, DR resulted 

in only 20% mortality (p<0.001, Fig. 2A). Degree of acute hypothermia was not 

significantly different between the two groups during the first 6h after CS injection; 

however, DR mice started to recover their body temperatures by 12h which led to a 

significant difference in body temperature between AL and DR mice at 12h and 24h (p 
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<0.001, Fig. 2B). Plasma IL-6 concentration 6h after sepsis induction, a well-known 

predictive marker of mortality (15), was significantly reduced by DR (p<0.001, Fig. 2C), 

and strongly correlated with improved survival.

To examine whether the DR-mediated survival benefit was due to improved immune 

function, we further tested whether DR would rescue mice during sterile endotoxemia. LPS 

(2.5 mg/kg) was injected to AL and DR mice based on original (pre-diet) body weight. DR 

resulted in a significant improvement in survival rate: 88% for DR vs 14% for AL (p=0.013, 

Fig. 2D). Similar to CS-induced sepsis, acute hypothermia was not significantly different 

between the two groups for the first 6h after LPS injection; however, between 12 and 24h, 

the body temperature of AL mice continued to decline while DR mice maintained their body 

temperature which led to a significant difference in body temperature between AL and DR 

mice at 12h and 24h (p=0.015 and <0.001, respectively, Fig. 2E). Plasma IL-6 concentration 

6h after LPS injection was also lower in DR mice (p<0.01, Fig. 2F).

Altered gene expression of pro-inflammatory and pro-coagulant factors in adipose tissue 
from dietary restricted mice during endotoxemia

Since DR seemed to have equally beneficial effects on survival in both CS-induced sepsis 

and LPS-induced endotoxemia models, we characterized changes in adipose tissue gene 

expression using only the LPS model. We previously reported that pro-inflammatory factors 

TNFα, IL-1α, IL-1β, and IL-6, and pro-coagulant factors thrombospondin-1 (Thbs-1), 

PAI-1, PAI-2, and tissue factor (TF) are significantly induced in adipose tissues during 

endotoxemia (1). Here, we assessed the effects of DR on LPS-induced expression of these 

genes (Fig. 3). Relative mRNA levels of IL-6, Thbs-1, PAI-1, and TF were significantly 

reduced more than 2-fold in the DR group (p<0.001), while TNFα, IL-1α, IL-1β, and PAI-2 

were either slightly increased (< 2-fold) or not changed by DR. Expression levels of the four 

genes (IL-6, Thbs-1, PAI-1, TF) which were reduced by DR positively correlated with 

weight of the epididymal fat pads (eFat) (Fig 4).

Plasma protein analysis of dietary restricted versus ad libitum-fed mice during 
endotoxemia

Circulating concentration of IL-6 was significantly induced by LPS in AL-fed mice (0.1 

± 0.2to 271.8 ±127.9 ng/mL, p<0.001). In contrast, only some DR mice exhibited increased 

IL-6 levels by LPS, thus average induced level of IL-6 in DR mice was significantly lower 

(0.5 ± 0.9 to 24.8 ±32.5 ng/mL, p=0.26). Induced plasma concentration of IL-6 at 6h was 

more than 10-fold lower in DR compared to AL mice (p=0.008, Fig. 5A). Circulating IL-6 

concentration showed a strong positive correlation with adipose tissue mRNA level of IL-6 

(R2=0.64, Fig. 5B) and epididymal adipose tissue weight (R2=0.89, Fig. 5C) confirming that 

visceral adipose tissue is a major source of this cytokine. Plasma concentration of PAI-1 was 

significantly increased by LPS in both AL and DR mice (Fig. 5D, 609.8 ± 165.9 and 555.6 

± 83.7 ng/mL at 6h, respectively, p<0.001 for both groups); however degree of induction 

was not significantly different between the two groups (p=0.53). Plasma PAI-1 concentration 

of non-injected control AL and DR mice was below the detection limit of the assay. Plasma 

PAI-1 showed a very weak positive correlation with both mRNA level (Fig 5E, R2=0.19) and 

epididymal fat weight (Fig 5F, R2=0.05), indicating a significant contribution to circulating 
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PAI-1 levels by non-adipose tissues. In addition to IL-6 and PAI-1, plasma levels of 

adipokines, adiponectin and leptin, pro-inflammatory cytokines, TNFα and IL-1β, and anti-

inflammatory cytokine IL-10 were evaluated (Fig 6). LPS-mediated induction of leptin and 

IL-1β were blunted by DR, while TNFα and IL-10 showed no difference between AL and 

DR mice. Adiponectin was significantly reduced by DR with a slightly more profound 

reduction in the DR group.

IL-6 release from in vitro cultured adipose tissue is substantially reduced by dietary 
restriction

To further examine whether cytokine production by adipose tissue is suppressed by DR, 

equal sized pieces of epididymal adipose tissues were harvested from naïve AL and DR 

mice and cultured in vitro. Cultures were treated with LPS and the medium sampled at 

designated time points for analysis of IL-6. Control cultures received an equal volume of 

vehicle (PBS) which did not stimulate cytokine secretion in either group. IL-6 secretion was 

detectable as early as 3h after LPS treatment in adipose tissues from both groups, and a 

significant difference in IL-6 secretion between AL and DR mice was observed for each 

time-point from 3-24h. Approximately 45 ng of IL-6 per μg of adipose tissue DNA was 

secreted into the medium by LPS-treated adipose tissues from AL mice over a 24h period, 

while less than 15 ng of IL-6 per μg of DNA was secreted into the medium by LPS-treated 

adipose tissues from DR mice (Fig. 7). These data clearly indicate that LPS-induced IL-6 

production occurs within adipose tissues (independent of systemic inflammation), and that 

the actions of DR to suppress IL-6 production are mediated by resident adipose cells.

Macrophage populations are reduced in the stromal vascular fraction of adipose tissue by 
dietary restriction

To determine whether resident immune cell populations in adipose tissue are altered by 3 

weeks of DR, we purified SVF cells from epididymal adipose tissues of naïve DR and AL 

mice and compared their major cell populations by flow cytometry. The gating strategy for 

myeloid cells and lymphoid cells is depicted in Figure 8A. Among major types of immune 

cells including, neutrophils (CD11b+/Ly6G+), macrophages (CD11b+/Ly6G-), NK cells 

(CD3-/NK1.1+), T cells (CD3+), and B cells (CD19+), only macrophages showed a 

significant decrease in abundance after DR (p<0.001, Fig. 8B). Other cell types showed no 

significant change in abundance. We further delineated macrophage subpopulations by the 

markers CD11c and CD206 as previously described (16, 17). Resident (M2-type, CD11c-/

CD206+) and double negative (DN, CD11c-/CD206-) are the major macrophage 

subpopulations present in adipose tissue of middle-aged mice. Compared to AL, adipose 

tissues of DR mice showed reduced numbers of M2, DN and double positive (DP, CD11c+/

CD206+), but not M1-type (CD11c+/CD206-) macrophages (p=0.004, 0.004, 0.005, and 

0.18, respectively, Fig. 8C).

Identification of IL-6 producing immune cells in adipose stromal vascular fraction

We previously reported that LPS-induced IL-6 is predominately expressed by SVF cells of 

adipose tissue rather than adipocytes (1); however, the exact cell types among the SVF 

which produce IL-6 in mice under acute systemic inflammation was not determined. By 

purifying SVF cells from epididymal adipose tissue of LPS-injected middle-aged AL mice, 
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we show that the major IL-6 producing immune cells are macrophages (CD11b+/Ly6G-) and 

T cells (CD3+)(Fig. 8D). A small amount of neutrophils were positive for IL-6, while IL-6 

was not detected in B cells or NK cells. Among macrophage subtypes, M2 (CD11c-/

CD206+) and DN (CD11c-/CD206-) showed by far the most IL-6 positive cells (Fig. 8E).

Discussion

This study is the first to demonstrate a dramatic improvement in survival rates during 

polymicrobial sepsis and endotoxemia by short-term dietary restriction (DR). Additionally, 

this study is the first report of improved adipose tissue physiology in mice with acute 

systemic inflammation under DR as short as 3 weeks. Since adipose tissue is a major source 

of multiple inflammatory cytokines and thrombotic factors during acute inflammation, 

preventing unnecessary overproduction of these factors by DR appears to significantly 

enhance survival during sepsis and endotoxemia. While DR is unlikely to be a clinically 

relevant therapeutic approach for sepsis, understanding the specific aspects of DR which are 

beneficial for survival during acute stress may lead to future therapeutic or preventative 

targets for patients.

Results from previous studies attempting to evaluate effects of DR on sepsis outcome are 

contradicting and inconclusive. Early studies by Kang et al. reported increased mortality 

after CLP-induced sepsis in mice under 50-75% DR compared to AL mice (18, 19). Another 

study by Bermudes et al. reported significantly higher mortality to CLP in mice under a 72-

hour-long fast compared to non-fasted mice (20). The dietary regimens used in these studies 

are extremely harsh and probably more harmful than beneficial for lean young mice. Sun et 
al. (21) found that 40% DR accelerated mortality of mice after CLP-induced sepsis while 

Hasegawa et al. (22) reported a reduced mortality in alternate-day fed mice as compared to 

AL; however, these two studies reported survival of animals for up to 48h only, and thus the 

effects of DR on final survival rates of sepsis were inconclusive. An earlier study by Peck et 
al. evaluated the effects of 50%DR in combination with different protein amounts on A/J 

mice survival after induction of bacteremia by Salmonella (23). This study found a tendency 

toward increased survival rates by DR although the data largely varied by different protein 

contents. Although none of these studies investigated the changes in adipose tissues by DR, 

it is possible that these studies did not find clear benefits of DR because very young lean 

mice were used. Our study provides important information in addition to these previous 

studies, in that just 3-weeks of 40% DR proved to dramatically increase survival to both 

polymicrobial sepsis and sterile endotoxemia. Increased survival by DR in the endotoxemia 

model suggests that the beneficial effects of DR are not likely due to improved immune 

function to eliminate bacteria since this model does not involve live bacteria. Further, this is 

the first study to investigate DR-mediated changes in adipose tissue gene expression in mice 

under acute systemic inflammation and correlate those with improved survival. Thirdly, we 

used non-obese mature middle-aged mice, which are an age-group much more represented 

in the clinical population of sepsis patients. Since middle-aged mice have more abdominal 

fat than lean young mice, it is possible that their benefit from DR was more pronounced.

Among the various fat depots within the body, visceral adipose tissue has become 

recognized as the “bad fat” for a number of reasons. Most notably, its ability to produce and 
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secrete a variety of inflammatory cytokines and hormones, and its multiple anatomical 

locations within the viscera contribute to this reputation (24-27). In addition to location, 

there are multiple suggestions that it is the quality of the adipose tissue rather than the 

quantity which contributes most to adipose tissue hyper-inflammation or dysfunction (11, 

12, 28-31). For example, in our recent study using explant cultures of adipose tissue from 

young (4-month) and aged (24-month) mice, LPS treatment induced a stronger 

inflammatory response in tissues taken from aged mice, indicating that aged fat, regardless 

of quantity or systemic contribution from the aging body, is prone to an exaggerated 

inflammatory response upon acute insult (12). In the current study we show that both 

quantity and quality play a role in the improved adipose tissue inflammatory and coagulant 

profile mediated by DR. LPS-induced expression levels of IL-6, Thbs-1, PAI-1, and TF in 

epididymal adipose tissue were significantly reduced by DR. Since these data were based on 

the comparison of equal amounts of mRNA from adipose tissue of AL vs DR mice, the 

results clearly indicate that the observed gene expression changes are due to a reduced 

inflammatory nature by DR and not necessarily reflective of total fat mass. In addition, we 

found a strong positive correlation between fat mass and gene expression levels, suggesting 

that the degree of fat mass reduction has an influence on alterations in inflammatory nature. 

Taken together, adipose tissues from DR mice produce significantly lower levels of certain 

cytokines and pro-coagulant factors regardless of total fat mass, indicative of qualitative 

changes within adipose tissue by DR; however, total amount of fat mass would also 

contribute.

Our conclusion may seem contradictory to recent clinical data in which lower mortality rates 

have been observed for overweight and obese critically ill patients compared to those with a 

normal BMI. Coined the “obesity paradox”, this clinical observation is only an association 

and several studies in this area have led to mixed results. A recent systematic review of 

relevant literature specific for sepsis (32) found that more studies have reported no 

association between sepsis mortality and obesity (33-35) or an increase in mortality in obese 

patients (36), than those that have reported decreased mortality with obesity (37-39). Thus 

the current data regarding whether or not obesity is protective during sepsis are inconclusive.

TNFα, IL-1β and IL-6 are major players in mediating a variety of cellular responses during 

acute stress and sepsis. Each of these cytokines is expressed in adipose tissue to some degree 

and show significantly augmented levels during systemic inflammation (1, 40). Here we 

report that among these cytokines, only IL-6 shows reduced mRNA levels in adipose tissue 

by DR. This pattern of expression is well reflected in the plasma levels of IL-6 during sepsis 

and endotoxemia, which is convincing because IL-6 expression under acute stress is 

predominately derived from adipose tissue (11). On the contrary, the effects of DR on 

induced adipose tissue mRNA levels of TNFα and IL-1β were not similar to plasma levels of 

these cytokines; this is likely due to the fact that these two factors are derived largely from 

the lung and spleen with relatively low levels in adipose tissue (12). TNFα mRNA was 

modestly increased in the DR group (less than 2-fold), and IL-1β and IL-1αmRNA also 

tended to be increased by DR though the change was not significant. LPS-induced 

circulating levels of TNFα, IL-1β, and IL-6 were previously shown to be blunted by 40% 

DR in young mice (41). Our analysis confirms these findings in middle-aged mice with a far 

greater fold reduction in levels of IL-6 and IL-1β. Plasma levels of TNFα were not different 
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by DR in our study; however, we only measured plasma levels 6h after LPS. While 

Matsuzaki et al. propose that decreased levels of these cytokines in the DR group are due to 

decreased synthesis and secretion by macrophages, Vega et al. reported no difference in 

TNFα or IL-6 secretion from isolated peritoneal macrophages of AL vs DR middle-aged 

mice (42). Secretion of IL-1β from macrophages was blunted by DR in their study. 

Collectively, these data suggest that circulating levels of IL-1β may be largely derived from 

non-adipose macrophages, while IL-6 is mostly derived from adipose stromal cells. Levels 

of TNFα seem unrelated to either macrophages or adipose cells.

Adipose tissue macrophages (ATMs) are suspected to be the major source of multiple 

cytokines including IL-6 in obesity and chronic inflammation (31); however the roles ATMs 

play during acute inflammation is unclear. Previous studies have identified four unique 

subpopulations of ATMs including classical infiltrating M1-type inflammatory macrophages 

(CD11c+/CD206-), resident quiescent M2-type macrophages (CD11c-/CD206+), and newly 

identified subgroups which express both markers (double-positive (DP), CD11c+/CD206+) 

or are double negative (DN, CD11c-/CD206-)(16, 17, 43-45). While most of these 

macrophage subpopulations are greatly increased in obesity (17, 44), age-related changes are 

minimal, but include a decrease in M2 and an increase in DN macrophages (16, 43). We 

previously reported that macrophage infiltration to visceral adipose tissue is not evident 

during acute systemic inflammation induced by LPS; however this study could not eliminate 

the possibility that a subpopulation of resident ATMs contributes to LPS-mediated 

inflammation in adipose tissue (1). In the present study we examined the effects of DR on 

major immune cell populations and ATM subpopulations in non-obese middle-aged mice. 

ATMs were the only cell type which decreased in numbers by DR. Further, we found that 

DR resulted in a decrease in each of the characterized ATM subpopulations with the 

exception of M1 (CD11c+/CD206-classical macrophages). Zeyda et al. reported that IL-6 

gene expression is highest in CD11c+ ATMs during high-fat diet-induced obesity (17). Here 

we found that macrophages and T cells are the major resident immune cells that produce 

IL-6 in fat tissues of middle-aged mice under acute systemic inflammation. Among the ATM 

subpopulations, the proportion of IL-6 positive cells was highest in M2 and DN ATMs. 

While M1 ATMs may produce higher amounts of IL-6 per cell, the total pool of IL-6 from 

ATMs may be mostly derived from M2 and DN populations since these two IL-6 producing 

cell types are much more abundant than M1. Non-immune cells, including preadipocytes 

and endothelial cells are also known producers of IL-6 (27, 30, 46), thus these cell types 

may contribute to overall IL-6 from adipose tissue; however the abundance of these cell 

types is unlikely to be changed during the 3-weeks of DR.

A limitation of our study is that we focused our evaluation on adipose tissue, thus we cannot 

exclude the possible contribution by additional mechanisms (i.e. decreased metabolism, 

decreased apoptosis, increased cellular protection) to the observed effects of DR to reduce 

acute inflammation in other organs independent of changes in adipose tissue quality and 

quantity. Further complex mechanistic studies are warranted to determine whether changes 

in adiposity and adipose tissue physiology are directly related to improved outcome during 

sepsis.
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Conclusions

In summary, we report for the first time that, short-term dietary restriction dramatically 

improves survival in middle-aged mice under acute systemic inflammation induced by both 

polymicrobial peritonitis and sterile endotoxemia. Such a significant increase in resistance to 

sepsis or endotoxemia has not been previously shown by any intervention. Improved survival 

with dietary restriction is accompanied by reduced adiposity and alterations in adipose tissue 

gene expression of inflammatory and coagulant factors. These phenotypic changes are likely 

a result of changes in fat mass as well as cellular composition and an overall improvement in 

adipose tissue physiology.
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Figure 1. 
Analysis of body weight and body composition in ad libitum (AL) fed mice and mice under 

short-term 40% dietary restriction (DR). (A) Daily body weight measurements of DR (n=8) 

and AL (n=8) mice during the DR period (prior to sepsis/endotoxemia induction). (B) Fat 

and lean mass weight before and after DR assessed by Echo MRI. (C) Total epididymal fat 

weight at sacrifice and representative macroscopic images. * indicates statistical significance 

compared to pre-DR measurements, † indicates statistical significance compared to AL 

group. Two and three symbols indicate p< 0.01 and 0.001, respectively.
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Figure 2. 
Effects of short-term dietary restriction (DR) on survival during polymicrobial sepsis and 

endotoxemia. (A) After three weeks of DR (n=10) or ad libitum feeding (AL) (n=10), mice 

were injected with cecal slurry (CS, 200 μL, i.p) and survival monitored for one week. (B) 
Body temperature during the first 24h of sepsis. (C) Plasma IL-6 concentration, 6h after CS 

injection. (D) After three weeks of DR (n=8) or AL-feeding (n=7), mice were injected with 

LPS (2.5mg/kg, i.p) and survival monitored for one week. (E) Body temperature during the 

first 24h of endotoxemia. (F) Plasma IL-6 concentration, 6h after LPS injection. Values are 

the mean ± SD. * indicates statistical significance compared to AL group. One, two, and 

three symbols indicate p<0.05, 0.01, and 0.001, respectively.
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Figure 3. 
Expression of inflammatory and coagulant genes in adipose tissue of dietary restricted (DR) 

and ad libitum (AL)-fed mice during endotoxemia. After three weeks of DR, DR and AL-fed 

mice (n=5 each) were injected with LPS (2.5mg/kg, i.p.) and sacrificed 6h later. Epididymal 

adipose tissues were harvested and extracted RNA processed and subjected to real-time qRT-

PCR analysis for expression of pro-inflammatory factors (A) TNFα, (B) IL-1α, (C) IL-1β, 

(D)IL-6, and pro-coagulant factors (E) thrombospondin-1 (Thbs-1), (F) plasminogen 

activator inhibitor (PAI)-1, (G) PAI-2, (H) tissue factor (TF). Values are the mean ± SD, * 

indicates statistical significance compared to AL group. One and three symbols indicate p< 

0.05 and 0.001, respectively.
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Figure 4. 
Correlation between fat mass and adipose-derived gene expression among genes which are 

downregulated by dietary restriction (DR). Gene expression of (A) IL-6, (B) Thbs-1, (C) 
PAI-1, and (D) TF from epididymal adipose tissues (eFat) were plotted against the total 

weight of both fat pads.
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Figure 5. 
Plasma IL-6, not PAI-1, correlates with adipose tissue gene expression and adiposity. After 

three weeks of DR, mice were injected with LPS (2.5mg/kg, i.p.) and sacrificed 6h later. 

Plasma was obtained by centrifugation of heparinized blood drawn from the inferior vena 

cava and subjected to analysis by ELISA. (A) Plasma IL-6 concentration. (B) Correlation of 

plasma IL-6 concentration with mRNA level of IL-6. (C) Correlation of plasma IL-6 

concentration with weight of epididymal fat pads (eFat). (D) Plasma PAI-1 concentration. 

(E) Correlation of plasma PAI-1 concentration with mRNA level of PAI-1. (F) Correlation 

of plasma PAI-1 concentration with weight of eFat pads. Values are the mean ± SD, n=3 for 

non-injected controls, n=5 for LPS injected animals, * indicates statistical significance 

compared to non-injected controls of the same treatment group, † indicates statistical 

significance compared to AL LPS group. Three symbols indicate p< 0.001.
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Figure 6. 
Plasma protein analysis of dietary restricted (DR) and ad libitum (AL)-fed mice during 

endotoxemia. After three weeks of DR, mice were injected with LPS (2.5mg/kg, i.p.) and 

sacrificed 6h later. Plasma was obtained by centrifugation of heparinized blood drawn from 

the inferior vena cava and subjected to analysis by ELISA. (A) Plasma adiponectin 

concentration, (B) Plasma leptin concentration, (C) Plasma TNFα concentration, (D) Plasma 

IL-1β concentration, (E) Plasma IL-10 concentration. Values are the mean ± SD, n=3 for 

non-injected controls, n=5 for LPS injected animals, * indicates statistical significance 

compared to non-injected controls of the same treatment group, † indicates statistical 

significance compared to AL LPS group. One and two symbols indicate p< 0.05 and 0.01, 

respectively.
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Figure 7. 
Effects of dietary restriction (DR) on IL-6 release from in vitro cultured adipose tissues. 

Explant cultures of epididymal adipose tissue from naïve DR and AL-fed mice were treated 

with LPS (10μg/mL) in vitro and the medium sampled at multiple time-points for analysis of 

IL-6 by ELISA. Cytokine levels were adjusted for adipose tissue DNA content. Data are 

expressed as the mean ± SD, n=3 per group and time-point. * indicates a statistically 

significant change as compared to the 0h time-point of the same group. † indicates a 

statistically significant difference between DR and AL at the same time-point. One, two, and 

three symbols indicate p<0.05, 0.01, and 0.001, respectively.
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Figure 8. 
Flow cytometric analysis of dietary restriction (DR)-mediated changes in adipose immune 

cell populations and identification of IL-6 producing cell types. (A) Gating strategy for 

delineation of myeloid cells and lymphoid cells. (B-C) Cell populations were quantified as a 

percentage of total SVF cells obtained from AL and DR mice. Data are expressed as the 

mean ± SD, n=5 per group and time-point. * indicates a statistically significant change as 

compared to the AL group. Two and three symbols indicate p<0.01 and 0.001, respectively. 

(D-E) IL-6 positive cells were quantified as a percentage of total SVF cells after adjusting 

for isotype control expression. Data are derived from SVF cells pooled from multiple AL-

fed mice. IL-6 positive cells were not detected in NK or B cells.
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