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Abstract

Despite the known deleterious effects of obesity, clinical data indicate that overweight or obese 

patients experience higher rates of sepsis survival compared to normal and underweight patients; 

a phenomenon called the obesity paradox. Results from preclinical sepsis studies have not been 

able to replicate these findings. The objective of this study was to test the existence of the obesity 

paradox in a murine model of cecal slurry (CS)-induced sepsis with insulin-resistant diet-induced 

obese mice. Male C57BL/6 mice were provided high-fat (HFD) or low-fat (LFD) diets for 20 

weeks. HFD-fed mice experienced higher rates of survival compared to LFD-fed mice after septic 

challenge induced by CS injection (66% vs. 25%, p=0.01, survival assessed for 14 days). Despite 

the survival advantage, HFD-fed mice had higher rates of positive bacterial cultures and increased 

markers of kidney injury. Circulating levels of IL-6, IL-1β, TNFα, and IL-23 were equivalent 24h 

after CS-injection; however, IL-17A was uniquely increased in HFD-fed mice. While LFD-fed 

mice maintained euglycemia, HFD-fed mice were hyperglycemic 6 and 12h after CS-injection. 

Stable isotope resolved metabolomics analysis of liver tissue showed diverging pathways of 

glucose utilization during sepsis, with LFD-fed mice significantly upregulating glycolytic activity 

and HFD-fed mice decreasing glucose entry into the TCA cycle. This murine study corroborates 

clinical data that obesity confers a survival benefit in sepsis, albeit at the expense of more 

significant organ injury. The mechanisms promoting survival in the obese remain unknown; 

however, this model appears to be well-poised to begin answering this question. Differences in 

glucose utilization are a novel target to investigate this paradox.
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INTRODUCTION

Epidemiological studies have reported that falling within an overweight or obese BMI 

classification appears to confer a survival advantage during sepsis (1-6). This emerging 

phenomenon is referred to as the “obesity paradox” (5, 7, 8). While the association between 

higher BMI and increased survival is reflected in numerous clinical studies, including 

patients with sepsis as well as other critical illnesses, it is important to acknowledge 

that controversy exists. A few studies have found no association between obesity and 

survival, while some report worse outcomes in underweight and morbidly obese suggesting 

a U-shaped curve. Multiple methodological limitations of observational studies impose a 

cautious interpretation of the clinical data. Limitations of these studies include inaccuracy 

of using BMI as a marker of adiposity, acquisition of patient data (self-reported versus 

measured), timing of data acquisition (relative to initiation of resuscitation or illness-

induced weight loss), differences in aggression of treatment between lean and obese 

patients, and inadequate adjustment for confounding variables (2, 5, 7). Nevertheless, if 

obesity is protective, understanding the underlying mechanisms would yield insights into 

sepsis pathogenesis in heterogeneous populations and allow for the development of novel 

therapeutics.

Preclinical animal studies have mostly been unable to confirm the obesity paradox in sepsis 

(9, 10). This may be due in large part to diet duration, as most diet-induced obesity (DIO) 

studies with sepsis models fed mice for only 3-8 weeks (9, 11-16), despite available data 

indicating that DIO mice, while obese and hyperglycemic, do not develop insulin resistance 

until at least 11-12 weeks on diet (17, 18). Additionally, studies have predominantly used 

single-strain bacteria or cecal ligation and puncture, the latter of which is complicated by 

potential differences in cecal matter consistency and microbiome resulting from different 

dietary regimens. These studies highlight a need for more research to ascertain the validity 

of the obesity paradox as well as understand the mechanisms behind it.

In this study, we sought to test the existence of the obesity paradox in a murine model 

of cecal slurry (CS)-induced sepsis with insulin-resistant diet-induced obese mice. In our 

study design, particular attention was paid to optimizing the model for clinical relevance 

in terms of utilizing mice having clinical features associated with obesity. Additionally, we 

sought to overcome the limitations of prior murine sepsis models by use of CS injection to 

induce sepsis. Here, we provide evidence that obese, insulin-resistant mice have improved 

survival in sepsis, albeit at the expense of more severe kidney injury. We further explore a 

link between glucose metabolism and protection in the obese.
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MATERIALS AND METHODS

Animals and Husbandry

Male C57BL/6 mice were obtained from The Jackson Laboratory’s Diet-Induced Obesity 

colony (B6 DIO: 380050 and DIO Control: 380056, Bar Harbor, ME) at 20 weeks of 

age. Upon arrival, all mice were maintained in pressurized intra-ventilated cages in an 

environment under controlled temperature (21–23°C), humidity (30–70%), and lighting (14 

hours/10 hours, light/dark) with food and water provided ad libitum. Animals were fed 

either a high-fat diet (HFD, 60% kcal from fat, D12492 (Research Diets, New Brunswick, 

NJ)) or a low-fat diet (LFD, 10% kcal from fat, D12450B (Research Diets)) continuously 

from 6 weeks of age (per Jax Lab protocol) until 26-27 weeks of age (diet duration 20-21 

weeks). Of note, LFDs are generally not low in fat compared to standard chow. Body 

composition was assessed using EchoMRI Body Composition Analyzer (EchoMRI LLC, 

Houston, TX). All procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Kentucky (Protocol 2019-3423) and performed in accord 

with the National Institutes of Health guidelines for ethical animal treatment.

Intraperitoneal Insulin and Glucose Tolerance Testing

After 20 weeks of diet, mice were fasted on wire-bottom cages for 4h or 6h prior to insulin 

or glucose tolerance test (ITT or GTT), respectively. For ITT, mice were injected with 

human insulin (Humulin R, Lilly USA, Indianapolis, IN); all mice were given the same 

volume of insulin based on a dose of 1 U/kg calculated for the average body weight of 

the LFD group. For GTT, all mice were injected with the same volume of 20% glucose 

solution, based on a 1g/kg dose calculated for the average body weight of the LFD group. 

Blood glucose levels were assessed by tail vein micropuncture using a hand-held glucometer 

(Accu-Check Nano, Roche, Basel, Switzerland).

Cecal Slurry (CS)-induced Polymicrobial Sepsis

CS was prepared in 10% glycerol as previously described (19, 20). Each mouse was injected 

with 500μL of CS (derived from 50mg cecal contents) intraperitoneally (i.p.) to induce 

polymicrobial sepsis. Non-sepsis control mice were injected with the same volume of 10% 

glycerol. For survival tests, body temperatures were monitored every 6h post-injection 

for the first 24 hours, and every 24h thereafter. Survival was monitored for 14 days. 

Blood bacterial load was assessed as previously described (19). Briefly, 10μL of blood 

was collected aseptically from the tail vein 12h after CS-injection, immediately diluted in 

90μL of sterile saline and spread onto agar plates containing 3.7% w/v brain-heart infusion 

broth and 1.5 % w/v agar (Product Number 211059 and 214530, respectively, Becton 

Dickenson, Franklin Lakes, NJ) and incubated for 24h at 37°C. An additional small blood 

sample (15uL) was obtained from the tail vain 6h after CS-injection to assess plasma IL-6 

levels. Two separate survival studies were done with 8-10 mice in each group and the 

data combined. In a separate experiment, kidneys and blood were collected 24h after CS 

injection; mice were anesthetized with isoflurane, exsanguinated by drawing blood from the 

inferior vena cava into a syringe containing 1/10 volume 0.1M sodium citrate for plasma 

collection, and perfused with physiological saline via the cardiac ventricles. Plasma was 

obtained by centrifuging blood at 2500 x g for 15 minutes at 4°C and used for subsequent 
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creatinine and cytokine analyses. Kidneys were snap frozen in liquid N2 and used to assess 

renal NGAL expression.

Assessment of Kidney Injury

Creatinine concentration in plasma was assessed by isotope dilution LC-MSMS (University 

of Alabama O’Brien Center for Acute Kidney Injury Research Core C). Expression 

of neutrophil gelatinase-associated lipocalin (NGAL) in the kidney was assessed by 

qRT-PCR using TaqMan assays (NGAL: Mm01324470_m1, HPRT: Mm03024075_m1, 

Applied Biosystems, ThermoFisher Scientific). Target gene expression was normalized to 

hypoxanthine-guanine phosphoribosyl transferase (HPRT) expression as an endogenous 

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

group as a calibrator.

Plasma Cytokine Analyses

Plasma was subjected to multiplex analyses for cytokines (U-Plex Mouse Biomarker 

K15069L-1/298782, Mesoscale Diagnostics, Rockville, MD). Leptin concentration was 

assessed by ELISA (KMC2281, Invitrogen, ThermoFisher Scientific).

Glucose and Ketone Assessment during Sepsis

Blood glucose and ketone concentrations were assessed via tail vein micropuncture using 

a hand-held glucometer (Accu-Check Nano, Roche, Basel, Switzerland) or ketone meter 

(novaMax Plus, Nova Biomedical, Waltham, MA). These analyses were performed in 

separate sets of mice subjected to CS-induced sepsis as described above.

In Vivo 13C Glucose Labeling, Sample Preparation, and Gas Chromatography-
Mass Spectrometry (GCMS) Analysis—In a separate experiment, five hours after 

induction of sepsis via CS injection, [U-13C]glucose (2 g/kg body weight) was injected 

i.p. and mice were euthanized one hour later (6h time point). Blood was collected from 

the inferior vena cava and tissues were collected after perfusion, snap frozen in liquid 

N2, and processed for GCMS analyses, as previously described (21). Briefly, liver samples 

were pulverized to 10 μm particles in liquid N2 and approximately 60 mg of tissue was 

extracted with 50% MeOH (20 μM L-norleucine) followed by BCA Protein Assay Kit 

(Pierce) for determination of protein concentration. The polar metabolites were dried at 

10−3 mbar followed by derivatization and the dried polar metabolite pellet was derivatized 

by a two-step methoxyamine protocol. The electron ionization energy was set to 70 

eV. Scan (m/z: 50-800) and full scan mode were used for metabolomics analysis. Mass 

spectra were translated to relative metabolite abundance using the Automated Mass Spectral 

Deconvolution and Identification System software matched to the FiehnLib metabolomics 

library (available through Agilent) for retention time and fragmentation pattern matching 

with a confidence score of > 80 (22-25). Quantitation was performed using the Data 

Extraction for Stable Isotope-labelled metabolites with a primary ion and at least 2 or more 

matching qualifying ions. Relative abundance was corrected for recovery using L-norleucine 

and adjusted to protein input from BCA measure.

Lewis et al. Page 4

Shock. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical Analyses

Survival data was analyzed using Kaplan-Meier curves and the log-rank test. Bivariate 

categorical data was compared using Pearson’s Chi Square test. Body temperature over 

time was analyzed using two-way anova with repeated measures over time. Pairwise 

comparisons of continuous variables were done using independent sample t-tests or paired 

t-tests as appropriate. Tukey’s Honest Significant or Least Significant Difference was used 

for post-hoc pairwise comparisons with independent samples as specified in figure legends. 

Blood level measurements over time were compared using Area Under the Curve (AUC). 

Normality and constant variance assumptions were investigated and addressed as needed. 

Details are provided in figure legends. All analyses were performed using JMP 15.3 

statistical software (SAS, Inc., Cary, NC).

RESULTS

Body Weight, Body Composition, and Insulin Resistance in Obese and Non-obese mice

After 20 weeks on respective diets, body weight, fat mass, and lean mass were significantly 

higher in HFD-fed mice (n=20) compared to LFD-fed mice (n=19, Fig. 1A). Body weights 

were 46.6 ± 4.53 g vs. 32.3 ± 2.08 g for HFD and LFD, respectively (p<0.001). HFD-

fed mice had ~4-fold higher fat mass (16.0 ± 5.21 g vs. 4.1 ± 1.30 g, p<0.001) and 

slightly higher lean mass (30.4 ±1.85 g vs. 27.4 ± 1.96 g, p<0.001) when compared to 

the LFD group. In order to determine if insulin resistance, an important clinical parameter 

of metabolic syndrome, was present, an insulin tolerance test was performed (ITT, Fig. 

1B). HFD-fed mice were insulin resistant compared to LFD-fed mice (p=0.0088 by AUC 

analyses). Glucose tolerance similarly showed a significant difference between the groups 

(Fig. 1C, p<0.001 by AUC analyses). These data clearly demonstrate that after 20 weeks on 

a high-fat diet, HFD-fed mice are obese and insulin resistant.

Obese mice have improved survival in sepsis despite higher bacterial burden

HFD-fed and LFD-fed mice were given CS injection to induce polymicrobial sepsis and 

survival was monitored for two weeks; survival was higher in HFD-fed mice compared to 

LFD-fed mice (66% vs. 25%, p=0.0149; Fig. 2A). Despite higher rates of survival, HFD-fed 

mice showed greater numbers of positive bacterial cultures (67% vs. 20%, p=0.0259; Fig. 

2B). At baseline, both groups showed similar body temperatures and experienced similar 

sharp declines at 6h post-injection (p=0.1170 between groups, Fig. 2C) indicating equivalent 

initial injury. Plasma IL-6 at 6h, a predictor of survival (26), showed higher concentrations 

in the LFD-fed mice (167.4 ± 64.8 in LFD vs. 78.0 ± 39.4 in HFD, p=0.0080, Fig. 2D).

Acute kidney injury markers are significantly higher in obese mice with sepsis

Markers of kidney injury were assessed 24h after CS or vehicle injection. Plasma creatinine 

concentration (Fig. 3A) and renal NGAL expression (Fig. 3B) were similar between control 

groups and increased in septic groups, but showed significantly greater concentrations in 

the HFD-fed sepsis group compared to LFD sepsis (p=0.0135 and 0.0011 LFD vs. HFD for 

creatinine and NGAL, respectively).
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Inflammatory cytokine profile among obese and non-obese mice with sepsis

To determine if reduced systemic inflammation was a factor contributing to improved 

survival in the obese, plasma concentrations of pro-inflammatory cytokines were measured 

24h after CS or vehicle injection (Fig. 4 A-E). TNFα, IL-1β, IL-6, and IL-23 levels were 

significantly increased by sepsis in both groups with no significant difference between 

groups. Interestingly, plasma concentration of IL-17A (Fig. 4D) was significantly higher 

in the HFD sepsis vs. LFD sepsis (33.7 ± 20.0 pg/mL vs. 7.4 ± 6.9 pg/mL, p=0.0042). 

Adipose-derived hormone leptin (Fig. 4F) was measured in parallel and showed the typical 

well-characterized increase during sepsis in the LFD group and blunted increase in the HFD 

group.

Obese mice experience acute hyperglycemia and ketogenesis during sepsis

Because of the impact of metabolic syndrome on glucose regulation, and the known 

association between deregulated glucose metabolism and metabolic and energetic failure 

in sepsis, we measured the kinetics of glucose and ketone bodies in the blood following 

sepsis induction. While LFD-fed mice maintained euglycemia during the acute phase of 

illness, HFD-fed mice exhibited acute hyperglycemia (p=0.0082 HFD vs. LFD by AUC 

analyses, Fig. 5A). Ketone body concentrations were significantly increased in both groups 

at 24-48h; however, HFD mice showed significant elevations as early as 6h; AUC analyses 

demonstrated a modest significant difference between LFD and HFD groups (p=0.0259, Fig. 

5B).

Glucose tracing shows upregulation of glycolysis in lean, but not obese, mice

Using stable isotope tracing we measured glucose utilization in downstream metabolic 

pathways in liver tissue isolated from septic or non-septic mice fed either LFD or HFD. 

Mice received an i.p. injection of [U-13C]glucose and 13C was tracked through glycolysis, 

highlighting glycolytic intermediates, pyruvate conversion to lactate, and into the TCA 

cycle (Fig. 6A). A striking increase in glycolytic flux was observed in LFD fed mice upon 

induction of sepsis; notably this change was not apparent in the HFD-fed mice. Specifically, 

septic LFD-fed mice displayed significantly higher 13C enrichment from glucose in the 

glycolytic intermediate phosphoenolpyruvate (PEP) as well as in the end-product lactate 

(Fig. 6D and F). Similar trends were observed in glycolytic intermediates glycerol-3-

phosphate (G3P), 3-phosphoglycerate (3PG), and pyruvate, although these did not achieve 

statistical significance (Fig. 6B, C, and E). Interestingly, no differences were observed 

between HFD control and HFD sepsis mice across all glycolytic metabolites measured, 

notably the HFD mice had increased baseline levels of these intermediates compared to LFD 

control mice (Fig. 6B-F).

Conversely, 13C enrichment in TCA cycle metabolites was decreased by sepsis in HFD-fed 

mice, but not LFD-fed mice. Specifically, septic HFD fed mice showed significantly lower 
13C labeling in TCA intermediates fumarate and aspartate, with similar trends observed in 

citrate and malate (Fig. 6G-J). Together, these results suggest that sepsis increases glycolytic 

activity among LFD-fed mice, but has no effect in HFD fed mice. Additionally, induction 

of sepsis leads to a decrease in glucose entry into the TCA cycle in HFD mice, but no 
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change in the LFD groups. In sum, these data suggest that sepsis differentially alters glucose 

utilization in the background of obesity.

DISCUSSION

In this study we show that our murine model of CS-induced sepsis with diet-induced and 

insulin resistant obese mice reflects the obesity paradox observed in the clinical literature 

derived from sepsis patients. Specifically, obese mice exhibited improved survival during 

sepsis, despite a higher bacterial burden and increased kidney injury. These results are 

consistent with a large body of clinical literature showing lower rates of mortality in 

obese and overweight patients, despite longer hospital stays and more significant organ 

dysfunction. Here, we describe aspects of our study design which allowed us to replicate 

the obesity paradox preclinically. We also provide avenues related to glucose metabolism for 

further exploration as to potential mechanisms promoting survival in the obese.

In testing the existence of the obesity paradox in mice, we prioritized parameters that 

best replicate measures of metabolic syndrome. Previous studies have shown that despite 

being obese HFD-fed mice do not develop insulin resistance until at least 11-12 weeks on 

diet (17, 18). Additionally, alterations in adipose tissue physiology, such as cell death and 

macrophage infiltration, do not peak until 16 weeks on diet (18). Therefore, we extended 

the duration of our HFD to 20 weeks; this is a far longer diet duration than typical for 

most studies (only 3-8 weeks (11-14, 16), potentially leading to the different results obtained 

by those groups. Indeed, one study carrying out the diet for 12 weeks reported a survival 

advantage in HFD-fed mice after CLP-induced sepsis (27). Moreover, we uniquely induced 

sepsis via CS injection; this reduced confounding factors that CLP may produce when 

comparing heterogeneous groups of mice with different intestinal microbiome, cecum size 

and shape, or stool consistency which may be altered by diet (20, 28).

A puzzling facet of the obesity paradox, as it pertains to sepsis, is the systemic 

inflammatory process. Many would expect chronic, low-grade inflammation exhibited by 

obese individuals to compound the acute inflammation produced by sepsis. However, the 

results of our study do not reflect this dogma as the three major cytokines often blamed 

for exaggerated inflammation (TNFα, IL-1β, IL-6) did not show significant differences 

between the groups (24h analyses). Others have shown similar findings, with unchanged 

or even suppressed levels of IL-6 and TNFα in HFD-fed mice with sepsis depending 

on the time point of analyses (11-13, 27). Indeed, despite equivalent levels at 24h, our 

analyses of plasma IL-6 at 6h showed lower levels in HFD mice, which reflects survival 

based on the six at six principle (26). One clinical study also showed lower IL-6 levels in 

obese and overweight septic patients compared to non-obese (6). It has been postulated that 

the obese have a blunted inflammatory response during acute insults due to inflammatory 

preconditioning. That is, the heightened state of inflammation prior to the onset of sepsis 

provides a primed system where anti-inflammatory modulators are already upregulated 

to combat the chronic pro-inflammatory effects of obesity, thus suppressing the typical 

exaggerated pro-inflammatory response (5, 7, 8). In addition to prompting secretion of 

anti-inflammatory mediators, the abundance of pro-inflammatory mediators produced by 

adipose tissue could also confer protection in the obese due to priming of the innate immune 
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system. However, our results showing similar levels of inflammatory mediators, despite 

improved survival in the obese, does not provide evidence that the inflammatory response is 

responsible for improved survival.

Other investigators have explored the possibility of the omentum playing a role in the 

immune response against sepsis. The omentum is a layer of adipose tissue covering the 

peritoneum. Much like other visceral fat depots, it contains various immune cells including 

macrophages and mast cells that eliminate bacteria upon phagocytosis (29). Historically, this 

tissue has been called the “watchdog” or “policeman” of the abdomen due to its ability 

to promote wound healing and seal visceral perforations thus preventing bacterial spread 

(30-32). While study of the omentum in mice is often difficult due to its small size in this 

species, some studies using large CD-1 mice or rats found that removal of the omentum 

negatively impacted bacterial growth, cytokine expression, and mortality in murine models 

(33, 34). Further, clinical observations suggest that patients undergoing omentectomy have 

increased risk of peritonitis (30). In essence, the omentum appears to contain and mitigate 

the effects of peritoneal infections, possibly playing a role in manifestation of sepsis from 

abdominal infections. While the omentum of C57BL/6 mice (used in our study) is small, the 

function of other larger fat depots, such as epididymal fat (which also covers the abdomen, 

especially in obese mice), may be similar. Nevertheless, in our study, the HFD group had a 

higher proportion of positive bacterial cultures indicating enhanced bacterial dissemination 

as opposed to diminished spread supported by the “watchdog” theory.

Many other mechanisms by which obesity could provide a survival advantage during sepsis 

have been theorized in the literature (5, 7). Among them is the notion that obese and 

overweight patients utilize excess metabolic reserves which combat the hypercatabolic 

nature of acute illnesses. The current paradigm regarding glucose metabolism is that there 

is a shift from oxidative phosphorylation to aerobic glycolysis which, while energetically 

less favorable, allows for faster ATP production and generation of intermediates necessary 

for nucleotide, amino acid, and lipid synthesis to support downstream proliferation and 

inflammatory mediator production (35). Consistent with this model, we found that septic 

LFD-fed mice appear to increase glycolysis with a shift towards lactate production. 

However, this shift towards increased aerobic glycolysis (Warburg effect) was not evident 

in the HFD-fed group. Instead, sepsis in HFD-fed mice was associated with decreased 

glucose entry into the TCA cycle, a change not observed in the LFD mice. Together, 

these findings suggest that sepsis disrupts metabolic homeostasis in the obese in a distinct 

manner. Whether or not these obesity-associated differences in glucose utilization could 

confer protection remains to be determined.

We found that obese mice experience acute hyperglycemia, perhaps similar to stress 

hyperglycemia observed clinically. Historically, due to an association between stress 

hyperglycemia and poor outcomes, tight glycemic control was made standard of care for 

critically ill patients. However, the association was never proven to be causal, and more 

recent studies have indicated that hyperglycemia does not always predict mortality and that 

intensive glycemic control does not improve outcomes (36, 37). One of the largest clinical 

trials to examine this relationship, NICE-SUGAR, demonstrated that intensive glucose 

control actually increased mortality when compared to conventional glucose control (38). 
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Other clinical studies have demonstrated that among patients with septic shock, those with 

stress hyperglycemia had significantly lower mortality than those with normal blood glucose 

levels (39). This is still an area of intense debate and whether or not acute hyperglycemia in 

our mouse model is related to improved survival in the obese requires further study. In the 

setting of sepsis, hyperglycemia is thought to arise primarily from increased hepatic glucose 

production (i.e. glycogen metabolism or gluconeogenesis), rather than decreased glucose 

utilization (36, 40-42). Following in vivo administration of fully labeled 13C-glucose (m+6) 

(as performed in the current study) gluconeogenesis can be estimated from plasma levels 

of m+1-m+5 labeled glucose (43). However, we did not detect measurable quantities of any 

m+1-m+5 isotopologues of glucose in the plasma in any group. While one interpretation of 

this lack of signal is that hyperglycemia in the HFD-fed mice during sepsis is not mediated 

by increased hepatic glucose production, the possibility cannot be ruled out because: i) the 

time point and 13C-glucose dose injected may not be optimal to detect gluconeogenesis, and 

ii) we are unable to distinguish endogenous circulating glucose (12C; m+0) from glucose 

produced de novo via hepatic glycogenolysis (also m+0).

Despite obesity being protective in terms of survival, HFD-fed mice experienced greater 

incidence of kidney injury, as evidenced by increased expression of renal NGAL and 

elevated plasma creatinine. These results are in line with murine and clinical data (9, 44). 

IL-17A, which is the only inflammatory cytokine having significantly higher levels in the 

septic HFD-fed mice in our study, has been shown to contribute to kidney injury in CLP-

induced sepsis as knockout of IL-17A improved functional and morphological measures 

of AKI, and exogenous administration of IL-17A aggravated AKI (45). Data derived from 

septic-AKI patients and human cells stimulated ex vivo support the hypothesis that IL-17A 

drives AKI in sepsis (46). While we did not directly test the effects of IL-17A, prior work 

in this area could explain why obese mice have greater incidence of kidney injury despite 

having improved overall survival.

Although we strove to bolster the clinical relevance of our study by making modifications to 

the animal modeling which are not apparent in other related studies, there were limitations 

worth noting. First, while we used a longer diet duration than most studies, the duration 

of high-fat feeding is still not matching that which occurs in obese humans who tend to 

have poor diets spanning years to decades. Use of adult mice resembling middle to old 

age humans with high-fat feeding over the entire life course would be more representative; 

however, the length of time necessary to complete such a study precluded its use as a first 

attempt in modeling the obesity paradox. Moreover, despite our use of a purified HFD with a 

nutrient- and ingredient-matched purified LFD, which are well-regarded in the obesity field 

but often left out of sepsis studies, the diets themselves are homogeneous and not accurately 

reflecting the diets of obese or lean humans. With regard to the sepsis model, we chose the 

CS model as it avoided limitations of other studies; however, it is still an imperfect animal 

model only replicating in part an abdominal peritonitis induced by frozen inocula and not 

capturing sepsis of other etiologies. Further, in this study we did not provide antibiotics or 

fluid resuscitation which would have provided more clinical relevance. Our rationale for 

eliminating these additions was a desire to evaluate differences in bacterial burden which 

would have been masked if antibiotics were applied. As resuscitation influences the outcome 
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of sepsis, further studies using this model should incorporate a resuscitation protocol prior to 

proposing therapeutic interventions based on new findings.

In summary, using a modified model of cecal slurry-induced sepsis with HFD-fed, obese, 

insulin-resistant mice, we replicated features of the obesity paradox which are often 

observed in patients. Our model includes further paradoxical aspects such as increased 

bacterial dissemination and increased kidney injury despite reduced mortality. Further, 

our data points to stress hyperglycemia and differential glucose utilization as potential 

mechanisms mediating the protective effects of obesity in sepsis.
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Figure 1. Body Weight, Body Composition, and Insulin Resistance in Obese and Non-obese mice.
Mice were fed LFD (n=19) or HFD (n=20) from 6 weeks until 26 weeks of age (20-week 

duration). (A) Body weight, fat mass and lean mass after 20 weeks of diet. Statistical 

differences were assessed by two sample t-test comparing diet for each group; ***p < 0.001. 

(B) Insulin tolerance test and (C) glucose tolerance test conducted after 20 weeks of diet. 

Statistical differences were assessed by one-way analyses of area under the curve (AUC).
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Figure 2. Obese mice are protected from mortality in sepsis despite higher bacterial burden.
HFD-fed (n=18) and LFD-fed (n=20) mice were injected with CS (500μL, i.p.). (A) Survival 

was monitored for two weeks. Kaplan-Meier Log-rank test was performed. (B) Circulating 

bacterial load was assessed 12h after CS injection; data are represented as a proportion of 

positive vs. negative cultures; statistical difference was determined by chi square test. (C) 
Body temperature during the first 48h after CS injection; data are expressed as the mean ± 

SD; significant differences determined by two-way anova over diet and repeated measures 

over time; * compares timepoints to t=0h within a diet group, + compares diet groups at the 

same timepoint. (D) Plasma IL-6 concentration at 6h after CS injection. Data are expressed 

in box plots from minimum to maximum values with a bar representing the mean, statistical 

difference determined by Student’s t-test. * or + p < 0.05; ** p < 0.01; *** or +++p<0.001.
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Figure 3. Markers of acute kidney injury are significantly higher in obese mice with sepsis.
Markers of kidney injury were assessed 24h after injection with CS (LFD n=4, HFD n=5) 

or 10% glycerol as a control (LFD n=3, HFD n=3) (A) Plasma creatinine concentration. (B) 
NGAL gene expression in kidney tissue. Data are expressed in box plots from minimum to 

maximum values with a bar representing the mean; statistical differences were determined 

by two-way anova of logged response with Tukey’s Honest Significant Difference for 

multiple comparisons. * compares sepsis vs. control within a diet group, + compares diet 

groups with the same treatment ** or ++p < 0.01 ***p<0.001.
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Figure 4. Inflammatory cytokine profile among obese and non-obese mice with sepsis.
Plasma concentrations of (A) TNFα, (B) IL-1β, (C) IL-6 (D) IL-17A, (E) IL-23, and (F) 
leptin were measured 24h after CS or 10% glycerol (control) injection. Data are expressed 

in box plots from minimum to maximum values with a bar representing the mean, statistical 

differences were determined by two-way anova over treatment and diet with the Least 

Significand Difference method for multiple comparisons. * compares sepsis vs. control 

within a diet group, + compares diet groups with the same treatment * or +p < 0.05; ** or ++ 

p < 0.01; *** or +++p<0.001.
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Figure 5. Obese mice experience acute hyperglycemia during sepsis.
Longitudinal kinetics of blood glucose (A) and ketone (B) levels after CS injection in LFD 

and HFD-fed mice. For glucose measurements, n=10 for each of LFD and HFD groups. For 

ketone measurements, n=5 for LFD and 15 for HFD groups, respectively. Data are expressed 

in box plots from minimum to maximum values with a bar representing the mean, statistical 

differences between diet groups were determined by AUC analyses, paired t-tests were used 

to compare baseline (0h) vs. each timepoint within each diet group. * p < 0.05; ** p < 0.01; 

***p<0.001.
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Figure 6. Effects of sepsis on liver glucose metabolism in obese and non-obese mice.
Glucose metabolism measured 6h after sepsis induction. A, Tracing of 13C carbon 

atoms (grey circles) from [U-13C]glucose through metabolites in glycolysis and into 

the TCA cycle. (B-F) Fractional enrichment of 13C in glycerol-3-phosphate (G3P), 3-

phosphoglycerate (3PG), phosphoenolpyruvate (PEP), pyruvate, and lactate. Fractional 13C 

labeling denotes the fraction of fully labeled isotopologue relative to the total respective 

metabolite pool size (13C / 13C + 12C). (G-J) Percentage of 13C-labeling in metabolites 

associated with the TCA cycle; citrate, fumarate, malate, and aspartate (shown as sum of 
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all labeled isotopologues). Values shown are mean ± SEM (n=3 per control, n=6 per sepsis 

group). Statistical differences were analyzed by two-way anova over treatment and diet 

followed by Tukey’s Honest Significant Difference for pairwise comparisons. * p < 0.05; ** 

p < 0.01.

Lewis et al. Page 19

Shock. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Husbandry
	Intraperitoneal Insulin and Glucose Tolerance Testing
	Cecal Slurry (CS)-induced Polymicrobial Sepsis
	Assessment of Kidney Injury
	Plasma Cytokine Analyses
	Glucose and Ketone Assessment during Sepsis
	In Vivo 13C Glucose Labeling, Sample Preparation, and Gas Chromatography-Mass Spectrometry (GCMS) Analysis

	Statistical Analyses

	RESULTS
	Body Weight, Body Composition, and Insulin Resistance in Obese and Non-obese mice
	Obese mice have improved survival in sepsis despite higher bacterial burden
	Acute kidney injury markers are significantly higher in obese mice with sepsis
	Inflammatory cytokine profile among obese and non-obese mice with sepsis
	Obese mice experience acute hyperglycemia and ketogenesis during sepsis
	Glucose tracing shows upregulation of glycolysis in lean, but not obese, mice

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

