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Abstract

Critically ill patients typically present with hyperglycemia. Treatment with conventional insulin 

therapy (targeting 144-180 mg/dL) improves patient survival; however, intensive insulin therapy 

(IIT) targeting normal blood glucose levels (81-108 mg/dL) increases the incidence of moderate 

and severe hypoglycemia, and increases mortality. Septic patients are especially prone to IIT-

induced hypoglycemia, but the mechanism remains unknown. Here, we show that co-delivery of 

insulin with otherwise sublethal doses of lipopolysaccharide (LPS) induced hypoglycemic shock 

in mice within 1-2 hours. LPS impaired clearance of insulin, which amplified insulin receptor 

signaling. These effects were mediated by caspase-11, TLR4, and complement, each of which 

trigger eicosanoid production that potentiates insulin signaling. Finally, in an animal model of 

sepsis, we observed that Salmonella Typhimurium infected mice exhibited simultaneous impaired 

insulin clearance coexisting with insulin resistance. Our results raise the possibility that septic 

patients have impaired insulin clearance, which could increase their susceptibility to hypoglycemia 

during IIT, contraindicating its use.

Introduction

Lipopolysaccharide (LPS) is a potent microbial signature molecule that is detected by the 

innate immune system. TLR4 is well appreciated as the sensor for extracellular and vacuolar 

LPS, driving transcriptional responses to promote inflammation (1-3). Additionally, 

complement, although not commonly discussed as an LPS sensor, becomes activated by 

certain components of the LPS polysaccharide (4). More recently, LPS was found to be 
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detected in the cytosolic compartment independently of TLR4 via inflammatory caspases 

(caspase-4 and -5 in humans, and caspase-11 in mice) (5-7). These inflammatory caspases 

initiate a form of lytic, programmed cell death termed pyroptosis. Caspase-4 and -11 (and 

likely -5) protect against infection by cytosol-invasive bacteria (8, 9).

Excessive activation of the immune system leads to sepsis, characterized by hypotension, 

organ failure, and ultimately death, all of which can be modeled by high dose (54,000 μg/kg) 

LPS challenge in mice. Mice deficient in TLR4 resist LPS injection (10), as do mice 

deficient in caspase-11, albeit incompletely (11, 12). Caspase-11 is expressed at low levels 

basally; however, its transcription is strongly induced by TLR and interferon signaling (5, 6, 

8, 9, 13), which can be accomplished in vivo by priming with the TLR3 agonist poly(I:C) (5, 

6). We and others have shown that priming with poly(I:C) rendersTlr4−/− mice susceptible to 

lethal challenge with LPS (we term this a “prime-challenge” model) (5, 11, 12). Casp11−/− 

mice are partially resistant to prime-challenge, with variable penetrance between labsor at 

slightly different LPS doses (6, 14). However, it should be noted that Casp11−/− mice 

express TLR4.

Here, we report the serendipitous discovery that LPS lethally potentiates the activity of co-

delivered insulin. Insulin, normally secreted by the pancreas in response to elevated blood 

glucose, acts via the insulin receptor on liver, adipose, and muscle cells to restore 

euglycemia (15). Upon insulin receptor binding, insulin is internalized, dissociated from the 

receptor by endosomal acidification, and most is eventually degraded in a multistep process 

initiated by the insulin degrading enzyme (IDE); a portion of insulin can co-recycle to the 

plasma membrane with the insulin receptor (16). Perturbation of insulin degradation, for 

example by impairing IDE activity (17) or endosomal acidification (18, 19), enhances 

insulin signaling, an effect that can be dangerous when applied to super physiologic amounts 

of exogenous insulin. Here, we demonstrate that LPS enhances insulin activity in part by 

impairing its clearance, precipitating lethal hypoglycemic shock in mice. Further, mice 

infected with the Gram-negative pathogen Salmonella Typhimurium similarly exhibit 

impaired insulin clearance that coexists with insulin resistance.

Materials and Methods

Mice and in vivo challenges

Wild-type C57BL/6 (Jackson Laboratory), Casp11−/− (12), Tlr4tm1Aki/tm1Aki (3) referred to 

as Tlr4−/−, Casp11−/−Tlr4−/− (crossed for this study), and mpges1tm1Audoly/tm1Audoly (20) 

mice were used in this study. Unless indicated in Table S1, mice were female and between 

20-30 g (generally >12 weeks of age). Mice were housed in a specific pathogen–free facility 

and fed Harlan 2920× Irradiated Regular chow. Of note: in our previous study (5), mice were 

fed Purina 3000 Irradiated Regular chow; mice on this diet were sensitive to significantly 

smaller quantities of LPS (10-100 ng/kg) when delivered in OptiMEM than mice on the 

Harlan 2920× diet. During all experiments, mice were allowed to feed ad libitum. All 

protocols were approved by the Institutional Animal Care and Use Committee at the 

University of North Carolina at Chapel Hill and met guidelines of the US National Institutes 

of Health for the humane care of animals.
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In all non-infectious animal studies, mice were primed by intraperitoneal (i.p.) injection with 

poly (I:C) (10mg/kg, Invivogen, cat #tlrl-picw) in DPBS (250μL total volume) 6h before 

subsequent challenges. For study of lethal endotoxic shock absent insulin, primed mice were 

challenged via i.p. injection with LPS (54,000 μg/kg, Sigma, cat # L3024) in DPBS (500μL 

total volume). A 500μL injection volume was also used when the indicated quantities of LPS 

were delivered in DMEM (Gibco) or OptiMEM (Gibco), and when LPS was co-delivered 

with human insulin (100μg/kg; Thermo Fisher, cat#12585-014) in DBPS. To rescue mice 

challenged with LPS and insulin, animals were given an i.p. injection of 500μL 20% glucose 

in DPBS 30min post-injection of LPS and insulin. In some experiments, mice were injected 

with C-peptide (50μg/kg, Sigma, cat# C4999) together with insulin and LPS or DBPS to 

determine whether LPS affects insulin clearance specifically rather than protein clearance or 

transport from the peritoneal cavity to the serum generally (21). In other experiments, mice 

were injected with 500μL Evan's Blue dye solution (0.5%, Sigma, cat# 2129) with or 

without LPS. In pan-COX inhibition experiments, mice were given indomethacin (20mg/kg, 

SigmaI7378-5G) i.p. in 250μL DBPS 5.5 h after priming and 30min before challenge with 

LPS and insulin. To deplete complement C3 protein, mice were injected with 15 μg cobra 

venom factor (Complement Tech, cat # A150) in 250 μL DPBS 4 h after priming and 2h 

before subsequent LPS and insulin challenge. Rectal temperatures were recorded at 1h post 

challenge using a Micro Therma 2T thermometer (Braintree Scientific) with a lubricated 

RET-3 probe. Glucose concentrations were determined in tail blood using a Reli On Prime 

Blood Glucose Monitoring System. Mice were considered moribund when unable to right 

themselves or when seizures were first observed.

For study of insulin action and clearance in septic mice, animals were infected via i.p. 

injection with 103 colony forming units of S. Typhimurium strain 14028S. 5 days later, mice 

were challenged with 100 μg/kg insulin via i.p. injection; plasma and tissue samples were 

collected at 1 h.

Western blots

Antibodies against the following proteins were used in this study: phospho-AKT (Ser473) 

(Cell Signaling, clone D9E, product #4060), AKT (pan) (Cell Signaling, clone C67E7, 

product # 4691), phospho-Insulin Receptor β (Tyr1150/1151) (Cell Signaling, clone 19H7, 

product # 3024), Insulin Receptor β (Cell Signaling, clone 4B8, product # 3025).

For analysis of insulin receptor and AKT phosphorylation in ex vivo samples, tissue samples 

were collected from mice 1h post challenge, placed immediately on dry ice, and stored at 

-80°C. Frozen samples (approximately 100mg tissue) were homogenized in 1mL buffer 

containing 100mM KPO4 and 1% triton X-100 at pH10 using a steel ball and Retsch 

MM400 ball mill (30 rps for 1min or until homogenous). Samples were then centrifuged for 

10min at 20,000 × g at 4°C. Total protein content of the supernatant was determined by 

BCA assay, and 30μg of supernatant total protein was used for Western blot analysis. 

Primary antibodies were used at 1:1000-1:2000 dilutions. In all figure panels, each lane 

represents a sample from a different mouse. Band intensities were determined using Image J 

software. Where quantification data are presented, phospho-AKT and phospho-insulin 

receptor intensities were normalized to total AKT and insulin receptor intensities, 
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respectively; these values were then normalized to the average normalized value of control 

samples in an experiment so that data could be compiled from multiple experiments.

Plasma protein analysis

Cardiac blood was collected from mice at 1h post challenge (approximately 500μL), mixed 

with 6μL 10kU/mL heparin (Sigma, cat #H3393-10KU), and centrifuged at 20,000×g for 1 

minute. From this, the serum supernatant was obtained. ELISA was used to determine 

insulin (Genway Biotech, product # GWB-D9BD0E) and C-peptide (Sigma, product # 

SE120040) concentrations according to manufacturer instructions. Notably, the insulin 

ELISA is specific for human insulin and therefore allows specific determination of 

exogenous insulin concentrations. ELISA was also used to determine IL-6, and TNF 

concentrations in plasma (R&D Systems, cat # DY406, and DY410, respectively).

Determination of Evan's blue dye serum concentrations

For determination of Evan's Blue concentrations, 5μL of serum collected from tail blood at 

the indicated time points was incubated with 45μL formamide at 55°C overnight. After 

incubation, samples were centrifuged at 20,000×g for 1min, supernatants collected and then 

measured for absorbance at 610nm; values were compared to those of a standard curve to 

determine the concentration of dye in serum.

Determination of plasma eicosanoids

Eicosanoid metabolites were extracted from mouse plasma by liquid:liquid extraction into 

ethyl acetate and quantified by HPLC-MS/MS. 200 μL plasma was acidified with 200 μL of 

0.1% acetic acid in 5% methanol and spiked with internal standard 3 ng PGE2-d4 (Cayman 

Chemical, Detroit MI). The aqueous mixture was extracted twice with 2 ml ethyl acetate 

(Sigma). The organic phase from both extractions was combined into glass tubes with 6 μL 

30% glycerol in methanol. Ethyl acetate was evaporated in a speed-vac at 37°C.

Liquid chromatography of extracted samples was performed with an Agilent 1200 Series 

capillary HPLC (Agilent Technologies, Santa Clara, CA) as previously described (22). 

Samples were reconstituted in 50 μl of 30% ethanol and injected in triplicate, 10 μL 

injections. Separations were achieved using a Halo C18 column (2.7 μm, 100×2.1 mm; 

MAC-MOD Analytical, Chadds Ford, PA), which was held at 50°C and a flow rate of 400 

μL/min. Mobile phase A was 0.1% acetic acid in 85:15 water: acetonitrile. Mobile phase B 

was 0.1% acetic acid in acetonitrile. Gradient elution was used and the mobile phase was 

varied as follows: 20% B at 0 min, ramp from 0 to 5 min to 40% B, ramp from 5 to 7 min to 

55% B, ramp from 7 to 13 min to 64% B. From 13 to 19 min the column was flushed with 

100% B at a flow rate of 550 μL/min before being returned to starting conditions and 

equilibrated for 6 minutes.

Electrospray ionization tandem mass spectrometry was used for detection. Analyses were 

performed on an MDS Sciex API 3000 equipped with a TurboIon Spray source (Applied 

Biosystems, Foster City, CA). Turbo desolvation gas was heated to 425°C at a flow rate of 6 

L/min. All analytes were monitored simultaneously in a scheduled multiple reaction 

monitoring experiment as negative ions at parent ion-product ion mass/charge ratio pairs and 
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retention times. The relative response ratios of each analyte and surrogate internal standard 

were used to calculate concentrations compared to response ratios of a range of 

prostaglandin standards of known concentrations (0.1-120 pg/μL injection). Peak analysis 

and quantification were performed using Analyst software (SCIEX, Framingham, MA).

Hematocrit determination

Tail blood from mice was collected into heparinized capillary tubes (Fisher, cat # 

22-362-566). Tubes were then sealed at one end by flame and centrifuged at 796×g for 10 

minutes. Hematocrit ratio was determined as the height of the pelleted cell fraction from the 

sealed tube end compared to the total length of separated blood components.

Statistical analysis

All data were analyzed using Graph Pad Prism 5 software. Statistical tests were used as 

indicated in the figure legends. P values less than 0.05 were used to identify statistically 

significant differences. Where animal survival data are presented, data are pooled from at 

least 2 experiments as detailed in Table S1.

Results

Caspase-11 and TLR4 account for the lethality of LPS challenge in poly(I:C) primed mice

To determine whether TLR4 accounts for the residual lethality seen in prime-challenge of 

Casp11−/− mice, we examined survival of mice deficient in TLR4, caspase-11, or both. The 

various challenges and medium vehicles used throughout our studies are listed in Table S2. 

As expected, primed Tlr4−/− mice uniformly succumbed to a high dose 54,000 μg/kg LPS 

challenge delivered in DPBS (Fig. 1). Nearly all Casp11−/− mice also succumbed to this 

challenge, further highlighting the variable penetrance of the response to similar dosing in 

different labs (6, 14). In contrast, Casp11−/−Tlr4−/− mice uniformly survived (Fig. 1), 

although apparent clinical symptoms such as piloerection and lethargy were still observed 

approximately 6-12 h after LPS injection in the Casp11−/−Tlr4−/− mice. Together, these data 

indicate that caspase-11 and TLR4 are each sufficient to drive lethality and together account 

for all of the lethality of the prime-54,000 μg/kg challenge regimen, but suggest that LPS 

from E. coli O111:B4 can weakly activate additional immune pathways.

Low-dose LPS induces shock when delivered in OptiMEM

In vitro, extracellular LPS does not efficiently access the cytosolic sensor caspase-11 unless 

it is packaged with a transfection reagent (5, 6). In an attempt to develop a novel model of 

sepsis where LPS is specifically delivered to the cytosol in vivo, we injected mice with LPS 

packaged with a transfection reagent (note that we used the tissue culture medium OptiMEM 

as a solution, which optimizes the packaging reaction). To our surprise, poly(I:C) primed 

mice challenged with even a medium dose of 400 μg/kg LPS rapidly succumbed to shock, 

becoming moribund within 1 to 2.5 hours of challenge (Fig. 2A). To our surprise, inclusion 

of the transfection reagent had no appreciable effect on this phenotype (not shown), 

suggesting that aberrant translocation of LPS to the cytosol is more efficient in vivo than in 

vitro. This result starkly contrasted the mortality kinetics of poly(I:C) primed mice 

challenged with high dose 54,000 μg/kg LPS in DPBS, where mice succumb in 6-48 hours 
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(Fig. 1), suggesting OptiMEM contributed to the rapid lethality and extreme sensitization to 

low dose LPS. As a control, OptiMEM alone was not sufficient to precipitate shock, nor was 

medium dose 400 μg/kg LPS delivered in DPBS or another tissue culture medium, DMEM 

(Fig. 2A, B). Mice challenged with LPS in OptiMEM became severely hypothermic (Fig. 

2C), and also exhibited seizures that are not typical of high dose LPS challenge in DPBS. 

Seizures can be caused by many factors, one of which is extreme hypoglycemia. We 

therefore examined the blood glucose levels of mice challenged with LPS in OptiMEM, and 

found it to be below the lower limit of detection (Fig. 2D).

LPS potentiates insulin induced hypoglycemic shock

OptiMEM is a proprietary formulation designed to culture cells in low serum conditions and 

contains, among other ingredients, insulin. Given the pronounced hypoglycemia we 

observed during challenge with LPS in OptiMEM, we hypothesized that insulin was the key 

factor that synergized with LPS to drive shock. Indeed, addition of insulin to LPS in DPBS 

recapitulated the phenotype of mice challenged with LPS in OptiMEM (Fig. 3A-C). This 

effect was not unique to LPS, as the TLR2 agonist Pam3CSK4 could similarly precipitate 

shock when co-delivered with insulin (Fig. 3D). Formal demonstration that Pam3CSK4 is 

signaling via TLR2 will require the use of Tlr2−/− mice in future work. Strikingly, insulin 

did not induce extreme hypoglycemia (below 20 mg/dL) until we administered doses 4-fold 

higher than employed with LPS, highlighting the potency of the interaction between LPS 

and insulin (Fig. S1A). Mice challenged with LPS and insulin could be rescued by 

administration of glucose, implicating extreme hypoglycemia as the cause of death (Fig. 

3E). Together, these data demonstrate that insulin can synergize with LPS-induced 

inflammatory mediators to drive hypoglycemic shock.

LPS impairs insulin clearance and enhances insulin receptor signaling

Various mechanisms could explain how LPS and insulin potentiated hypoglycemic shock. 

Insulin had no effect on LPS induced IL-6 or TNF secretion (Fig. 4A, B), suggesting that 

LPS acts upstream of or in parallel to insulin rather than insulin potentiating LPS signaling. 

LPS alone had a minimal effect on blood glucose, suggesting that an additive effect on 

glucose consumption by LPS and insulin signaling pathways cannot fully account for the 

extreme hypoglycemia (Fig. 4C). AKT is a node downstream of insulin signaling as well as 

multiple immune signaling pathways; however, LPS alone did not induce appreciable AKT 

phosphorylation in vivo (Fig. 4C), arguing against the synergistic intersection of 

immunological and insulin signaling pathways at the level of AKT. However, LPS amplified 

both insulin driven AKT and insulin receptor phosphorylation (Fig. 4C-H), indicating that 

the effect of LPS occurs upstream of AKT, either at or upstream of the insulin receptor. We 

therefore examined plasma insulin concentrations using an ELISA specific for the 

exogenous human insulin that we injected (this ELISA does not detect endogenous murine 

insulin). Insulin concentrations peaked at approximately 20 minutes in mice treated with 

insulin (Fig. S1B). At one hour, we observed that mice challenged with LPS and insulin 

together had significantly elevated plasma insulin compared to mice treated with insulin 

alone (Fig. S1C, Fig. 3I).
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Serum insulin concentration reflects both the rate of insulin absorption into the blood from 

the peritoneal cavity and the rate of clearance by tissues. Absorption of Evan's blue dye was 

unaffected by LPS (Fig. S1D), suggesting that LPS does not generally enhance fluid 

absorption from the peritoneal cavity into the blood. To further study insulin absorption and 

clearance, we compared serum concentrations of co-injected insulin and C-peptide (21) with 

or without LPS. The majority of insulin is cleared after insulin receptor binding, 

internalization, and subsequent intracellular degradation, much of which occurs in the liver 

(16). In contrast, C-peptide, a fragment of pro-insulin that is secreted with mature insulin, is 

cleared in an insulin receptor-independent manner primarily in the kidneys (23). Unlike its 

effect on plasma insulin, LPS did not affect concentrations of co-injected C-peptide (Fig. 

4I). These data suggest that LPS impairs clearance of insulin semi-specifically, an effect that 

is linked to enhanced insulin signaling in vivo (17).

Differential contribution of caspase-11, TLR4, and complement

The inflammatory sensors and downstream mediators that are detrimental in the synergy 

between medium dose 400 μg/kg LPS and insulin may be the same or different from those 

that cause mortality after challenge with 54,000 μg/kg LPS alone. Recall that we found 

caspase-11 and TLR4 fully account for mortality in poly(I:C) primed mice challenged with 

high dose 54,000 μg/kg LPS without insulin (Fig. 1). We next studied whether both of these 

sensors would be similarly detrimental during co-challenge with LPS and insulin. First, as a 

control, we determined that Casp11−/−, Tlr4−/−, and Casp11−/−Tlr4−/− mice had normal 

insulin sensitivity in the absence of LPS challenge (Fig. 5A). Next, we examined the 

resistance of these mice to several low doses of LPS combined with insulin. Wild type mice 

succumb to even very low dose 2.5μg/kg LPS challenge when insulin is included (Fig. 5B). 

Tlr4−/− mice exhibited intermediate resistance to challenge with insulin and 2.5μg/kg LPS 

(Fig. 5B), but uniformly succumbed to challenge with insulin and 40 μg/kg LPS (Fig. 5C). 

Whereas Casp11−/− mice survived challenge with insulin and 2.5 μg/kg LPS (Fig. 5B), they 

were nevertheless completely susceptible to challenge with insulin and 40 μg/kg LPS (Fig. 

5C). Further, liver AKT and insulin receptor phosphorylation were significantly reduced in 

Casp11−/− mice challenged with insulin and LPS 2.5μg/kg, but not in Tlr4−/− mice (Fig. 5D-

G), again indicating that LPS acts at or upstream of the insulin receptor. Therefore, 

caspase-11 and TLR4 both can potentiate insulin signaling, with caspase-11 being more 

sensitive in this model.

We hypothesized that Casp11−/−Tlr4−/− mice would fully resist challenge with insulin and 

the 40 μg/kg LPS dose that was lethal to Casp11−/− (Tlr4+/+) mice. Unexpectedly, 

Casp11−/−Tlr4−/− mice were also uniformly susceptible to this challenge (Fig. 5C). This 

result is in stark contrast to the complete resistance of Casp11−/−Tlr4−/− mice to LPS 54,000 

μg/kg challenge without insulin (Fig. 1),indicating that lower dose LPS triggers additional 

immune pathways capable of enhancing insulin signaling that are not lethal on their own.

LPS is known to activate the complement cascade with a potency determined by the O-

antigen structure (4). LPS from E. coli serotype O111:B4 is suggested to have weak but 

detectable complement activating properties (4). We therefore sought to block this third 

pathway in Casp11−/−Tlr4−/− mice using cobra venom factor, which depletes complement in 
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vivo. Indeed, while cobra venom factor did not protect WT mice, it rescued 

Casp11−/−Tlr4−/− mice from challenge with insulin and 400 μg/kg LPS (Fig. 5H, I). 

Altogether, these data suggest that caspase-11, TLR4, and the complement cascade act in 

parallel as three independent LPS response systems capable of enhancing insulin signaling.

Cyclooxygenase and PGE2 enhance insulin signaling

Various cyclooxygenase (COX) dependent prostaglandins have been shown to modulate 

signaling by hormones involved in glucose homeostasis, such as insulin (24-26) and 

glucagon (27). We previously observed that inhibition of COX signaling rescues mice 

challenged with low dose LPS in OptiMEM (5), a phenotype we now know to be dependent 

on insulin in the OptiMEM. Consistently, treatment of mice with in domethacin, a COX 

inhibitor, prevented mortality after LPS plus insulin challenge (Fig. 6A), abrogating extreme 

hypothermia and hypoglycemia (Fig. 6B, C), inhibiting hyper-phosphorylation of AKT and 

insulin receptor (Fig. 6D-G), and improving insulin clearance (Fig. 6H). Challenge with 

insulin and a higher dose of 400 μg/kg LPS overwhelmed the protection afforded by COX 

inhibition, although mortality was significantly delayed (Fig. S2A), suggesting either 

incomplete inhibition or implicating additional, lower potency mediators acting in parallel.

TLR4 and complement are each known to activate COX signaling within an hour of LPS 

exposure (28, 29), and caspase-11 is likely to as well by analogy to caspase-1 (30). Indeed, 

profiling of plasma lipid signaling molecules revealed that LPS induced production of the 

COX metabolites prostaglandin E2 (PGE2), PGD2, PGF2α, and 6-keto-PGF1α (Fig. 6I, J) at 

1h. Insulin had no effect on prostaglandin production (Fig. 6I, J), further supporting that LPS 

acts upstream of insulin rather than vice versa. The magnitude of LPS induced eicosanoid 

production was not sufficient to affect hematocrit (Fig. S2B), which is in contrast to the 

outcome of rapid systemic caspase-1 activation, which causes hypovolemic shock (30). 

Amongst prostaglandins, PGE2 has been shown to enhance insulin signaling in hepatocytes 

(24), skeletal muscle (25), and adipocytes (26), all important regulators of insulin induced 

glucose clearance. Mice deficient in Mpges1, a microsomal prostaglandin E synthase largely 

responsible for PGE2 production in response to LPS (20), survived challenge with insulin 10 

μg/kg LPS (Fig. 6K). These Mpges1−/−and corresponding WT control mice were maintained 

in a different mouse facility where WT mice resisted 2.5 μg/kg challenge, but were sensitive 

to a slight dose escalation up to 10 μg/kg. This suggests that the microbiota or other housing 

factors can have a subtle effect that changes the effective dosing in the range of a 4-fold 

effect, consistent with variable penetrance of LPS lethality between labs (Fig. 1 and (6, 14)). 

Together, these data demonstrate that COX and, especially, its downstream metabolite PGE2 

mediate LPS potentiation of insulin shock.

Septic mice exhibit impaired insulin clearance

In order to translate our findings to an animal model of sepsis, we studied insulin signaling 

and clearance in mice infected with the Gram-negative bacterial pathogen Salmonella 
Typhimurium. Five days post infection, at which point mice exhibit moderate clinical signs 

of infection such as lethargy, piloerection, and ocular discharge (but are not moribund), we 

injected mice with insulin and examined changes in blood glucose, insulin receptor and 

AKT phosphorylation, and insulin clearance. Compared to control mice, infected mice were 
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moderately hypoglycemic prior to insulin injection; however, infected mice exhibited a 

blunted reduction in blood glucose in response to insulin (Fig. 7A), suggesting that these 

mice were insulin resistant similar to septic patients in the ICU (31). Indeed, infected mice 

exhibited similar levels of AKT phosphorylation to uninfected control mice (Fig 7B, D); 

however, infected mice had markedly enhanced insulin receptor phosphorylation (Fig. 7C, 

E), consistent with insulin resistance mechanisms operating downstream of the insulin 

receptor (16, 32). This high insulin receptor phosphorylation correlated with high serum 

insulin (Fig. 7F), indicating that infected mice have impaired insulin clearance. Altogether, 

these data demonstrate that during infection, insulin clearance defects that prolong and 

enhance insulin receptor activity can coexist with insulin resistance, which limits the rate 

and magnitude of insulin's effects. In LPS challenge models (Fig. 2-6), insulin resistance did 

not have time to develop, whereas in an infectious model insulin resistance did occur 

through a mechanism distinct from impaired insulin clearance (Fig. 7).

Discussion

Herein, we described our serendipitous discovery that LPS enhances the effects of co-

delivered insulin, precipitating hypoglycemic shock within 1-2 h of challenge. This may 

have clinical relevance to the use of insulin to treat septic patients.

Critically ill patients typically present with hyperglycemia as a result of stress hormone and 

inflammatory cytokine signaling, which induces peripheral insulin resistance over time (31). 

Mechanistically, this occurs as LPS and other pathogen signatures induce inflammatory 

mediators such as TNF and IL-6, which drive inhibitory serine phosphorylation of the 

insulin receptor downstream adaptor protein IRS-1, inhibit IRS-1 tyrosine phosphorylation, 

and perturb blood flow to insulin responsive organs (33). This insulin resistance is seemingly 

at odds with the insulin hypersensitivity observed in mice treated with LPS and insulin. We 

propose that the insulin clearance defect that we observe exists in critically ill patients, but 

was previously unappreciated because it is obscured by the simultaneous and dominant 

effect of peripheral insulin resistance. Indeed, mice infected with S. Typhimurium 

simultaneously exhibited bothinsulin resistance and impaired insulin clearance. The 

mechanisms by which inflammatory signals drive insulin resistance may be distinct from 

those that impair insulin clearance. Insulin resistance mechanisms act primarily at the post-

receptor level, leaving insulin receptor surface expression, auto-phosphorylation, and 

internalization largely unaffected (16, 32). Consistent with this, infected mice exhibited 

elevated serum insulin and insulin receptor phosphorylation after insulin treatment, yet 

nevertheless had lower than expected AKT phosphorylation and a blunted change in blood 

glucose.

Treating hyperglycemia with insulin improves the survival of patients in intensive care units 

(ICU); however, extreme controversy has surrounded how stringently blood glucose should 

be controlled (34-40). In 2002, Van den Berghe and colleagues demonstrated reduced 

mortality in surgical ICU patients receiving insulin to maintain blood glucose between 80 

and 110 mg/dL (intensive insulin therapy; IIT) compared with those receiving conventional 

insulin therapy (CIT) targeting 180-200 mg/dL (34). This resulted in a significant shift in 

clinical practice: whereas marked hyperglycemia was commonly tolerated in ICU patients 
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before the Van den Berghe study, after it there was a major push to control blood glucose as 

a therapy for critically ill patients (41). However, in a later study these investigators observed 

equal survival rates in the medical ICU between patients receiving IIT and CIT, although 

they argued that IIT reduced morbidity (35).

The NICE-SUGAR clinical trial, which enrolled 6104 patients, investigated whether the 

benefit of IIT over CIT (targeting 144-180 mg/dL) would be reproduced in a large 

multicenter trial (38). Instead, IIT increased mortality. Moreover, whereas only 0.5% of 

patients on CIT experienced extreme hypoglycemia (<40 mg/dL), this condition occurred in 

6.8% of patients receiving IIT (38); 17.6% of CIT patients experienced moderate 

hypoglycemia (41-70 mg/dL) compared to 74.2% of IIT patients (39). Subsequent analysis 

identified both moderate and extreme hypoglycemia as risk factors for death (39), which is 

in line with multiple concurrent studies and meta analyses (36-40). Amongst subgroups of 

ICU patients, those with sepsis are particularly prone to hypoglycemia during IIT (42). Why 

sepsis predisposes to hypoglycemia remains unknown.

In our study, LPS impaired insulin clearance and augmented insulin signaling in both liver 

and skeletal muscle – tissues critical to the effect of insulin to reduce blood sugar – via 

caspase-11, TLR4, and complement. We propose that signaling from these sensors 

converges upon common mediators, especially eicosanoids, which enhance insulin action. 

Pam3CSK4 also lethally potentiated insulin activity, presumably acting via TLR2; whether 

Pam3CSK4 acts via eicosanoids and perturbs insulin clearance remains to be determined. S. 
Typhimurium infection similarly impaired insulin clearance while simultaneously inducing 

insulin resistance. In the setting of a hyperinsulinemic-euglycemic clamp, it has been 

suggested that LPS can impair insulin clearance (43, 44); however, ours is the first study to 

investigate the underlying mechanisms, and more importantly its potentially dire 

consequences. Further, we propose that an insulin clearance defect can paradoxically coexist 

with insulin resistance.

COX dependent eicosanoid production is known to occur rapidly downstream of TLR4 and 

complement receptor activation (28, 29), with kinetics that are consistent with the 1-2 hour 

time frame of hypoglycemic shock observed here in mice treated with insulin and LPS. 

Furthermore, since activation of caspase-1 induces calcium flux that drives eicosanoid 

production (30), it is likely that this mechanism is conserved for caspase-11. Thus, TLR4, 

complement, and caspase-11 should each contribute to the net prostaglandin production we 

observed to occur during LPS challenge. Although prostaglandins are critical mediators of 

the effect upon insulin, it is important to note that the protective effect of COX blockade can 

be overcome at higher doses of LPS, suggesting non-prostaglandin signaling pathways also 

act in this model.

Insulin clearance defects during S. Typhimurium infection likely act through multiple TLRs 

(including TLR4, TLR2, and TLR9) and complement. Although caspase-1 and -11 are 

efficiently evaded by S. Typhimurium (8, 45), these may become aberrantly activated in the 

setting of sepsis in an immunopathologic manner.
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There are multiple possible mechanisms by which inflammatory signaling pathways could 

impair insulin clearance. A first possible mechanism is that inflammatory mediators affect 

the activity of the insulin degrading enzyme (IDE) (16), which is sensitive to reactive 

oxygen and nitrogen species (46, 47). Indeed, administration of LPS to microglial cells in 

vitro abrogates IDE activity (46). Further, pharmacological inhibition of IDE in vivo impairs 

insulin clearance and simultaneously enhances insulin sensitivity (17), similar to what we 

observe here. ROS also enhances insulin signaling in vitro and in vivo by inactivating 

protein tyrosine phosphatases that dephosphorylate the insulin receptor and downstream 

signaling molecules (48, 49).

A second possible mechanism to consider is the rate of trafficking or acidification of the 

insulin-insulin receptor containing vacuole. Inhibition of endosomal acidification limits 

dissociation of insulin from the insulin receptor and subsequent insulin degradation (18); in 

vitro and in vivo, pharmacological inhibition of endosomal acidification enhances insulin 

signaling activity (19). Whether LPS impairs acidification of endosomes containing insulin: 

insulin receptor complexes remains to be determined, but this could conceivably occur via 

ROS dependent mechanisms or inhibition of PKA signaling (50).

A third mechanism could operate on the level of hepatic perfusion. Reduced blood flow 

through the liver should limit insulin trafficking through this major site of insulin clearance. 

Such a mechanism has broad implications beyond insulin as it would affect the activity and 

clearance of other liver-metabolized pharmacological agents administered to septic patients.

The elevated insulin concentrations we observe no doubt lead to increased glucose disposal 

and underlie the extreme hypoglycemia observed in mice challenged with LPS and insulin, 

which alone could explain the lethal hypoglycemia that we observe. However, it remains 

possible that LPS could simultaneously enhance insulin action via additional mechanisms. 

For example, several groups have demonstrated that PGE2 augments insulin signaling in key 

insulin responsive cell types: hepatocytes (24), skeletal muscle (25), and adipocytes (26). 

Furthermore, PGE2 inhibits glucagon signaling in hepatocytes by blocking cAMP generation 

(27). This would tip the balance towards glucose uptake and away from restoration of blood 

glucose by glucagon.

LPS is well known to affect glucose metabolism independently of its effects on insulin 

signaling. For example, LPS challenge causes transient hyperglycemia, which is associated 

with liver and muscle glycogen depletion (51), followed by hypoglycemia and impaired 

hepatocyte glucose production (52). Furthermore, despite eventually causing insulin 

resistance, LPS alone enhances glucose disposal in rats at early time points (53). Low dose 

LPS alone mildly affected the blood glucose of mice in our studies, suggesting such 

mechanisms may contribute somewhat to the extreme hypoglycemia we observed in mice 

challenged with LPS and insulin.

Our data in animal studies raise the possibility that subgroups of ICU patients, particularly 

those with sepsis, suffer from an impaired ability to clear insulin. The co-existence of insulin 

resistance and an insulin clearance defect would confound the clinical use of insulin therapy 

in critically ill patients. Insulin resistance and initially elevated blood glucose will buffer the 
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effect of exogenous insulin, but a simultaneous defect in insulin clearance could steadily 

drive the blood concentration of insulin higher. This could be exaggerated by a loss of 

homeostatic responses that normally maintain blood glucose in a tight range. For example, 

poor perfusion of the pancreas could lead to a lag time in glucagon responses to 

hypoglycemia, while inflammatory effects on the liver lead to prolonged insulin circulation. 

There is considerable variability amongst insulin infusion protocols used in ICUs, resulting 

in widely differing recommendations for dosing and variable glucose control (54). Insulin 

administration protocols that signal a caregiver to increase the dose of insulin before already 

administered insulin has had time to act (where the protocol assumes rapid insulin clearance) 

will increase the risk of extreme hypoglycemia. This effect could be overlaid upon other 

mechanisms that may contribute to hypoglycemia in septic patients, including inadequate 

nutrition, glycogen depletion (55), and enhanced insulin-independent glucose utilization 

(56). Optimized protocols should circumvent these problems by taking into account the 

possibility of an underlying insulin clearance defect (54).

Understanding how insulin clearance kinetics differ between sub-populations of critically ill 

patients may reveal that insulin administration protocols need to be modified for different 

patients depending upon the underlying etiology of their illness and how it affects the 

kinetics of insulin clearance. This could significantly impact the management of blood 

glucose levels in critically ill patients.
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Fig. 1. TLR4 and caspase-11 each contribute to lethality in primed mice challenged with LPS
Survival of poly(I:C) primed mice challenged with LPS (54,000 μg/kg) in DPBS (without 

insulin). Data are pooled from 2 experiments.
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Fig. 2. LPS delivered in OptiMEM rapidly induces shock
(A)Survival of mice challenged with LPS (400 μg/kg) in DPBS, DMEM, or OptiMEM. 

(B)Survival of mice challenged with OptiMEM with or without LPS (400 μg/kg). (C and D) 

Core temperatures (C) and blood glucose concentrations (D) at 1h of mice after challenge 

with LPS in DBPS or OptiMEM as described in (A). Survival data were pooled from 2 

experiments. Temperature and glucose data are representative of 2 independent experiments. 

Error bars, mean ± SD. Statistically significant differences were determined by a 2-tailed 

unpaired t-test; * P ≤ 0.05.
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Fig. 3. Co-delivery of LPS and insulin drives hypoglycemic shock
(A) Survival of mice challenged with LPS (400 μg/kg), insulin, or both. (B and C) Core 

temperatures (B) and blood glucose concentrations (C) of mice 1 h after challenge as in (A). 

(D) Survival of mice challenged with Pam3CSK4 (1 mg/kg) with or without insulin. (E) 

Survival of mice after challenge with LPS (400 μg/kg) and insulin and subsequent control or 

glucose injection. (A - E) Pooled data from 2 independent experiments. Error bars, mean ± 

SD. Statistically significant differences were determined by ANOVA and Tukey's multiple 

comparisons test; * P ≤ 0.05.

Hagar et al. Page 18

J Immunol. Author manuscript; available in PMC 2018 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. LPS impairs insulin clearance and amplifies insulin receptor signaling
(A and B) Plasma TNF and IL-6 concentrations from mice 1 h after DBPS injection or 

challenge with LPS (400 μg/kg), insulin, or both. Data pooled from 2 experiments. (C - H) 

AKT and insulin receptor phosphorylation observed at 1 h by Western blot in mice 

challenged as in (A). Western blots are representative of 3 or more (liver and quadricep 

AKT, liver IR) or 2 (quad IR) independent experiments. Densitometry data are pooled from 

3 or more (D, E, G) or 2 (H) experiments. (I) Plasma insulin and C-peptide concentrations 

at 1 h in mice challenged with insulin and C-peptide with or without LPS. Pooled data from 

2 experiments. Error bars, mean ± SD. Statistically significant differences were determined 

by a 2-tailed unpaired t-test; * P ≤ 0.05.
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Fig. 5. LPS enhances insulin signaling via caspase-11, TLR4, and complement
(A) Blood glucose concentrations over time in mice treated with insulin. Pooled data from 2 

experiments. (B and C) Survival of mice after challenge with insulin and LPS (B, 2.5 μg/kg; 

C, 40 μg/kg). Pooled data from 2 experiments. (D - G) Phosphorylation of liver AKT (D, E) 

and insulin receptor (F, G) determined by Western blot 1 h after challenge as in (B). 

Densitometry data are pooled from 3 experiments. (H, I) Survival of control or CVF treated 

mice after challenge with LPS (40 μg/kg) and insulin. Pooled data from 2 experiments. Error 

bars, mean ± SD. Statistically significant differences were determined by a 2-tailed unpaired 

t-test; * P ≤ 0.05.
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Fig. 6. Eicosanoid signaling acts downstream of LPS to amplify insulin activity
(A) Survival of DMSO or indomethacin treated mice after challenge with LPS (2.5 μg/kg) 

and insulin. (B and C) Core temperatures (B) and blood glucose concentrations (C) of mice 

1 h after challenge as described in (A). (D - G) Phosphorylation of liver AKT (D, F) and 

insulin receptor (E, G) determined by Western blot 1 h after challenge as described in (A). 

(H) Plasma insulin concentrations of mice 1 h after treatment as in (B). (I) Plasma 

prostaglandin concentrations in mice 1h after challenge with DBPS, LPS (400 μg/kg), 

insulin, or LPS and insulin. (J) P values for the indicated comparisons of data from (J) as 

determined by ANOVA and Tukey's multiple comparisons test. (K) Survival of mice 

challenged with insulin and LPS (10 μg/kg). Data are pooled from at 3 (A, K) or 2 

experiments (B – I). Error bars, mean ± SD. Statistically significant differences were 

determined by a 2-tailed unpaired t-test; * P ≤ 0.05.
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Fig. 7. Septic mice exhibit simultaneous insulin resistance and impaired insulin clearance
Mice were injected with PBS or S. Typhimurium. After 5 days they were challenged with 

insulin. (A) Change in blood glucose of control and infected mice before and 1h after insulin 

challenge. (B – E) Liver AKT and insulin receptor phosphorylation observed 1 h after 

insulin challenge in mice by Western blot. Western blots are representative of 2 independent 

experiments. Densitometry data are pooled from 2 experiments. (F) Plasma insulin 

concentrations 1 h after insulin challenge. Pooled data from 2 experiments. Error bars, mean 

± SD. Statistically significant differences were determined by a 2-tailed unpaired t-test; * P 
≤ 0.05.
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