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Abstract 

 

Obesity-related metabolic derangements have been linked to toll-like receptor 4 (TLR4), 

an innate immune system receptor, due to its role in proinflammatory pathways. 

Lipopolysaccharide (LPS), a gram-negative bacteria cell wall component, is the ligand for TLR4, 

and has been shown to be elevated in states of metabolic disease. Heightened levels of 

circulating endotoxin is termed metabolic endotoxemia and has been linked to systemic 

inflammation which is associated with obesity, type 2 diabetes mellitus (T2DM), and 

cardiovascular disease (CVD). Immune cells exhibit a protective ability to develop endotoxin 

tolerance.  The objective of this study was to determine if endotoxin tolerance exists in skeletal 

muscle cells, and if a condition that mimics a state of over nutrition, such as elevated levels of 

fatty acids, affect this tolerance. To this end, L6 skeletal muscle cells were treated with low (50 

pg/mL)- and high (500 ng/mL)-doses of LPS, with and without the presence of free fatty acids 

(FFAs). Tolerance was assessed by measuring: 1) changes in mRNA expression of interleukin-6 

(IL-6) and monocyte chemoattractant-1 (MCP-1) as markers of a pro-inflammatory response; 

and 2) mRNA levels of peroxisome proliferator-activated receptor gamma coactivator-1 alpha 

(PGC1-α) and mitochondrial oxidative capacity via an XF24 Flux Analyzer (Seahorse 

Bioscience) as measures of the metabolic response. Tolerance to LPS was observed in response 

to low- and high-doses with MCP-1 mRNA transcription but not IL-6.  Changes in PGC1-α and 

mitochondrial OCR exhibited a tolerant effect in response to the high dose of LPS but not the 

low dose.  The addition of free fatty acids to LPS treatments did not prevent the tolerant effects 
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under any conditions.   In conclusion, LPS tolerance exists in skeletal muscle cells but appears to 

differ depending on pro-inflammatory target and LPS concentration.  Additionally, fatty acids, in 

the current model, have no effect on LPS tolerance.    
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Introduction 

 Obesity, a major health disorder, is defined as having a body mass index (BMI) of greater 

than 30 kg/m
2
, and is associated with abnormal inflammation and dysregulated skeletal muscle 

metabolism (79). These pathological states resulting from obesity can lead to insulin resistance, 

dyslipidemia, and type 2 diabetes mellitus (T2DM). Obesity-related metabolic derangements 

have been linked to Toll-like receptor 4 (TLR4), an innate immune system receptor, due to its 

role in proinflammatory pathways (82).  

Lipopolysaccharide (LPS), a gram-negative bacteria cell wall component, is the primary 

ligand for TLR4. It enters the bloodstream via chylomicron translocation from the small intestine 

and colon (31). LPS binding to TLR4 initiates a proinflammatory response by the innate immune 

system. If this response is left uncontrolled, exacerbated inflammation may lead to tissue damage 

and chronic disease. Endotoxin tolerance, or desensitization, is a type of cellular reprogramming 

involving the mechanistic immune response to subsequent lipopolysaccharide (LPS) exposures 

that permits the host to defend itself from an exacerbated inflammatory state (8, 61, 87). It also 

enables the host to maintain cellular functions and homeostasis (15, 27, 33). 

Chronic stimulation of TLR4 by low levels of LPS (~50pg/ml) has been the basis for the 

coined term, metabolic endotoxemia. This is defined as low levels of circulating endotoxin 

within the blood of humans and rodents that may be the foundation of systemic inflammation, 

often seen in those who are obese or have T2DM, cardiovascular disease (CVD), atherosclerosis, 

or chronically consume a high-fat diet (16, 27, 86).  

Our laboratory has recently shown that TLR4 signaling modulates skeletal muscle 

substrate preference in a manner that favors the oxidation of glucose and pyruvate over that of 
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fatty acids, a characteristic that has been observed in skeletal muscle of obese humans (46). 

Based on these observations, in conjunction with the newly identified condition that is associated 

with obesity termed metabolic endotoxemia, a central objective of our laboratory is to ascertain 

the role of metabolic endotoxemia in the pathogenesis of metabolic diseases such as obesity and 

type 2 diabetes. As metabolic endotoxemia is thought to be a chronic condition in the obese state 

(15), whether or not skeletal muscle cells can develop a tolerance to endotoxin, like that of 

immune cells, is an important question, which to date has yet to be answered.  The purpose of the 

studies described herein was to determine if endotoxin tolerance exists in skeletal muscle cells, 

and if so, does a condition that mimics a state of over nutrition, e.g., elevated levels of fatty 

acids, affect this tolerance.  

Statement of Problem 

 The immune response to a foreign invader gives rise to inflammation that can lead to 

cellular damage and apoptosis if uncontrolled. During metabolic endotoxemia, patients are 

exposed to persistently low-doses of LPS, which is a common characteristic of chronic disease. 

Host immune cells can attenuate this inflammation through various cellular mechanisms and 

cross-talk between cells of the innate immune system, however, whether skeletal muscle cells 

also exhibit endotoxin tolerance is unknown.  
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Significance of the Study 

 LPS tolerance is a protective mechanism utilized by the host to protect itself from 

inflammatory damage. By investigating whether or not LPS tolerance exists in skeletal muscle, 

we can determine if skeletal muscle has protective mechanisms to manage chronic inflammation. 

With a greater understanding in this area, treatment and management of chronic inflammatory 

conditions characterized by metabolic endotoxemia may improve. Specifically, obese and T2DM 

patients may be unable to become tolerant to chronic endotoxin exposure and could experience 

significant inflammation that may otherwise be avoided in a healthy individual. 

 

Specific aims 

1. To determine if skeletal muscle cells exhibit endotoxin tolerance. 

2. To determine if the presence of free fatty acids have an effect on endotoxin tolerance in 

skeletal muscle cells. 

 

Main Hypotheses  

1. Skeletal muscle cells will become tolerant to intermittent and continuous endotoxin 

exposure. 

2. Skeletal muscle cells will not become tolerant to intermittent and continuous endotoxin 

exposure in the presence of free fatty acids. 
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Basic assumptions 

1. The in vivo physiological characteristics of skeletal muscle are retained in skeletal muscle 

cell cultures. 

2. The skeletal muscle cell lines used in these studies possess normal inflammatory response 

and metabolic function. 

3. Skeletal muscle cells will respond to LPS exposure. 

Limitations 

1. L6 skeletal muscle cells derived exclusively from one tissue. 

2. All experiments were performed from cultured cells as opposed to an in vivo research 

model. 

3. Palmitate and oleate, albeit the most abundant fatty acids in circulation, are only two of 

the many fatty acids in circulation. 

4. The multiple exposure model allotted only 3 hours for each “rest period”, whereas the 

time between human meal consumption may in fact be longer. 

5. The total treatment time for each timeline was 12 hours, whereas a longer timeline may 

have been a more accurate depiction of chronic metabolic endotoxemia. 
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Toll-like receptors and the innate immune system 

Inflammation is a pathophysiological state that results from the host body defending itself 

against a foreign invader, primarily through the innate immune system. The innate immune 

system is responsible for early detection of microbes and is stimulated by the activation of 

pattern recognition receptors (PRRs), specifically toll-like receptors (TLRs) (64).  TLRs have the 

ability to identify specific microbial components known as pathogen-associated molecular 

patterns (PAMPs) (14). These are composed of conserved RNA and DNA sequence motifs, 

lipids, lipoproteins, and proteins of viruses, bacteria, and fungi (1, 66). Different PAMPs bind to 

different TLRs and initiate signaling pathways that lead to an immune response (1, 45). The Toll 

gene was first discovered during genetic studies in the fruit fly, drosophila, which then lead to 

the search for the mammalian homologue (4, 59). To date, 12 mammalian Toll receptors have 

been identified, the first being toll-like receptor 4 (TLR4) (68). Of these TLRs, only some are 

expressed in skeletal muscle, including TLR2-5, TLR7, and TLR9 (13, 70, 81).  

TLR4 is located primarily in immune cells, but is also found in adipose, liver, and 

skeletal muscle tissues (28, 78). TLR4 is activated by a cellular wall component of gram-

negative bacteria known as lipopolysaccharide (LPS). Upon LPS binding to TLR4, adaptor 

molecules are recruited to the cytoplasmic domain along the plasma membrane of a cell. 

Initially, TLR4 associates with myeloid differentiation factor-2 (MD-2) and then TLR4/MD-2 

binds to the co-receptor, CD14. This complex binds to LPS along with the LPS’s binding 

protein, LBP (34, 49). There are two pathways associated with LPS/TLR4 binding: the MyD88-

dependent pathway and the MyD88-indendent pathway (also known as the TRIF pathway) (17).  
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Current literature supports the notion that early and late stages of NF-ĸB activation exists 

(44). The early-stage activation of NF-ĸB is associated with the MyD88-dependent pathway that 

is stimulated when TLR4 interacts with LPS on the cellular membrane and recruits TIRAP/Mal 

to the action site. MyD88 then recruits IL-1 receptor-associated kinase 4 (IRAK4) to TLR4 

which leads to the phosphorylation of IRAK1. The cytokine signaling mediator, tumor necrosis 

factor receptor-associated factor (TRAF), is activated by IRAK1. IRAK1 becomes 

phosphorylated and ubiquinated, allowing for stimulation of TAB (TAK-1 binding protein-1) 

and subsequent NF-ĸB activation. Mitogen-activated protein kinases (MAPKs) can also be 

activated by TAK1 following phosphorylation. MAPKs act to phosphorylate proteins in order to 

continue signaling from extracellular stimuli.  

Late-stage activation of NF-ĸB is characterized by the endocytosis of TLR4 into the 

cytoplasm of the cell (41). This cytosolic TLR4 endosome activates the TRIF pathway. TLR4 

forms a complex with TRAM and TRIF that signals Tank Binding Kinase 1 (TBK1) to 

phosphorylate IKKε or activate interferon regulatory factor 3 (IRF-3) (25, 40, 43, 44, 71). TRIF 

may also signal through TRAF6 to activate TAK1. IRF-3 activates the proinflammatory 

cytokine, IFN-β, and the STAT1 pathway, facilitating the activation of the adaptive immune 

system.  

Both pathways lead to the dissociation of NF-ĸB from its inhibitor protein, IkBα, which 

upon phosphorylation, is ubiquitinated, allowing translocation of nuclear factor kappa B (NF-ĸB) 

into the nucleus (35). Subsequently, NF-ĸB activates the gene expression of proinflammatory 

cytokines and chemokines, also known as regulatory peptides, which function to maintain 

communication between other cells in the body (11).  
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High levels of cytokine secretion have earned the name “cytokine storm”, which 

facilitates the inflammatory response through NF-ĸB, caused by LPS. While this inflammatory 

response is essential for clearance of pathogens, excessive inflammation may cause tissue and 

cellular damage to the host cells. The extent of the damage to the host may depend on the 

concentration and length of LPS exposure, as well as the ability of the host to initiate protective 

mechanisms putting exacerbated inflammation to a halt. 

LPS and the initiation of cellular reprogramming  

 LPS, the cell wall component of Gram-negative bacteria, can circulate throughout the 

blood and initiate various immune responses. Low concentrations (<50 pg/ml) of LPS in the 

bloodstream have been associated with endotoxemia and chronic inflammatory conditions. Some 

of these include type 2 diabetes mellitus (T2DM), atherosclerosis, obesity, and insulin resistance 

(36, 47, 50). This chronically low concentration of LPS has been shown to contribute to mild 

elevation of inflammatory mediators, or cytokines, by removing suppressive nuclear receptors on 

the promoter regions of their respective genes (55). Higher concentrations of circulating LPS 

(50-500 ng/ml) are seen during cases of sepsis, systemic inflammatory response syndrome 

(SIRS), and endotoxin shock; all of these conditions are commonly seen in hospitalized patients. 

When the host cell initially encounters an antigen, in this case LPS, a primary immune 

response occurs, of which is called “priming” (61).  Priming occurs when the cells react to an 

antigen and send signals to activate the innate and adaptive immune systems, secreting 

proinflammatory cytokines and chemokines. Priming is necessary to prepare the host for 

additional encounters with the same antigen, by allowing it to adapt and change the existing 

signaling pathways. 
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LPS tolerance, or cellular reprogramming, occurs after the host has been primed with 

LPS. Beeson first documented this phenomenon when he demonstrated that repeated injections 

of a typhoid vaccine in rabbits reduced their fevers initially caused by the vaccine (6, 7). 

Tolerance is observed when the host can no longer initiate a robust reaction to subsequent LPS 

exposures and thus, the immune response is blunted (8, 61). This response is characterized by the 

inhibition of proinflammatory markers, including the cytokines TNF-α, IL-6, and MCP-1. In 

addition, activation of anti-inflammatory markers IL-10 and TGF-β may be up-regulated, and act 

to suppress further inflammatory signals, as seen in tolerant macrophages (69). However, the 

changes in signaling pathways that mediate cellular reprogramming are not quite that simple.  

Cellular reprogramming can be used as a protective mechanism allowing the host to 

maintain homeostasis. Characteristics of cellular reprogramming vary between species, cell 

types, and within signaling mechanisms. Several protective mechanisms utilized by host cells in 

response to LPS exposure have been identified and include: down regulation of TLRs, negative 

regulators of TLR signaling, deficient recruitment of adaptor proteins, and variations in NF-ĸB 

subunits (64). In macrophages, TLR4 expression was down-regulated after a LPS pretreatment 

(63). Negative regulators of TLR signaling include proteins such as SHIP, IL-1R-associated 

kinase-M, and more recently, microRNAs (5, 65, 83). In humans, similar mechanisms 

contributing to cellular reprogramming were found including decreased TLR4 expression on the 

cell membrane, blunted MyD88 recruitment to TLR4, and deficient IRAK1 activation (32, 58). 

IRAK1 has gained attention in recent years and found to be essential for mediating the 

proinflammatory effect of low-dose LPS (55). IRAK1-deficient mice had reduced cytokine 

signaling when compared to their wild-type controls, however IRAK4 and other IRAK family 

members may be up-regulated to take the place of IRAK1 (42, 76, 80).  
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Intolerance to LPS exposures 

Intolerance to LPS, or in inability to maintain homeostatic conditions with the host, can 

lead to a robust inflammatory reaction. High levels of circulating LPS may result in sepsis, SIRS, 

and chronic inflammatory conditions (51, 56). This uncontrolled inflammation can lead to tissue 

damage and apoptosis due to the increased levels of circulating proinflammatory cytokines (85). 

This may affect global cellular function via signaling through TLR’s.  

Role of TLRs in chronic diseases and metabolic regulation 

TLR2 recognizes several PAMPs that include lipopeptides, peptidoglycan, and 

lipoteichoic acid from Gram-positive bacteria (19, 44). It plays a cell type-specific role in 

recognition of different ligands to initiate an immune response. In rat and mouse myocytes, 

TLR2 activated NF-ĸB through the MyD88-dependent pathway (29). Several studies have also 

found that cross-talk can occur between TLRs. TLR4 can activate TLR2 and consequently its 

downstream signaling pathways (38). TLR2 and TLR4 signaling was found to be linked with the 

metabolic markers, peroxisome proliferator-activated receptor-γ coactivator 1 (PGC1), α and β, 

during sepsis within the liver, suggesting that inflammation can affect mitochondrial biogenesis 

(77). These markers regulate genes involved in fatty acid oxidation (FAO), electron transport, 

and oxidative phosphorylation (72). TLR2 and TLR4 are significant receptors of innate 

immunity and metabolism have dual roles in response to LPS.   

Skeletal muscle has been shown to secrete tumor necrosis factor-alpha (TNF-α), 

interleukin-6 (IL-6), interleukin 1-β (IL-1 β), and monocyte chemotactic protein-1 (MCP-1) in 

response to NF-ĸB activation (11, 27, 29, 67). These peptides vary depending on their autocrine, 

paracrine, or endocrine functions. They may signal the innate or adaptive immune system or act 
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on nearby cells to illicit an immune response. Without the characteristic cellular reprogramming 

seen in immune cells in response to LPS, muscle cells may experience exacerbated 

inflammation, with metabolic implications such as altered substrate utilization and decreased 

insulin sensitivity (60). Metabolic endotoxemia can alter the host’s metabolic functions, 

including altered mitochondrial respiration as seen in rats, and by contributing to insulin 

resistance (27, 73, 84).  In cell culture, non-septic doses of LPS decrease fatty acid oxidation and 

increase glucose oxidation in C2C12 cells (27).  Chronic activation of TLR4 by LPS has induced 

increased muscle proteolysis, contributing to cachexic wasting (22). TLR4-stimulated NF-kB 

activation has been shown to be involved in cachexic muscle wasting by increasing expression of 

IL-6 and TNF-α, and by activating skeletal muscle proteolysis (9, 10). This complication is often 

accompanied by chronic inflammatory states such as chronic heart failure (CHF) and diabetes 

(22). In addition, increased serum levels of LPS have been measured in patients suffering from 

CHF, T2DM, and even cancer (2, 33, 62). Taken together, these pathological states of metabolic 

endotoxemia may have negative impacts on muscle metabolism and contribute to a cachexic 

state.  

Markers of metabolism in skeletal muscle are negatively impacted during inflammatory 

conditions. Mice injected with LPS have increased TNF-α, MCP-1, and IL-6 mRNA expression 

(72). TNF-α stimulated reactive oxygen species (ROS) production as well as the ubiquitin 

conjugating pathway lead to mitochondrial damage and proteolysis, respectively (52). 

Interestingly, mice injected with LPS showed decreased production of PGC1-α and PGC1-β, 

suggesting that chronic, low-doses of LPS may lead to mitochondrial dysfunction or a reduction 

in number (72).  
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Summary 

Endotoxin tolerance is a protective mechanism utilized by the host to avoid uncontrolled 

inflammation and apoptosis. Immune cells, including macrophages and dendritic cells, exhibit 

tolerance to repeated endotoxin exposures, through multiple mechanisms, including decreased 

expression of TLR4 and decreased recruitment of adaptor molecules to the binding site. Chronic 

signaling through TLR4 can lead to low-grade inflammation as evidenced by the production of 

proinflammatory cytokines. These inflammatory states may play a role in alterations in skeletal 

muscle metabolism, as well as cachexic muscle wasting, common in chronic inflammatory 

diseases such as CHF, cancer, and T2DM.  
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Cell Culture Studies 

Rat L6 skeletal myoblasts were used for all experiments. This cell line provides a widely 

used model to observe skeletal muscle function (39). They were grown to confluence (80-90%) 

in Dubelcco’s modified eagles medium (DMEM) containing 10% fetal bovine serum, 50U/ml 

penicillin, and 50ug/ml streptomycin (Invitrogen, Carlsbad CA). Cells were maintained in either 

6- or 12-well plates. Once confluent, cells differentiated in DMEM containing 2% horse serum, 

50U/ml penicillin, and 50ug/ml streptomycin for 4-7 days. The media was changed every other 

day and experiments were conducted following overnight serum-free starvation media.  

Treatments 

Multiple plates of cells were grown to characterize the effects of different number of 

exposures of the cells to low- (50 pg/ml) and high-dose (500 ng/ml) LPS. The cell culture model 

followed the below timeline (Table 1) to simulate the typical meal patterns of humans and 

sequential rise and fall of endotoxins in the blood stream. In between treatments, cells were 

subjected to a 3hr “rest” period in which starvation DMEM was used. After each treatment, cells 

were washed once with PBS, and following their final treatment, washed three times, 

immediately before collection for gene expression analysis. To distinguish the difference 

between typical meal-induced endotoxemia and chronic, low-grade inflammation, a second 

timeline was utilized in this cell culture model (Table 2). Cells were continuously exposed to a 

low dose (50pg/mL) of LPS for 4, 8, or 12 hours followed by collection. This approach was an 

attempt to mimic metabolic endotoxemia (low-dose LPS) in muscle cells while multiple 

collection points aided in determining if endotoxin tolerance exists in muscle cells. To 

distinguish the FFA effect from the LPS effect, cells were exposed to BSA, BSA + LPS, BSA + 

fatty acids, and BSA + fatty acids + LPS. Lipid-containing media was prepared by conjugating 
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the free fatty acids, palmitate (16:0) and oleate (18:1), with fatty acid- and endotoxin-free bovine 

serum albumin (BSA). The LPS treatments consisted of low- (50 pg/ml) and high-dose (500 

ng/ml) LPS. Endotoxin-free BSA was used in order to negate the possibility of additional 

endotoxins interfering with the treatments. BSA was prepared and combined with a ratio of 2:1 

palmitate to oleate to mimic a high saturated fat environmental condition (600µM FFA: 200µM 

BSA). Oleate (200µM) was combined with palmitate (400µM) in order to prevent the apoptotic 

effects that palmitate alone can initiate (54). The addition of free fatty acids to the media not only 

generated a more physiological setting for the cells, but also helped us determine their role in 

endotoxin tolerance.  

TABLE 1: Intermittent endotoxin treatment timeline 

Plate: Treatment: 

1 2 h LPS → Rest → 2 h LPS → Rest → 2 h LPS → Collect 

2 2 h LPS → Rest → 2 h LPS → Collect     

3 2 h LPS → Collect         

 

TABLE 2: Continuous endotoxin treatment timeline 

 

Plate: Treatment: 

1 ------------------------------------- 12 h LPS --------------------------------------| Collect 

2 ----------------------- 8 h LPS -----------------------| Collect   

3 --------- 4 h LPS ---------| Collect     
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Quantitative Real-Time PCR Analysis 

 Following treatment, cells were scraped and collected in 1ml TRIzol (Invitrogen, 

Carslbad, CA). Total cell mRNA was extracted using an RNeasy Mini Kit (Qiagen) according to 

the manufacturer’s instructions. qRT-PCR will be performed using an ABI PRISM 7900 

Sequence Detection System instrument and TaqMan Universal PCR Master Mix used according 

to manufacturer’s specifications (Applied Biosystems, Inc., Foster City, CA). IL-6, MCP-1, and 

PGC1-α expression was normalized to β-actin mRNA levels. Primers and 5# FAM-labeled 

TaqMan probes were purchased as pre-validated assays (Applied Biosystems, Inc., Foster City, 

CA). Relative quantification of target genes were calculated using the 2-∆CT method, which are 

validated for each primer/probe set. 

Mitochondrial Respiration 

 Mitochondrial respiration of cultured L6 cells was performed using an XF24 extracellular 

flux analyzer (Seahorse Bioscience, North Billerica, MA) as described by Choi et al with 

modifications (30). Immediately after protein quantification, cells were seeded into 24 well XF24 

V7 cell culture microplates at a density of 5,000 cells per well. Cells were grown unto 80% 

confluence and differentiated into fully differentiated myotubes. Experiments were conducted in 

serum-free media between days 5 and 7 of differentiation. Immediately following treatments, 

cells were loaded into the XF24 analyzer. Experiments consisted of 3 minute mixing, 2 minute 

wait, and 2 minute measurement cycles, unless otherwise stated. Oxygen consumption was 

measured under basal conditions, in the presence of the mitochondrial inhibitors oligomycin (0.5 

uM) or rotenone (0.25 uM), or in the presence of the mitochondrial uncoupler carbonyl cyanide-
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p-trifluoromethoxyphenylhydrazone (FCCP) (0.3 uM) to assess maximal oxidative capacity. The 

RCR was calculated as the ratio of state 3/state 4 respiration. All experiments were performed at 

37°C. 

Statistics 

A one-way ANOVA with Tukey post-hoc analysis was used to compare results from L6 

cells in response to LPS. A two-way ANOVA with Tukeys post-hoc analysis was used to 

compare the interaction between the fatty acid treatments and the LPS exposures. All cell culture 

studies were repeated at least twice to establish enough replication to observe potential 

significant differences. T-tests are two-tailed and the level of significance is set at P<0.05. 
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Cell Culture Results 

Intermittent LPS exposures in skeletal muscle myotubes elicits different transcriptional 

response for IL6 and MCP-1.  

 Recent studies have investigated the effects of LPS exposure on immune cells, as they are the 

primary acting cells in host defense systems. A previous study by Albrecht and his colleagues 

demonstrated using human dendritic cells, a time-dependent decrease in cytokine mRNA 

expression in response to endotoxin exposure (3). In order to mimic similar conditions in our 

laboratory, we exposed skeletal muscle cells to either low- or high-doses of LPS for 2h (1 LPS 

exposure), 4h (2 LPS exposures) or 6h (3 LPS exposures). IL-6 mRNA expression increased in 

response to low and high doses of LPS (Figures 1 A&B) with no added or diminished effects 

Figure 1: The effects of intermittent LPS exposures on proinflammatory cytokines. Cells were treated with control

media, low-, and high-doses of LPS (50 pg/ml or 500 ng/ml, respectively) for 2 h (1 LPS Exposure), 4h (2 LPS Exposures),

or 6h (3 LPS Exposures) with a 3h “rest” period between exposures, in which the cells were treated with serum-free media.

There was a significant LPS effect on IL-6 expression (Figures 1 A & B) independent of concentration, with no significant

LPS x exposure interaction or added effect of repeated LPS exposures. The LPS x exposure interaction, LPS effects, and

repeated exposure effects were all significant for MCP-1 with both low (Figure 1C) and high (Figure 1D) doses of LPS.
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with multiple exposures. Both low and high doses of LPS elicited a significant induction of 

MCP-1 mRNA (Figures 1 C&D) with the 1
st
 exposure of LPS, which was diminished to control 

levels after the 3
rd

 exposure.  These data are indicative of a tolerant effect in skeletal muscle cells 

to LPS with transcription of MCP-1 but not IL6. 

PGC1-α transcription develops a tolerant effect to multiple LPS exposures. 

 

To determine the 

effects of multiple 

LPS exposures on 

metabolic function in 

skeletal muscle 

myotubes, we 

measured PGC1-α 

mRNA expression. 

Low and high doses 

of LPS resulted in 

different PGC1-α transcriptional responses with no effect of low dose LPS after one exposure 

with subsequent decreases with the 2
nd

 and 3
rd

 exposures (Figure 2 A&B).  The high dose of LPS 

caused a significant increase in PGC1-α with the 1
st
 exposure with reductions below control 

levels after the 3
rd

 exposure.   These data support an LPS tolerance effect in skeletal muscle cells 

with PGC1-α expression but more so with high dose LPS than low.   

 

 

Figure 2: The effects of intermittent LPS exposures on PGC1-α mRNA. Cells were treated with control media, low-, and

high-doses of LPS (50 pg/ml or 500 ng/ml, respectively) for 2 h (1 LPS Exposure), 4h (2 LPS Exposures), or 6h (3 LPS

Exposures) with a 3h “rest” period between exposures, in which the cells were treated with serum-free media. With low dose

LPS treatment (Figure 2A), the LPS x exposure interaction trended toward significance, which was driven by a significant

LPS-induced reduction in PGC1-α mRNA following the 2nd and 3rd LPS exposures. Conversely, the high dose LPS treatment

(Figure 2B) resulted in an increase in PGC1-α mRNA following one exposure., with a tolerant effect following the 2nd and 3rd

exposures.
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LPS reduces the oxygen consumption rate, which also exhibts a tolerant effect with repeated 

exposures. 

To determine the effects of multiple LPS exposures on maximum respiration in skeletal muscle 

myotubes, we quantified the oxygen consumption rate (OCR) utilizing an XF24 extracellular 

flux 

analyzer. 

Cells were 

exposed to 

low- or high-

doses of LPS 

for 1, 2, or 3 

exposures.  

Both the low 

and high 

doses of LPS 

elicited a significant reduction in maximally stimulated oxygen consumption rate (Figure 3 

A&B), which was more robust with high dose than with the low dose.  This effect was absent 

after the 3
rd

 exposure of LPS with both low and high doses.  

 

 

 

 

Figure 3: The effects of intermittent LPS exposures on maximum oxygen consumption. Cells were treated with control

media, low-, and high-doses of LPS (50 pg/ml or 500 ng/ml, respectively) for 2 h (1 LPS Exposure), 4h (2 LPS Exposures),

or 6h (3 LPS Exposures) with a 3h “rest” period between exposures, in which the cells were treated with serum-free media.

With low dose LPS treatment, there was a significant reduction in maximally stimulated OCR following the 1st and 2nd LPS

exposure, which was absent after the 3rd exposure (Figure 3A). The high dose LPS treatment exhibited a more robust

reduction in maximally stimulated OCR (Figure 3B). This effect was abrogated in a step-wise fashion with the 2nd and 3rd

LPS exposures, which is indicative of a LPS tolerance effect.
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Continuous LPS exposure leads to LPS tolerance as evidenced by blunted MCP-1 but not IL-6 

mRNA expression 

 To test the hypothesis that skeletal muscle cells would become tolerant to continuous endotoxin 

exposures, we exposed cells to low-doses (50 pg/ml) of continuous LPS treatments for 4, 8, or 12 

h (Figure 4). IL-6 mRNA expression was significantly increased in response to LPS after 4, 8, 

and 12 hours of LPS exposure with the most robust effect at 8 hours.  The LPS-induced IL-6 

expression was most 

modest at the 12 

hour time point, 

which may be 

indicative of a 

tolerance effect.  

MCP-1 mRNA 

levels were also 

significantly 

increased at all time 

points in response to LPS with the most robust effect being at the 4 hour time point.  The LPS 

effect on MCP-1 mRNA was blunted at 8 and 12 hours, which again, may be indicative of LPS 

tolerance.   

 

 

 

Figure 4: The effects of continuous LPS exposure on proinflammatory cytokine expression. Cells were exposed to low-

dose LPS (50 pg/ml) for 4h, 8h, or 12h then collected for RNA extraction. IL-6 and MCP-1 mRNA expression was

significantly increased in response to LPS (Figures 4 A & B). There was a also a significant LPS x time interaction with both

IL6 and MCP-1, which is indicative of a tolerant effect, although modest.
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Free fatty acids do not affect IL6, MCP-1, and PGC1-α mRNA in response to intermittent LPS 

exposures in skeletal muscle myotubes. 

 To determine if free fatty acids would prevent the observed tolerance in response to repeated 

LPS exposures, a 2:1 ratio of palmitate to oleate was added to the media (400µM palmitate, 

200µM oleate). The addition of the free fatty acids to the LPS treatments had no affect on IL6, 

MCP-1, or PGC1-α expression at any time point (Figure 5 & 6). It is also noteworthy that the 

tolerant effect to intermittent LPS exposures observed previously with MCP-1 (Figure 1C) was 

not observed in these experiments.  Bovine serum albumin (BSA) was added to the control 

media as it served as a carrier for the fatty acid treatments.  As such, we speculate that the BSA 

may have had a confounding influence in these studies, which warrants further research. 

 

 

Figure 5: The effects of intermittent high-dose LPS exposure with the addition of free fatty acids on pro-

inflammatory cytokine expression. Cells were treated with control media or high dose LPS +/- 200 μM FFAs (2:1 ratio of

16:0:18:1) for 2 h (1 LPS Exposure), 4h (2 LPS Exposures), or 6h (3 LPS Exposures) with a 3h “rest” period between

exposures, in which the cells were treated with serum-free media. There was a significant increase IL6 mRNA expression

with LPS treatment with all three exposures but more robust with the 2nd and 3rd (Figure 5A). MCP-1 mRNA levels were

also increased with LPS treatment with the most robust effects following the 3rd exposure (Figure 5C). The addition of

FFAs had no effect on LPS-induced cytokine expression at any time point (Figures B & D).
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The addition of FFA to continuous LPS treatments alters the effects on IL-6 and MCP-1 

expression. 

 

The addition of FFA to the LPS treatments, surprisingly, abrogated the LPS-induced IL-6 effect 

at 4, 8 and 12 hours of treatment, with the abrogation becoming more modest with time (Figure 7 

A&B). The addition of FFA had no effect in LPS-induced MCP-1 expression at any time point 

(Figure 7 C&D).  However, FFA alone increased MCP-1 expression at 4 hours, which was no 

longer evident at 8 and 12 hours. 

 

 

 

 

 

Figure 6: The effects of intermittent high-dose LPS exposure with the addition of free fatty acids on PGC1-α mRNA.

Cells were treated with control media or high dose LPS +/- 200 μM FFAs (2:1 ratio of 16:0:18:1) for 2 h (1 LPS Exposure),

4h (2 LPS Exposures), or 6h (3 LPS Exposures) with a 3h “rest” period between exposures, in which the cells were treated

with serum-free media. LPS treatment caused a significant increase in PGC1-α mRNA after one exposure which was absent

following the 2nd exposure, and reduced following the 3rd (Figure 6A). These effects were not affected by the addition of

fatty acids (Figure 6B).
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Figure 7. The effects of continuous low-dose LPS exposure with the addition of free fatty acids on pro-inflammatory

cytokine expression. Cells were exposed to low-dose LPS (50 pg/ml) +/- 200 μM FFAs (2:1 ratio of 16:0:18:1) for 4h, 8h,

or 12h and then collected for RNA extraction and qRT-PCR. LPS treatment increased IL6 mRNA levels at all time points

with a modest tolerant effect by the 12th hour of treatment (Figure 7A). The LPS effect was abrogated by FFAs at 4 and 8h

(Figure 7B). LPS-induced MCP-1 expression was significant at all time points (Figure 7C) with no effect of the addition of

FFAs (Figure 7D).
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Chapter 5: Discussion 
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The present study examined the effects of intermittent and continuous LPS treatments on 

skeletal muscle cells, with the hypothesis that these cells would develop an observable LPS 

tolerance. The use of low- and high-doses of LPS mimicked metabolic endotoxemic and septic 

conditions, respectively, and have been previously used in both in vitro and in vivo models (27, 

74, 75). Metabolic endotoxemia, a chronic, systemic inflammatory response, has been implicated 

in the development of chronic inflammatory diseases, such as obesity, T2DM, and CVD (15). 

The action molecule in the initiation of an immune response, LPS, binds to TLR4, which 

sequentially signals the innate and adaptive immune systems. TLR4 is abundant in skeletal 

muscle, and therefore may play an important role in the development of inflammation in this 

tissue (27). When this inflammatory response is uncontrolled, exacerbated inflammation may 

lead to tissue damage, apoptosis, and chronic disease. In order to maintain cellular homeostasis, 

the host promotes endotoxin tolerance, a method of cellular reprogramming geared at down-

regulating proinflammatory pathways and promoting anti-inflammatory pathways (8, 15). This 

phenomenon has been observed in animals and humans, although the precise mechanisms 

utilized by the host to implement endotoxin tolerance may vary among species (18, 20). While 

there is a significant amount of research examining LPS tolerance in immune cells, whether this 

tolerant effect exists in skeletal muscle is not known.  

Major Findings 

 The major findings of these studies are: (1) Priming skeletal muscle myotubes with LPS 

leads to differential cytokine responses to intermittent LPS exposures; (2) PGC1-α mRNA 

expression is affected differently by high- vs. low-doses of LPS; (3) LPS reduces the oxygen 

consumption rate, which is abrogated after repeated LPS exposure; (4) free fatty acids do not 

prevent LPS tolerance in skeletal muscle myotubes but abrogate LPS-induced effect on IL6.  
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LPS Effects on mRNA Expression of Proinflammatory Cytokines 

 LPS signaling via TLR4 induces the translocation of transcription factor, Nf-κβ, and 

subsequent activation of proinflammatory cytokines: TNF-α, IL-6, and MCP-1. Studies have 

previously shown decreased activation of these cytokines as a tolerance mechanism to prevent an 

exacerbated immune response (26, 57). Our data suggest that IL6 and MCP-1 are 

transcriptionally regulated differently from one another. Perhaps pathways downstream of TLR4 

signaling are resistant to tolerance (e.g., IL6 transcription) and others are not (e.g., MCP-1 

transcription). Negative regulators of downstream signaling pathways may dictate which 

cytokines are transcribed by only inhibiting certain proteins. Kobayashi K et al. showed that 

IRAK-M acts to suppress the release of IRAK-4 and IRAK-1 from MyD88 thereby preventing 

continued signaling (48). Studies have shown similar results when comparing cytokine secretion 

from healthy verses diseased cells, and found that diseased cells may express significantly higher 

levels of proinflammatory cytokines than their non-diseased counterparts, suggesting a 

differential cytokine response depending on the mechanisms in place within those cells (38).  

LPS Exposure Effects on a Key Metabolic Regulator and Maximum Respiration 

 Skeletal muscle is an important tissue for substrate utilization and disposal, which may be 

affected by frequent exposure to LPS. Responsible for transcriptional activation of genes 

controlling oxidative phosphorylation, mitochondrial biogenesis, and fatty acid oxidation, PGC1-

α plays significant roles in skeletal muscle (23). Studies have shown that when PGC1-α gene 

expression is disrupted in response to an LPS challenge, mitochondrial dysfunction occurs along 

with a sequential accumulation of lipids (72). In our studies, PGC1-α mRNA expression 
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significantly decreased in response to low- and high-doses of LPS after multiple exposures, 

suggesting that in response to sepsis and endotoxemia, metabolism is significantly affected. 

Previous studies have shown impaired respiration in sepsis models (12) and increased 

maximum respiration during metabolic endotoxemia (84). Herein, our results mimic those 

previous findings. The FCCP-stimulated OCR was decreased in response to 1 LPS exposure but 

this effect diminished after repeated exposures. This data reveals that mitochondrial respiration 

can recover from both septic and endotoxemic conditions in skeletal muscle. We have previously 

shown a switch from fatty acid β-oxidation (FAO) to glucose oxidation in response to low- and 

high-dose LPS for 2, 6, 12, and 24 hours, suggesting that these effects are independent 

suppressions in PGC1-α mRNA (27).  

Free Fatty Acids do Not Prevent Tolerance in Skeletal Muscle Cells 

 Chronic inflammatory diseases, such as obesity and T2DM, are often marked by common 

characteristics, such as insulin resistance and hyperlipidemia. These characteristics may be a 

result of excess intramyocellular lipid accumulation and a switch from FAO to glucose oxidation 

during inflammatory states (21, 37). Skeletal muscle, a highly oxidative tissue, will normally 

draw FFAs from circulation for FAO, however, in times of stress and inflammation, FAO 

decreases, creating an abundance of FFAs that can potentially prevent LPS tolerance. Contrary to 

our hypothesis, the data showed that FFAs did not prevent tolerance from occurring within the 

skeletal muscle cells. In respect to the intermittent treatments, there was no FFA effect on IL6, 

MCP-1, or PGC1-α mRNA expression. Interestingly, the addition of FFAs decreased LPS-

induced IL6 mRNA expression after continuous treatment for 4 and 8 hours but MCP-1 

expression was unchanged. FFAs may not be a critical factor affecting LPS tolerance in healthy 
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skeletal muscle cells during a 12-hour period, but may be influential over a longer treatment.  In 

addition, our 2:1 ratio of palmitate to oleate mimics a high saturated-fat diet, which in a 

physiological in vivo setting, may only be one of many factors contributing and participating in 

the inflammatory response to LPS. 

 

Summary 

 Endotoxin tolerance, a host mechanism necessary for maintaining homeostatic cellular 

processes, is also not only present in immune cells but also skeletal muscle cells. This process 

varies according to the tissue in observation, and may utilize multiple signaling pathways and 

mechanisms to combat inflammation. Recent studies have thoroughly explored these signaling 

pathways and their roles in the innate and adaptive immune systems; however, until recently, 

skeletal muscle has largely been overlooked. Skeletal muscle, with its vital role in substrate 

utilization and metabolism, may be a pivotal topic of interest in the development of endotoxin 

tolerance, as it is associated with chronic inflammatory diseases that largely affect this tissue. 

Herein we show that skeletal muscle tissue may become tolerant to multiple LPS exposures, 

however, this response is complex and dependent upon the dose of LPS and the time course of 

interaction with the antigen. We have briefly scratched the surface of this new topic of interest, 

primarily investigating the role of the TLR4 pathway in skeletal muscle response to LPS. The 

presence of FFAs may alter this immune response but our data shows otherwise. FFAs are 

abundant in circulation in chronic inflammatory disease states, though their role may not be 

pertinent in the development of endotoxin tolerance.  
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Future Directions 

 The magnitude of effects that endotoxins have on cellular functions have been studied for 

decades. Researchers have sought answers as to how the body responds to LPS challenges and 

what the resulting effects are. We know that LPS induces an inflammatory response from the 

immune system and skeletal muscle cells, but there are still many questions unanswered, such as 

which signaling pathways are affected, what would happen in an in vivo situation, and what the 

roles of epigenetics play in skeletal muscle tissue. Apart from the items listed above, the most 

obvious next step in this work is to assess the targets examined herein at the protein level. 

Knowing the how the protein concentrations were affected under the same conditions would 

provide us with a better snapshot of cytokine and signaling pathway activity within the cells after 

each LPS exposure.  

There are many interesting targets that could help distinguish the pathways of which are 

utilized when skeletal muscle becomes tolerant to endotoxins. Downstream of TLR4 exists the 

kinases, IRAK-4 and TBK1. These kinases, when measured via gene expression analysis or 

western blots, could help determine which pathway downstream of TLR4 is impacted after 

multiple LPS exposures in skeletal muscle, specifically the MyD88-dependent (upstream from 

IRAK-4) and TRIF (upstream from TBK1) pathways (8). Interestingly, there is a generous 

amount of data regarding the MyD88-dependent pathway and a modest amount of TRIF data. 

Additionally, other cytokines could be measured to include the proinflammatory cytokines IL-1β 

and IL-12, and the anti-inflammatory cytokines, TGFβ and IL-1RA. These cytokines are 

activated by different pairs of Nf-κβ heterodimers, and can provide additional information as to 

the particular mechanism(s) underlying endotoxin tolerance.  
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A major limitation of this study was the fact that all experiments were performed in 

cultured cells, whereas an in vivo model would provide researchers additional information, such 

as how other factors, such as hormones and immune cells, could impact the effects of LPS and 

progression of endotoxin tolerance. Mice could be injected with low doses of LPS under low- or 

high-fat fed conditions to mimic a more physiologically relevant situation. In addition, the time-

course of injections and diet could be expanded to weeks or even months instead of a short, 12 

hour study.  

The growing area of epigenetics, also studied primarily in immune cells, may dig deeper 

into the roles and complexity of endotoxin tolerance in skeletal muscle tissue. In a recent study, 

Liu TF et al concluded that prolonged systemic TLR4 activation by LPS would result in 

epigenetic reprogramming in monocytes and leukocytes (53). Epigenetic reprogramming is a 

complex paradigm characterized by several phases: an initiation phase (i.e. LPS binding to 

TLR4, followed by activation of proinflammatory cytokines), an evolving phase 

(proinflammatory genes are turned off via transcriptional silencing and other genes, such as 

genes for anti-inflammatory cytokines, are turned on), and finally a resolving phase, in which the 

previous gene changes are reversed (24). These processes can be modified by microRNAs, 

conserved non-encoding RNAs that impact the magnitude of change by controlling translation of 

mRNA.  

In conjunction with previous findings from immune cell research, these areas of scientific 

research may uncover the depth and magnitude of endotoxin tolerance in skeletal muscle tissue. 

Endotoxin tolerance is multidimensional, highly regulated, and a highly evolving multi-cellular 

mechanism to protect the host against uncontrollable inflammatory responses.  
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