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Abstract: Background: Endotoxin is a lipopolysaccharide (LPS) constituent of the outer membrane 

of most gram negative bacteria. Ubiquitous in the environment, it has been implicated as a cause or 

contributing factor in several disparate disorders from sepsis to heatstroke and Type II diabetes mel-

litus. Starting at birth, the innate immune system develops cellular defense mechanisms against envi-

ronmental microbes that are in part modulated through a series of receptors known as toll-like recep-

tors. Endotoxin, often referred to as LPS, binds to toll-like receptor 4 (TLR4)/ myeloid differentia-

tion protein 2 (MD2) complexes on various tissues including cells of the innate immune system, 

smooth muscle and endothelial cells of blood vessels including coronary arteries, and adipose tissue. 

Entry of LPS into the systemic circulation ultimately leads to intracellular transcription of several 

inflammatory mediators. The subsequent inflammation has been implicated in the development and 

progression atherosclerosis and subsequent coronary artery disease and heart failure. 

Objective: The potential roles of endotoxin and TLR4 are reviewed regarding their role in the patho-

genesis of atherosclerotic heart disease.  

Conclusion: Atherosclerosis is initiated by inflammation in arterial endothelial and subendothelial 

cells, and inflammatory processes are implicated in its progression to clinical heart disease. Endo-

toxin and TLR4 play a central role in the inflammatory process, and represent potential targets for 

therapeutic intervention. Therapy with HMG-CoA inhibitors may reduce the expression of TLR4 on 

monocytes. Other therapeutic interventions targeting TLR4 expression or function may prove benefi-

cial in atherosclerotic disease prevention and treatment. 

Keywords: Endotoxin, lipopolysaccharide, atherosclerosis, toll-like receptor 4, coronary heart disease, heart failure. 

1. INTRODUCTION 

 Atherosclerosis, coronary heart disease, and subsequent 
chronic heart failure have been associated with many risk 
factors, including age, gender, dyslipidemia, hypertension, 
smoking, family history, diabetes mellitus, obesity, physical 
inactivity, and metabolic syndrome. The multifactorial na-
ture of atherosclerotic disease has led to an increasing global 
burden of prevalence and expense of treatment [1]. The role 
of inflammation in the development of atherosclerotic dis-
ease has been associated with many of these risk factors [2-
4]. The immune system may play a central role in modulat-
ing atherogenesis along with cholesterol [5]. This review 
focuses on the possible roles that endotoxin and toll-like 
receptors may play in the initiation and progression of athe-
rosclerotic heart disease (AHD) to chronic heart failure 
(CHF). 
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 Models of disease pathogenesis involving microorgan-
isms or their toxins often include the presumption that the 
host-microbe interaction is harmful. Yet, an evolutionary 
perspective suggests that a symbiotic or at least commensal 
relationship may be necessary. The innate host defense 
against potential pathogens is one example of this symbiosis, 
which provides for immediate recognition and response to 
pathogenic invasion. Endotoxin stimulation of the innate 
immune system is important in the ontogeny of the normal 
immune system of individuals [6]. Endotoxins are ubiquitous 
in the environment and are main constituents of organic dust 
[7]. Without the innate immunity, newborns would not sur-
vive. While pathogenic bacteria have evolved invasive prop-
erties, commensal intestinal bacteria aid the human host in 
digestion and vitamin synthesis [8]. The immune response 
does not require prior exposure to a pathogen, but rather is 
based on recognition of conserved molecular structures such 
as Gram-negative lipid A (lipopolysaccharide or LPS) of 
endotoxin. These structures have been called pathogen-
associated molecular patterns (PAMPs), a subset of pattern 
recognition receptors (PRRs) which also include danger-
associated molecular patterns (DAMPs). Bacterial or fungal 
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infections may lead to a range of immune-mediated inflam-
matory responses from a self-limiting process to an over-
whelming response including sepsis and multiple organ fail-
ure [9]. Endotoxin is the PAMP that initiates the inflamma-
tory cascade in gram negative sepsis. Activation of toll-like 
receptors (TLRs) on cell membranes by PAMPs and DAMPs 
leads to an inflammatory response. For example, cardiac 
myocyte cell death following myocardial infarction engages 
the DAMP response to stimulate repair, but the inflamma-
tory response may also extend the damage [10].  

 Coronary artery disease and hypertension account for 
most cases of chronic heart failure, yet the pathogeneses of 
atherosclerosis and hypertension are not completely under-
stood, in part because many individuals who develop heart 
disease have normal blood pressure and cholesterol levels 
[11]. For a number of years, inflammation and infection 
were considered to have atherogenic effects. Interest was 
renewed in the 1970s and later when high levels of antibod-
ies to Chlamydophila pneumoniae were found in persons 
with chronic stable coronary artery disease and acute myo-
cardial infarction [12, 13]. Subsequent studies have impli-
cated Helicobacter pylori, cytomegalovirus (CMV) and 
periodontal pathogens as well [14-16]. Endotoxin is elevated 
in severe periodontitis and macrophage activation occurs 
[17]. More recently, endotoxin has been suggested as a me-
diator of the inflammatory response in atheromas and in 
other diseases, particularly in regard to chronic low grade 
endotoxemia [18]. 

 In 1997, Anker and associates hypothesized that in pa-
tients with chronic heart failure, mesenteric venous conges-
tion leads to increased bowel permeability, bacterial translo-
cation, endotoxin release from bacteria, and then immune 
system activation with increased production of inflammatory 
cytokines, particularly TNF-α, as well as increased soluble 
CD14, the cell membrane receptor for endotoxin [19].  

 Subsequently, a number of inflammatory factors have 
been found to be elevated in patients who have CHF includ-
ing tumor necrosis factor α (TNF-α), interleukin-6 (IL-6) and 
other members of the interleukin family, acute phase reac-
tants including C-reactive protein (CRP), intracellular adhe-
sion molecule-1 (ICAM-1), procalcitonin, vascular-cell ad-
hesion molecule-1 (VCAM-1, P-selectin, and lipopolysac-
charide (LPS or endotoxin), as well as a host of other factors 
[20]. Whether some of these are biomarkers of disease pro-
gression or part of the pathophysiologic causative chain of 
events that leads to chronic inflammation and CHF remains 
to be completely elucidated. Of these inflammatory factors, 
TNF-α has been considered “the prototypic pro-inflam-
matory cytokine” in CHF due to the large number of studies 
published since 1990 [20]. Large studies of TNF-α inhibitors 
in CHF patients showed neutral or negative results and 
dampened enthusiasm for the treatment of chronic inflamma-
tion in CHF [21]. Nonetheless, there are many other avenues 
that can be investigated. Endotoxin is of particular interest 
because it is one of the strongest inducers of TNF-α, procal-
citonin, and other pro-inflammatory substances [20]. Al-
though a number of other contributors to endothelial in-
flammation have been studied, the focus of this review is 
endotoxin. 

1.1. Structural Characteristics of and Inflammatory  
Responses to Endotoxin 

 Endotoxin is a lipopolysaccharide (LPS) constituent of 
the outer membrane of most gram negative bacteria. Its basic 
chemical structure is best described as hydrophilic sugar 
moieties bound to a hydrophobic region known as lipid A. 
The overall composition is generally heterogeneous with 
some focal pattern uniformity among the genetically diverse 
bacterial species. The hydrophilic or carbohydrate region of 
LPS is composed of the inner and outer cores and the O-
specific chain (O antigen). The larger O-specific chain is 
characterized by as many as 40 to 50 repeating oligosaccha-
ride subunits and is species-specific. This is the most struc-
turally diverse part of the molecule and may contain more 
than 60 monosaccharides and 30 different noncarbohydrate 
components. The more homogenous inner core contains un-
usual carbohydrate residues, such as 2-keto-3-desoxyoc-
tulosonic acid (KDO) and heptose, which are not usually 
found in host cells. The outer core consists of branched oli-
gosaccharides. Removal of the hydrophilic region has only a 
minimal effect on the inflammatory activity of LPS, demon-
strating that the core and O-specific chain play little role in 
host immune cell recognition. The hydrophobic lipid A por-
tion of the molecule contains a phosphorylated diglucosa-
mine backbone with four to seven attached acyl residues. 
The lipid A region is structurally conserved among various 
gram-negative bacteria. This uniformity provides a readily 
available target for the innate immune system especially 
cells of the monocyte-macrophage lineage [22-25].  

 In the event that gut or oral endotoxin “leaks” or translo-
cates into the systemic circulation, it generally binds to a 
carrier molecule: either lipopolysaccharide-binding protein 
(LBP), bactericidal/permeability-increasing protein (BPI), 
soluble CD14, or serum lipoproteins (HDL, VLDL) (See 
Fig. 1). LBP is believed to be responsible for extracting LPS 
from bacterial membranes and removing aggregations of free 
endotoxin in circulation [26]. As noted above, interaction 
with LBP enhances binding or transfer to membrane-bound 
CD14 receptors on the surface of innate immune cells of 
monocyte/macrophage lineage (including Kupffer cells of 
the liver) as well as smooth muscle and endothelial cells of 
blood vessels including coronary arteries. The interaction 
enables monocytes to respond to concentrations of LPS as 
low as 10 pg/mL [27]. CD14 receptors in turn, present endo-
toxin to the TLR4/MD2 complex (toll-like receptor-
4/myeloid differentiation factor-2). The transmembrane do-
main of TLR4 transmits a signal that is facilitated by a series 
of adapter proteins and kinases such as myeloid differentia-
tion factor (MyD88), IL-1 receptor-associated kinase 
(IRAK), tumor necrosis factor (TNF) receptor-associated 
factor 6 (TRAF6), NF-kB-inducing kinase (NIK), inhibitor 
kappa B (IқB), and ultimately to nuclear factor-kappa B 
(NF-қB) [28]. NF-қB binds to multiple gene promoter re-
gions in the nucleus resulting in transcription of several hun-
dred genes and synthesis of clotting elements, complement, 
other acute phase proteins, cytokines, chemokines and nitric 
oxide synthase. Among the proinflammatory cytoki-
nes/chemokines synthesized are interleukins (IL-1α, -1β, -6, 
-8, and -12) as well as TNF-α [9, 27, 29, 30]. Adipocytes are 
other cytokine producing cells that possess TLR4/MD2 re-
ceptor complexes but lack membrane-bound CD14 recep-
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tors. Binding of LPS to these complexes requires the assis-
tance of soluble CD14 [31]. Park and Lee provided a de-
tailed review of the structural basis of LPS recognition by 
TLR4 complexes [25]. It should be noted here that although 
TLR4-deficient cells lose all responses to LPS, recent studies 
have noted host responses that do not require TLR4 [32]. 

 NF-қB is the primary intracellular transcription factor 
and is up-regulated in leukocytes of CHF patients [33]. Simi-
larly, TLR2 and TLR4 expression on circulating monocytes 
of CHF patients was found to be elevated compared with 
normal controls [34, 35]. TLR4-regulated TNF-α plasma 
levels increased in relation to deteriorating functional classes 
in the Studies of Left Ventricular Dysfunction (SOLVD) 
trials [36]. These clinical observations support the roles of 
LPS, NF-қB, and TLR4 in the pathogenesis of chronic heart 
failure with endotoxin being a putative upstream stimulus for 
subsequent inflammatory responses. 

 The “toxin” portion of endotoxin is primarily the lipid A 
constituent. A partial structure characterized by a disaccha-
ride with two hexosamine residues (D-gluco-configured 
hexosamine), two phosphoryl groups, and six fatty acids is 
all that is necessary for optimal toxicologic activity in vitro 
and in vivo [24]. The hetero-polysaccharide component helps 
maintain hydrophilicity.  

 The “toxicity” of LPS is best described as the intense 
provocation of the immune system rather than any intrinsic 
toxic effect [24, 25]. Exogenous endotoxin in nanogram 
amounts can induce symptoms in humans similar to the sep-
tic shock syndrome [37]. Unfortunately, there is currently no 

diagnostic biomarker with high accuracy to predict or moni-
tor sepsis in humans, and it is likewise difficult to assess a 
“dose-response” relationship between circulating endotoxin 
and biological response [38]. The distinction between 
“toxic” levels of endotoxin and “healthy” or immunogenic 
levels of endotoxin has not been established. Liposaccharide-
binding protein has been proposed as a means of monitoring 
sepsis, but seems less useful than other acute-phase reactants 
[38].  

1.2. Endotoxemia and Disease 

 Endotoxemia has been reported to at least partially con-
tribute to the inflammatory manifestations of several hetero-
geneous pathologies including heat stroke, inflammatory 
bowel disease and other autoimmune disorders, severe pan-
creatitis, ethanol-induced liver disease, HIV infection, insu-
lin resistance, obesity, diabetes mellitus, chronic heart fail-
ure, atherosclerosis, memory impairment, multiple trauma, 
hemorrhagic shock, burns, chronic kidney disease, and 
asthma exacerbation [26, 31, 39-53]. Circulating levels have 
also been found in patients with a ruptured abdominal aortic 
aneurysm [54]. Pain in sickle cell disease has been related to 
endotoxin elevations [55]. The severity of the response 
seems to be related to the amount of endotoxin absorbed as 
well as the sensitivity of the immune system and the pres-
ence of inhibitory factors; however, as noted earlier, accurate 
and reliable assays for LPS serum levels have not been de-
veloped. Environmental sources of LPS are believed to con-
tribute to many asthma and COPD exacerbations and could 
also be involved in the development of atherosclerosis and 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Overview of LPS recognition by TLR4-MD-2. LPS binding induces dimerization of the TLR4-MD-2 complex, whose intracellular 

domains are termed Toll/IL-1R homology (TIR) domains due to structural similarity to the interleukin-1 receptor (IL-1R) family. Dimeriza-

tion results in recruitment of adapter proteins such as MyD88. Aggregation of the death domains (DD) of MyD88 stacks four IRAK4 and 

four IRAK2 molecules together into a structure called the “Myddosome.” (Source: 14
). 
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Parkinsonism [7, 56-59]. Translocation of endotoxin from 
the mouth in patients with periodontal disease may also be 
associated with atherosclerosis [52, 57, 60]. Chronically in-
creased circulating LPS has been associated with low-grade 
inflammation and insulin resistance and thereby related to 
metabolic syndrome [61]. 

 The various reports of endotoxin-associated diseases are 
difficult to interpret due to the use of different assays, the 
variation in correlation of plasma endotoxin levels with cy-
tokine levels and inflammatory biomarkers, the pharmacoki-
netic differences in routes of entry of endotoxin into the cir-
culation, and the degree of inactivation in vivo. These factors 
have been reviewed in detail elsewhere [62]. 

1.3. Gut function and Endotoxin 

 Gut microbiota composition and LPS are linked with 
inflammation, obesity, and metabolic disorders [63, 64]. 
These reviews suggest that obesity and diet, particularly high 
carbohydrate and fat diets, alter gut flora. Studies of in-
creased plasma endotoxin levels in humans have shown a 
direct correlation with increased waist circumference, waist–
hip ratio, insulin levels, inflammatory cytokines and lipids, 
including total cholesterol, triglycerides, and LDL choles-
terol. Elevated LPS concentrations have demonstrated an 
inverse relationship with HDL cholesterol [64]. Recently, 
Korpela et al. demonstrated that the composition of gut mi-
crobiota was predictive of responses to dietary intervention 
[65]. Baseline abundances of members of Clostridium clus-
ters and Bacilli were modeled among three cohorts from 
different countries to predict overall responsiveness to tested 
dietary interventions. These gut microbial signatures permit-
ted highly accurate predictions of microbiota changes, total 
blood cholesterol, HOMA (Homeostatic Model Assessment, 
insulin sensitivity indicator) and C-reactive protein. The 
emerging evidence suggests that gut microbiota and perme-
ability may be associated with chronic inflammation, endo-
toxemia, and enhanced risk factors for CHF. 

 The role of gut-derived endotoxin in human atherosclero-
sis seems less clear than its relationship to metabolic syn-
drome. Other sources of LPS such as periodontal, environ-
mental, or airways (especially from colonization in chronic 
lung disease) have been reported to contribute to atheroscle-
rosis [66]. It is estimated that as many 40% of new athero-
sclerosis cases may result from common chronic infections 
[12].  

 Even with an intact mucosa and healthy gut, small 
amounts of LPS can leak or translocate to the splanchnic 
circulation. This situation can occur, for example, after vig-
orous exercise and high fat diets [67, 68]. The effect of low 
level leakage can be positive by producing an immunostimu-
latory response leading to enhanced resistance to infections. 
There is also conflicting data to suggest low level leakage 
may be protective against malignancy [69-71]. In other cases 
the effect seems to be negative and contribute to obesity, 
diabetes, and atherosclerosis [31]. 

1.4. Endotoxin, Toll-Like Receptors and Atherosclerosis 

 Several studies have shown a relationship between TLR4 
and TLR2 activation, subsequent inflammation, and athero-

sclerosis [72-75]. Endothelial dysfunction and subsequent 
activation results in the recruitment of leukocytes to the 
subendothelium that is facilitated through activation of toll-
like receptors [28]. Endothelial chemokine receptors bind 
with leukocyte receptors leading to integrin activation and 
strong adhesion of the leukocyte. Recruited monocytes be-
come activated macrophages which results in foam cell for-
mation. Not all ligands in this scenario are endotoxins. En-
dogenous substances such as oxidized LDL cholesterol, 
minimally oxidized LDL, oxidized phospholipids, extracel-
lular domain A of fibronectin, hyaluronan, HSP60, HMGB1, 
serum amyloid A, and amyloid beta also bind to TLR4 or 
activate TLR4 mediated inflammatory pathways [76-78]. 
However, the response is generally more subdued as com-
pared with endotoxin [77]. TLR2 is also believed to be inti-
mately associated with atherosclerosis. However, this recep-
tor binds “atypical” LPS (e.g., from Porphyromonas gin-
givalis, an oropharyngeal bacterium), peptidoglycan, oxi-
dized LDL cholesterol, HMGB1, serum amyloid A, and 
amyloid beta. Current research suggests that blocking TLR2 
and perhaps TLR4 may reduce lesion formation and inflam-
mation, while TLR2 blockade also reduces infarct size fol-
lowing myocardial infarction [76]. The role of TLR2 may be 
independent of dietary lipids [79]. Additional evidence of 
TLRs contribution to atherosclerosis includes studies using 
mouse models that showed gene deletion of TLR2, TLR4, or 
MyD88 resulted in reduction in atherosclerosis [60, 80].  

 Similarly, MyD88 and ApoE-deficient mice experienced 
substantially decreased atheroma formation and macrophage 
infiltration [81]. TLR1, TLR2, and TLR4 expression was 
shown to be increased in human atherosclerotic plaques 
compared with normal coronary arteries, and that endothelial 
cells and macrophages were activated [82, 83]. Hypertension 
in a rat model increased TLR4 expression and activity, 
which might in part account for its role in the pathogenesis 
of atherosclerotic heart disease [84]. 

 One group of investigators has suggested an autoimmune 
basis for the earliest changes of atherosclerosis, via protec-
tive immunity acquired through exposure to bacterial or en-
dogenous HSP60 [85]. Under this viewpoint, atherosclerotic 
risk factors cause endothelial stress, thereby increasing ex-
pression of HSP60 and cell surface adhesion molecules to 
incite an inflammatory response. 

 Boekholdt et al. genotyped subjects in the REGRESS 
study of pravastatin and coronary atherosclerosis for two 
TLR4 polymorphisms [86]. Pravastatin recipients with the 
299Gly TLR4 allele developed substantially fewer cardio-
vascular events than noncarriers with no difference in lipid 
profiles. This demonstrates that genetic polymorphism in the 
innate immune system is related to atherosclerotic clinical 
events, and that statin treatment reduced the risk of these 
events without affecting cholesterol parameters. Kiechl and 
colleagues similarly monitored subjects in the Bruneck (It-
aly) Study of carotid atherosclerosis for the 299Gly TLR4 
allele and found a decreased risk of atherosclerosis and lower 
levels of circulating inflammatory cytokines [87]. Those 
carrying the TLR4 allele were also predisposed to systemic 
infections. 
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1.5. Endotoxin, Atherosclerosis, and Chronic Infections 

 One of the first human studies of endotoxemia in chronic 
infections was by Wiedermann et al. who examined baseline 
endotoxin levels in a random population of 466 middle-aged 
to elderly adults including many with chronic infections 
[56]. Chronic infections included participants with H. pylori 
infection, recurrent UTIs, and periodontal infection, but pri-
marily chronic obstructive pulmonary disease (COPD). The 
median concentration was 14.3 pg/ml although 31 partici-
pants had levels in excess of 50ng/ml. The end points were 
the presence and axial diameter of plaques in the carotid ar-
teries as assessed with high-resolution Duplex ultrasound 
and “incident cardiovascular disease” defined as myocardial 
infarction, transient ischemic attacks, stroke, or peripheral 
vascular disease. Endpoint assessments were performed at 
baseline and 5 years later by the same sonographer. The re-
sults showed high baseline endotoxin levels (>50ng/ml) were 
associated with a high incidence of atherosclerosis. This was 
particularly true of participants who smoked and had COPD. 
In subjects with baseline endotoxin levels ≤ 50ng/ml, those 
with chronic infection had the greatest risk. The same groups 
were associated with the highest risks of incident cardiovas-
cular disease. They concluded by commenting “As an out-
standing finding, baseline endotoxemia emerged as one of 
the strongest risk predictors of five-year incidence of carotid 
atherosclerosis and cardiovascular disease in our survey”. 
The authors did not comment on the possible contribution of 
periodontal disease which was present at baseline in 31 pa-
tients [56].  

 Porphyromonas gingivalis-associated periodontal disease 
has been widely reported to be associated with atherosclero-
sis [88]. This organism produces an atypical LPS that does 
not interact with TLR4 receptors. Hayashi et al. published a 
study examining the role of P. gingivalis on the progression 
of atherosclerosis in apolipoprotein E (ApoE) negative mice 
with or without TLR4 expression [60]. Infected ApoE nega-
tive mice demonstrated luminal narrowing and significantly 
more plaque than uninfected ApoE negative controls, while 
ApoE negative TLR4 negative mice exhibited further lumi-
nal narrowing and greater plaque development. TLR4 posi-
tive mice manifested only superficial fatty streaks rather than 
plaque infiltrated with macrophages. The authors speculated 
that increased expression of TLR2 in the infected TLR4 
negative group may have been responsible for the results. 
Their results suggest a role for pathogen-specific TLR sig-
naling in atherosclerosis, and also demonstrate an atheropro-
tective role for TLR4 in response to P. gingivalis infection 
[60].  

 There are several reports linking Chlamydophila pneu-
moniae (C. pneumoniae) (formerly Chlamydia pneumoniae) 
with atherosclerosis. These include epidemiologic studies 
comparing its seroprevalance to the presence of CHD as well 
as cytology studies showing the organism in atheromas [11, 
13, 89]. C. pneumonia is a mesophilic intracellular gram-
negative bacterium that produces a somewhat abbreviated 
version of LPS lacking the oligopolysaccharide side chain 
[22]. The role of the bacterium in atherosclerosis may be 
multifactorial with endotoxin as only a partial contributor. 
Microbes may play a role in the pathogenesis of chronic ar-
tery disease at several steps: (i) direct or indirect endothelial 

vascular injury; (ii) accelerating early atherosclerosis by cy-
tokine stimulation leading to local increases in LDL and oxi-
dized LDL; (iii) precipitating acute events by predisposing to 
vulnerable plaque or activating the coagulation cascade; (iv) 
infecting the atherosclerotic plaque [11, 13]. Other compo-
nents of C. pneumoniae such as heat shock protein 60 
(cHSP60) have also been reported to contribute to athero-
sclerosis [90, 91].  

1.6. Endotoxin and Heart Failure 

 Higher LPS concentrations in patients with decompen-
sated heart failure have been observed along with reduced 
active carrier mediated intestinal sugar transport [92]. The 
LPS concentrations decreased when patients were therapeu-
tically recompensated. In addition, thickened bowel wall and 
large changes in passive carrier mediated intestinal transport 
and permeability were found in stable, compensated CHF 
patients [93]. The authors suggested a cause/effect relation-
ship between edematous gut wall, epithelial dysfunction, and 
translocating LPS. However, endotoxemia induced in mice 
was shown to reduce splanchnic blood flow and disrupt the 
mucosal barrier function, so the relationship is still not clear 
[94]. 

 Low-dose endotoxemia activates TLR4 signaling and 
serves as a model for human experimental inflammation-
induced metabolic disturbances [95]. Mehta et al. obtained 
blood samples and adipose aspiration biopsies before and 
after a 3ng/kg intravenous bolus of endotoxin [40]. The pri-
mary outcome was the frequently sampled intravenous glu-
cose tolerance insulin sensitivity index. Secondary outcomes 
included inflammatory and metabolic markers, whole-blood 
mRNA and protein expression, and adipose mRNA and pro-
tein expression. LPS induced a significant reduction in 
FSIGT insulin sensitivity index with no effect on pancreatic 
function. In adipose tissue, endotoxin suppressed insulin 
receptor substrate-1 and markedly induced suppressors of 
cytokine signaling proteins (1 and 3). The result was activa-
tion of innate (interleukin-6, tumor necrosis factor) and 
adaptive (monocyte chemoattractant protein-1 and CXCL10 
chemokines) inflammation. The authors concluded that en-
dotoxemia “evoked adipose inflammation and modulation of 
insulin signaling pathways” and induced insulin resistance 
without beta cell dysfunction [40].  

 Venous congestion leading to altered gut permeability 
may be one mechanism for the source of circulating endo-
toxin in heart failure. Its potential role was first established 
in a paper by Niebauer et al. in 1999 [96]. The authors com-
pared 20 patients (mean age 64) with chronic heart failure 
and recent onset peripheral edema to 20 non-edematous pa-
tients (mean age 63) with chronic heart failure. They col-
lected markers of endotoxemia, inflammation, and immune 
activation. The results were compared to a control group of 
14 healthy volunteers (mean age 55). The mean endotoxin 
concentrations were higher in edematous patients than in 
stable patients with chronic heart failure (p=0·0009) as well 
as in the control patients (p=0·02). Edematous patients had 
the highest concentrations of cytokines and other intermedi-
aries or markers of inflammation (TNF-α, IL-6, CD14, CRP, 
procalcitonin) After short-term diuretic treatment, endotoxin 
concentrations decreased significantly from baseline 
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(p<0·05) but cytokines remained raised. The authors specu-
lated that heart failure associated edema leads to endotoxin 
mediated inflammation [96].  

 Other support for the role of endotoxin in heart failure is 
based on myocyte dysfunction in sepsis. Echocardiographic, 
experimental cellular, isolated heart, and in vivo animal stud-
ies have all shown impaired contractility and myocardial 
compliance in sepsis [97]. Cytokines such as TNF-α, IL6 and 
IL1 (especially IL-1 mediated stimulation of nitric oxide 
synthetase) have been mentioned as contributors.  

 Sharma et al. found an inverse relationship between 
TNF-α release and serum cholesterol in chronic heart failure 
patients, but not in healthy controls [98]. The authors sug-
gested that serum lipoproteins may regulate the response to 
LPS such that the low LPS activity observed in heart failure 
patients can induce significant TNF-α production. In a small 
crossover human study, Hudgins et al examined the effects 
of a single dose of intravenous LPS on lipoprotein levels in 
six healthy volunteers [95]. After treatment, subjects devel-
oped markedly increased serum levels of TNF-α and its 
soluble receptors, IL-6, serum amyloid A, and C-reactive 
protein. Triglyceride and very low-density lipoprotein-
triglyceride increased, while cholesterol, LDL cholesterol, 
apolipoprotein B, and phospholipid levels declined. LPS 
binding protein increased 3-fold.  

1.7. Role of Statins and Other Drugs on Toll-Like Recep-
tor Function and Expression 

 Toll-like receptor signaling pathways may represent in-
triguing therapeutic targets for treatment and/or prevention 
of complications of atherosclerosis and chronic heart failure 
[28]. Foldes et al. studied the effects of the HMG-CoA re-
ductase inhibitor fluvastatin on ex vivo monocytes from CHF 
and normal patients, and found a dose-dependent reduction 
in TLR4 expression in both groups [34]. In addition, fluvas-
tatin pretreatment blunted the LPS-induced TLR4 and CD14 
expression by half, while beta-adrenergic inhibitors had no 
effect. In a double-blind placebo-controlled study of 20 
healthy subjects, subjects were randomized to receive sim-
vastatin (80 mg/d) or placebo for 4 days before intravenous 
LPS was administered [99]. Pretreatment blunted TLR4 and 
TLR2 expression on monocytes by more than half after the 
LPS infusion. Atorvastatin-incubated human monocytes 
demonstrated decreased TLR4 and NF-қB expression fol-
lowing LPS treatment [100]. These and other studies suggest 
that the pleiotropic effects of statins on cardiovascular out-
comes is in part due to inhibition of the innate immune sys-
tem’s inflammatory responses via the TLR4/NF-қB signal-
ing pathway [101-103]. 

 Adenosine reduced TLR4 expression in macrophages 
from acute myocardial infarction patients compared with 
controls, suggesting a role for adenosine or an adenosine 
agonist in ischemic myocardial injury. Endogenous adeno-
sine is released in large amounts after ischemia due to cell 
death and adenosine triphosphate breakdown [104]. Carbo-
hydrate-based small molecules have been investigated for 
possible TLR-4 antagonist therapeutic potentials [105]. 

 Animal studies have identified other potential therapeutic 
agents for modulating TLR4 function in disease. Chronic 

treatment with metformin, an antidiabetic agent, has been 
shown to reduce inflammatory responses and cardiac dys-
function following myocardial infarction by suppressing 
TLR4 signaling [106]. Ischemia/reperfusion injury following 
myocardial infarction was attenuated in mice by eritoran and 
follistatin [107, 108]. 

2. CONCLUSION 

 Endotoxin is a lipopolysaccharide (LPS) constituent of 
the outer membrane of most gram negative bacteria. Al-
though ubiquitous in the natural environment, the largest 
reservoir is the gut of humans and animals due to coloniza-
tion by gram-negative aerobic and anaerobic bacteria. The 
interaction of endotoxin with the TLR4-MD2-CD14 receptor 
complex ultimately leads to intracellular transcription of of 
several inflammatory mediators. Toll-like receptors includ-
ing TLR4 and TLR2 have shown in various in vitro, animal, 
and human studies to be major contributors to the develop-
ment and progression of atherosclerosis and coronary heart 
disease. The relative contribution of LPS in comparison to 
other ligands still needs further research. The role of both 
TLRs and endotoxin in atherosclerotic heart disease is in-
triguing but our current knowledge could best be described 
as only preliminary. The question of whether drugs affecting 
toll-like receptor expression and function will ultimately be 
useful in improving clinical outcomes needs further analysis. 
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