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ameliorated in patients with TLR4 single
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Abstract

Background: Obesity is strongly associated with hypertension. Despite numerous mechanistic links the association
is not fully understood. Western diet increases uptake of Toll-Like receptor 4 (TLR4) ligands such as free fatty acids
or endotoxin. We recently demonstrated that TLR4 ligands are involved in the development of hypertension. We
hypothesized that TLR4 ligands are involved in obesity-associated hypertension and investigated the TLR4 single
nucleotide polymorphism (SNP rs 498790). This SNP is frequent, associated with cardiovascular disease and
characterized by blunted response upon exposure to TLR4 ligands.

Methods: We investigated 3657 patients undergoing coronary angiography. Blood pressure was determined in
standardized manner prior angiography. The diagnosis of hypertension was based on record data. Patients were
characterized for TLR4 single nucleotide polymorphism (SNP) rs4986790. Patients were stratified according to quartiles
of Body mass index (BMI) and according to the polymorphism. The association between the TLR4 polymorphism and
blood pressure in obese patients (BMI > 30 kg/m2) was investigated by multivariate regression analysis.

Results: Out of 3657 patients 3017 patients fulfilled inclusion criteria. In the whole cohort a significant increase of SBP,
pulse pressure and diagnosis of hypertension was observed across BMI quartiles. By contrast, no significant increase of
SBP, pulse pressure or diagnosis of hypertension was observed in the 319 cases with TLR4 SNP rs4986790 across BMI
quartiles. These obese cases had significantly lower SBP, lower pulse pressure (7.0 and 7.6 mmHg) and less diagnosis of
hypertension as controls. In obesity the TLR4 SNP rs4986790 was an independent predictor of SBP.

Conclusion: Systolic blood pressure increase with obesity was blunted in cases with TLR4 SNP rs4986790.
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Background
The increasing prevalence of obesity worldwide is a ser-
ious health hazard. Obese individuals are at increased
risk for diabetes, hypertension, renal failure, and other
cardiovascular diseases. Clinical studies have confirmed
a strong relationship between obesity and hypertension
[1, 2]. In large epidemiological studies the increased risk
for cardiovascular diseases attributed to overweight re-
quires the presence of arterial hypertension, a key risk

factor for most of cardiovascular diseases [3]. Excess
weight is clearly related to increase in blood pressure
levels [4]. However, despite a number of therapeutic op-
tions available, adequate blood pressure control is
achieved only in half of these patients [5], evidencing
that the mechanisms involved in blood pressure increase
associated to obesity still need to be better understood
[6, 7].
Chronic low-grade inflammation is linked to hyperten-

sion, being one important feature shared by obesity and
hypertension [8, 9]. This link has been poorly explored, al-
though several sources for low-grade inflammation in
obesity are known. Diet-induced obesity is associated with
ligands of the Toll-like receptor (TLR) 4, an evolutionarily
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ancient pattern recognition receptor that plays a key role
in the innate immune response. Western diet works as an
important trigger of TLR4 signaling, as it provides ligands
such as free fatty acids [10, 11]. Another source of TLR4
activation is the translocation of bacterial endotoxin [lipo-
polysaccharide (LPS)] from the gut into the blood stream
[12], the so-called metabolic endotoxemia that occurs with
diet-induced obesity [13]. Several TLR 4 SNPs have been
described. We were interested in a TLR4 SNP which is
frequent and has a reduced reagibility upon TLR4 ligands
as we hypothesize that in this case it would be associated
with reduced blood pressure. These factors are fulfilled by
the TLR4 SNP rs4986790. This SNP showed a reduced
reagiblity on LPS [14]. Moreover this SNP belongs to the
most frequent TLR 4 SNPs [15]. Furthermore we could
recently find an association of this TLR 4 SNP rs 4986790
with age-dependant blood pressure increase in patients
with coronary artery disease [16]. Therefore we investi-
gated whether cases with a TLR4 SNP rs4986790 had
ameliorated blood pressure in obesity as compared to
controls.

Methods
Patients
Participants were examined at I. Medizinische Klinik
rechts der Isar der Technischen Universität München or
Deutsches Herzzentrum München. Between 1993 and
2002, 3657 patients were enrolled in a dedicated registry
including patients with and without myocardial infarc-
tion [15]. The local ethics committee approved the regis-
try. A consent to participate and to publish was
obtained. Patients with cardiogenic shock and advanced
heart insufficiency defined as a SBP < 100 mmHg were
excluded, finally reaching a cohort size of 3017 patients.
SBP and DBP were determined under standardized

conditions in the laying position (Cardis, Schwarzer
GmbH). Clinical and laboratory data were prospectively
collected in an online database. Source data check was
done with 20 % of the data. We selected from the TLR4
genes 12 reported SNPs and focused on the rs4986790
(Asp299Gly) as this SNP is frequently present and this
SNP is known to demonstrate reduced activity on TLR4
ligands.
In summary, a blood sample was drawn from each

participant during the regular routine examination for
coronary artery angiogram. Genomic DNA was ex-
tracted from peripheral blood leukocytes with the
QIAamp DNA Blood Kit (Qiagen, Hilden, Germany) or
the High Pure PCR Template Preparation Kit (Roche
Applied Science, Mannheim, Germany). Genotype ana-
lysis was performed with allele-specific fluorogenic
oligonucleotide probes in an assay combining the poly-
merase chain reaction (PCR) and the 5′ nuclease reaction
(TaqMan technique; Applied Biosystems, Darmstadt,

Germany). Primers and probes were established with
the Primer Express software (version 2.0.0; Applied
Biosystems) after import of a DNA sequence (Homo
sapiens TLR4 gene, TLR4A allele) deposited under ac-
cession number AF177765 in GenBank (http://
www.ncbi.nlm.nih/entrez/). The primers used for amp-
lification of the SNP rs4986790 (Asp299Gly) were 5′
TTGAAGAATTCCGATTAGCATACTTAGAC 3′ and
5′ TCACCAGGGAAAATGAAGAAACAT 3′. Allele-
specific signalling was accomplished with the use of the
fluorogenic dyes 6-carboxy-fluorescein (FAM) and VIC
(proprietary dye of Applied Biosystems) which were at-
tached to the 5′ end of the probe oligonucleotides.
Minor groove binder (MGB) groups were conjugated
with the 3′ end of the oligonucleotides to facilitate for-
mation of stable duplexes between the probes and their
single-stranded DNA targets. The structures of the
probes were as follows (allele-specific nucleotides are
underlined): FAM-5′ CCTCGATGATATTATTGACT
3′-MGB (for 896A), VIC-5′ CTCGATGGTATTATTG
3′-MGB (for 896G).[17] Oligonucleotides were synthe-
sized by Applied Biosystems. The two-step thermocy-
cling procedure consisted of 35 cycles of denaturation
at 92 °C for 15 s and primer annealing and extension at
60 °C for 1 min. After cycling on a GeneAmp PCR Sys-
tem 9600 or 9700 (Applied Biosystems), endpoint fluor-
escent data acquisition and genotype calling was
achieved on an ABI Prism 7000 Sequence Detection
System (Applied Biosystems). As a control, genotyping
was repeated for 20 % of the samples with the use of
DNA prepared separately from the original blood sam-
ple. The ability of the TaqMan systems to provide cor-
rect genotype data was verified in separate analyses of
200 different PCR products with the allele-discriminating
restriction enzyme BccI (New England Biolabs, Frankfurt
am Main, Germany) (TLR4 SNP rs4986790). The results
obtained with the different methods were fully consistent,
which demonstrated the reliability of the TaqMan systems
that were used for genotyping of the SNP rs4986790 in
the entire study population. Genotype determination was
done by workers who had no knowledge of clinical, la-
boratory, or angiographic data of the individuals enrolled
in the study.

Data analysis and statistical procedures
Data are presented as mean ± SD. The analysis com-
paired genotype distributions between the BMI quartiles.
The BMI quartile ranges for the whole cohort were for
quartile 1 (Q1) a BMI < 24,64, for quartile 2 (Q2) BMI
≥24.65-26,89, for quartile 3 (Q3) BMI ≥ 26.90-29.50 and
for quartile 4(Q4) BMI ≥ 29,51 kg/m2. The primary
model was to assess the relation between blood pressure
across BMI quartiles in cases and controls. In the next
step we focused on the upper BMI quartile and
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compared blood pressure between cases and controls.
Discrete variables are expressed as counts (percentage)
and compared with the use of the χ2 test or Fisher’s
exact test, as appropriate. Continuous variables are com-
pared by means of the unpaired, two-sided t test. Geno-
type frequencies in the case group were compared with
values predicted by Hardy–Weinberg equilibrium with
the use of the χ2 test. Multivariate analysis used age,
gender and hypercholesterolemia. Statistical significance
was accepted for P-values <0.05. The probability of a
false negative association result because of population
stratification is low, because the study participants were
consecutively recruited from a defined geographic area
of southern Germany with limited recent immigration.
The sample size allowed an analysis with 80 % power to
detect a six mmHg decrease of SBP among the cases
with the TLR4 SNP rs4986790 at a two-sided α-error of
0.05.

Results
We investigated a cohort of 3017 patients who under-
went coronary angiography. Distribution of the patients
according to quartiles of body mass index (BMI) re-
vealed no differences for age, gender or smoking. How-
ever the metabolic profile of the patients in the upper
BMI quartile was markedly altered. Lipid profile showed
higher triglycerides and lower HDL-cholesterol in the

upper BMI quartile. In the upper quartile the diagnosis
of diabetes and hypercholesterolemia was higher as com-
pared to other BMI quartiles.
Similarly systolic blood pressure, pulse pressure and

diagnosis of hypertension increased across BMI quartiles
whereas diastolic blood pressure remained stable. In line
with the presence of hypertension in the upper BMI
quartile the number of antihypertensive drugs was
higher in the upper quartile (Table 1). The same findings
were present if analysis was restricted to controls.
In this cohort, 319 cases with the TLR4 SNP

rs4986790 were identified. The TLR4 SNP rs4986790
cases were distributed according to the Hardy-Weinberg
equilibrium (HWE = 0.32). In comparison to controls,
TLR4 SNP rs4986790 cases were comparable for age,
gender and smoking habits (Table 2). Similarly to con-
trols triglycerides increased and HDL-cholesterol
reduced with BMI. No effect was seen for LDL-
cholesterol. The diagnosis of diabetes and hypercholes-
terolemia across BMI quartiles showed a tendency of 15
vs. 20 % and 56 vs. 60 % (cases vs. controls) in the high-
est quartile, but no significance. In contrast to controls
the TLR4 SNP rs4986790 cases did not demonstrate the
blood pressure increase across the BMI quartiles despite
comparable general characteristics. In the upper BMI
quartile the cases with the TLR4 SNP rs4986790 the sys-
tolic blood pressure was 7 mmHg lower as compared to

Table 1 Patient characteristics of the whole study population devided by BMI quartiles

Whole Cohort (n = 3017)

BMI, quartiles Q1 Q2 Q3 Q4

Number, n (%) 754 (25) 756 (25) 752 (25) 755 (25)

Age, y 56,6 ± 9,5 57,6 ± 9,1 57,0 ± 8,5 57,1 ± 8,9

Sex, female,n (%) 272 (36) 142 (19) 158 (21) 209 (28)

BMI, kg/m2 22,6 ± 1,7 25,8 ± 0.7 28,1 ± 0.8 32,7 ± 3,1*

Smoking, n (%) 344 (46) 355 (47) 362 (48) 345 (46)

Diabetes, n (%) 90 (12) 93 (12) 85 (11) 145 (19)*

Hypercholesterolemia, n (%) 387 (51) 444 (59) 420 (56) 450 (60)*

LDL, mg/dl 122,6 ± 39,9 126,3 ± 40,3 125,5 ± 41,3 122,4 ± 40,5

HDL, mg/dl 55,3 ± 31,8 49,5 ± 16,0 46,9 ± 15,6 45,3 ± 13,0*

TG, mg/dl 134,8 ± 132,1 157,6 ± 111,2 169,8 ± 106.4 198,2 ± 192,1*

SBP, mmHg 144,5 ± 26,8 144,9 ± 25,6 145,2 ± 25,4 147,8 ± 26,2*

DBP, mmHg 79,5 ± 3,6 79,6 ± 3,7 79,5 ± 3,8 79,7 ± 3,6

PP, mmHg 64,7 ± 26,8 65,6 ± 25,4 65,8 ± 24,9 68,1 ± 26,2*

Hypertension, n (%) 401 (53) 429 (57) 426 (57) (454) 60*

Antihypertensive drugs, n 1,14 ± 1.07 1,26 ± 1,07 1,31 ± 1,06 1,46 ± 1,09*

HR, bpm 75,3 ± 12,5 73,5 ± 12,6 73,7 ± 12,3 73,6 ± 12,6

MI, n (%) 494 (66) 561 (74) 548 (73) 530 (70)

Data are presented as mean ± SD; other variables are presented as number (%), Q1-Q4: quartile 1-4, BMI quartile ranges: Q1: BMI < 24,64, Q2: BMI ≥24.65-26,89,
Q3: BMI ≥ 26. 26.90-29.50, Q4: BMI ≥ 29,51; BMI body mass index, LDL low-density lipoprotein, HDL high-density lipoprotein, TG triglycerides, SBP systolic blood
pressure, DBP diastolic blood pressure, PP pulse pressure, HR heart rate, MI myocardial infarction; *P for trend <0.05
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controls. Antihypertensive treatment did not explain the
blood pressure difference between the cohorts.
To assess the independent contribution of the TLR4

SNP rs4986790 on blood pressure in obese patients, we
performed a multivariate regression in patients with a
BMI ≥ 30 kg/m2 (Table 3). The TLR4 SNP rs4986790
remained a significant factor predicting blood pressure
in obese patients despite multiple adjustments.

Discussion
There is rising evidence that the innate immune system
and in particular TLR4 and its ligands are involved in blood
pressure modulation [18–20]. In diet-induced obesity there
are numerous TLR4 ligands present [13, 21]. We addressed
the question whether obesity-associated hypertension is

reduced in TLR4 SNP rs4986790 cases [15]. Therefore we
investigated a cohort of patients undergoing coronary angi-
ography. We demonstrated that in control patients the
BMI increase resulted in increased SBP, PP and hyperten-
sion. By contrast TLR4 SNP rs4986790 cases had no in-
crease of SBP, PP and hypertension with BMI.
Strong evidence links TLR4-mediated inflammation in

conditions such as obesity, insulin-resistance and diabetes
[22–24]. In context with western diet saturated fatty acids,
representing endogenous ligands of TLR4 are incorpo-
rated and cause inflammatory changes [25, 26]. Moreover,
Western Diet alters the gut microbiota composition and
increases intestinal permeability for the TLR4 ligand LPS.
This process is called metabolic endotoxemia [27]. Thus,
diet-induced obesity reflects a source of TLR4 ligands.

Table 2 Comparison of controls and TLR4 SNP rs4986790 cases divided by BMI Quartiles

Controls (n = 2698) Cases (n = 319)

BMI, quartiles Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Number, n (%) 665/754 (88,2) 674/756 (89,2) 676/752 (89,9) 683/755 (90,5) 89/754 (11,8) 82/756 (10,8) 76/752 (10,1) 72/755 (9,5)

Age, y 56,7 ± 9,4 57,4 ± 9,2 57,0 ± 8,6 57,0 ± 8,9 55,2 ± 10,1 58,7 ± 8,0 57,3 8,1 57,6 ± 9,2

Sex, female n (%) 239 (36) 128 (19) 135 (20) 191 (28) 33 (37) 14 (17) 23 (30) 18 (25)

BMI, kg/m2 22,6 ± 1,7 25,8 ± 0,7 28,2 ± 0,8 32,7 ± 3,0* 22,6 ± 1,7 25,8 ± 0,6 28,1 ± 0,7 33,0 ± 3,3*

Smoking, n (%) 300 (45) 317 (47) 331 (49) 314 (46) 44 (49) 38 (46) 31 (41) 31 (43)

Diabetes, n (%) 80 (12) 81 (12) 68 (10) 134 (20)* 10 (11) 12 (15) 17 (22) 11 (15)

Cholesterolemia, n (%) 337 (51) 393 (58) 379 (56) 410 (60)* 50 (56) 51 (62) 41 (54) 40 (56)

LDL, mg/dl 122,1 ± 40,0 126,5 ± 40,8 126,5 ± 41,8 122,9 ± 41,5 126,7 ± 39,3 124,7 ± 36,8 116,2 ± 36,5 118,1 ± 30,2

HDL, mg/dl 55,3 ± 33,4 49,7 ± 16,3 47,2 ± 16,0 45,4 ± 13,2* 54,4 ± 16,0 48,1 ± 13,5 44,2 ± 11,7 44,6 ± 10,7*

TG, mg/dl 137,3 ± 139,0 154,4 ± 111,7 171,0 ± 104,5 198,1 ± 195,8* 116,7 ± 62,2 184,0 ± 105,0 158,6 ± 121,9 198,9 ± 156,7*

SBP, mmHg 144,7 ± 26,6 144,4 ± 25,5 145,2 ± 25,4 148,5 ± 26,3* 143,3 ± 28,1 146,6 ± 23,6 144,4 ± 26,0 141,5 ± 24,2#

DBP, mmHg 79,4 ± 3,6 79,7 ± 3,8 79,6 ± 3,6 79,8 ± 3,5 80,0 ± 3,9 79,6 ± 2,6 79,3 ± 5,4 79,1 ± 4,6

PP, mmHg 64,9 ± 25,6 65,2 ± 25,3 65,8 ± 25,8 68,8 ± 26,1* 62,8 ± 27,8 66,8 ± 24,6 65,7 ± 25,6 61,2 ± 22,8#

Hypertension, n (%) 359 (54) 380 (56) 386 (57) 417 (61)* 42 (47) 49 (60) 40 (53) 37 (51)

Antihypertensive drugs, n 1,15 ± 1,08 1,24 ± 1,08 1,31 ± 1,07 1,48 ± 1,10* 1,05 ± 1,01 1,32 ± 1,00 1,32 ± 0.97 1,23 ± 1,04

HR, bpm 75,2 ± 12,5 73,4 ± 12,7 73,6 ± 12,7 73,7 ± 12,6 75,3 ± 12,5 74,2 ± 11,6 75,3 ± 11,6 72,8 ± 12,3

MI, % 441 (66) 504 (75) 493 (73) 477 (70) 53 (60) 57 (70) 55 (72) 53 (74)

Data are presented as mean ± SD; other variables are presented as number (%), Q1-Q4: quartile 1-4, BMI quartile ranges: Q1: BMI < 24,64, Q2: BMI ≥24.65-26,89,
Q3: BMI ≥ 26. 26.90-29.50, Q4: BMI ≥ 29,51, BMI body mass index, LDL low-density lipoprotein, HDL high-density lipoprotein, TG triglycerides, SBP systolic blood
pressure, DBP diastolic blood pressure, PP pulse pressure, HR heart rate, MI myocardial infarction, *P for trend <0.05, #P < 0.05 controls versus TLR4 SNP
rs4986790 cases

Table 3 Multivariate regression analysis of obese patients (BMI≥ 30 kg/m2)

Regression coefficient B Standard error P

TLR4 SNP rs4986790 −9.021 3.681 0.02

Age, y 0.574 0.133 <0.001

BMI, kg/m2 −0.849 0.385 0.03

HDL, mg/dl −0.047 0.093 0.61

LDL, mg/dl −0.012 0.028 0.67

Triglycerides, mg/dl −0.004 0.008 0.63

Diabetes Mellitus, No versus Yes 2.023 3.060 0.50

dependent variable: systolic blood pressure, BMI body mass index, LDL low-density lipoprotein, HDL high-density lipoprotein, TG triglycerides
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These different sources of TLR4 ligands can directly act
on vascular level as different types of arteries contain
TLR4 [28].
In this study the known TLR4 SNP rs4986790

(Asp299Gly) was investigated [15]. This TLR4 SNP has
been evidenced to reveal reduced reagibility upon
TLR4 ligands [14]. The common missense mutation
Asp299Gly affects the extracellular domain of the TLR4
receptor. This causes a blunted response to LPS expos-
ition in humans [14]. Based on our hypothesis that
TLR4 ligands are involved in obesity associated hyper-
tension we expected a reduced blood pressure increase
in obese patients with the TLR4 SNP rs4986790. Other
studies, which deal with functional polymorphisms in
toll-like receptor 4 could show on the one hand a
worse outcome in acute ischemic stroke patients and
were associated with myocardial infarction [29, 30]. On
the other side the minor allele of the TLR4 SNP,
rs1927911 was associated with a lower risk of myocar-
dial infarction and the TLR 4 SNP rs4986790 showed
no association with myocardial infarction [15, 29].
Our major finding was that TLR4 SNP rs4986790

cases were protected against the blood pressure increase
across BMI quartiles. General characteristics were com-
parable between cases and controls and the Hardy–
Weinberg equilibrium was comparable between BMI
quartiles. Therefore the data were comparable between
cases and controls. The blood pressure effect was in par-
ticular present in the obese cases as compared to the
obese controls. This was not explained by intensified an-
tihypertensive treatment or history of myocardial infarc-
tion. The regression analysis showed for obese patients
that the TLR4 SNP rs4986790 remained a significant
predictor of blood pressure even after multiple adjust-
ments. The limitation of this study was that we re-
stricted our analysis to one polymorphism. We did not
perform a genome wide association study (GWAS).
Additionally we did not measure the amount of TLR4 li-
gands in our patients.

Conclusions
In summary our results suggest that in obesity associ-
ated hypertension TLR4 SNP rs4986790 cases present a
lower SBP, pulse pressure and less hypertension. This
finding needs to be confirmed in GWAS and functional
studies need to be performed to address the role of
TLR4 signaling in obesity associated hypertension.

Abbreviations
TLR4: Toll-Like receptor 4; BMI: Body mass index; SNP: Single nucleotide
polymorphism; LPS: Lipopolysaccharide; PCR: Polymerase chain reaction;
Q: Quartile; HWE: Hardy-Weinberg equilibrium; LDL: Low-density lipoprotein;
HDL: High-density lipoprotein; TG: Triglycerides; SBP: Systolic blood pressure;
DBP: Diastolic blood pressure; PP: pulse pressure; HR: Heart rate;
MI: Myocardial infarction.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SS participated in the design of the study and performed the statistical
analysis. PH participated in genetic studies. WK participated in genetic
studies. SK contributed to conception and design, and interpretation of data.
CS contributed to conception and design, and interpretation of data. LR
contributed to conception and design, or acquisition of data, or analysis and
interpretation of data. AK participated in the design of the study and
performed the statistical analysis. KLL contributed to conception and design,
or acquisition of data, or analysis and interpretation of data. UH contributed
to conception and interpretation of data. MB participated in the design of
the study and performed the statistical analysis. All authors read and
approved the final manuscript.

Author details
1Department of Nephrology, Klinikum rechts der Isar, Technical University
Munich, Ismaninger St. 22, 81675 Munich, Germany. 2I. Medizinische Klinik
und Poliklinik, Klinikum rechts der Isar, Technical University Munich, Munich,
Germany. 3Deutsches Herzzentrum München, Technical University Munich,
Munich, Germany. 4German Centre for Cardiovascular Research (DZHK),
partner site Munich Heart Alliance, Munich, Germany.

Received: 15 May 2015 Accepted: 31 August 2015

References
1. Nguyen DM, El-Serag HB. The epidemiology of obesity. Gastroenterol Clin

North Am. 2010;39:1–7.
2. Wilson PW, D’Agostino RB, Sullivan L, Parise H, Kannel WB. Overweight and

obesity as determinants of cardiovascular risk: the Framingham experience.
Arch Intern Med. 2002;162:1867–72.

3. Thomas F, Bean K, Pannier B, Oppert JM, Guize L, Benetos A. Cardiovascular
mortality in overweight subjects: the key role of associated risk factors.
Hypertension. 2005;46:654–9.

4. Stamler R, Stamler J, Riedlinger WF, Algera G, Roberts RH. Weight and blood
pressure. Findings in hypertension screening of 1 million Americans. JAMA.
1978;240:1607–10.

5. Kidambi S, Kotchen TA. Treatment of hypertension in obese patients. Am J
Cardiovasc Drugs. 2013;13:163–75.

6. Editors. Hypertension editors’ picks: obesity-associated hypertension.
Hypertension. 2015;65:e10–6.

7. Andreassen OA, McEvoy LK, Thompson WK, Wang Y, Reppe S, Schork AJ,
et al. Identifying common genetic variants in blood pressure due to
polygenic pleiotropy with associated phenotypes. Hypertension.
2014;63:819–26.

8. Niskanen L, Laaksonen DE, Nyyssonen K, Punnonen K, Valkonen VP, Fuentes
R, et al. Inflammation, abdominal obesity, and smoking as predictors of
hypertension. Hypertension. 2004;44:859–65.

9. Sundgren NC, Vongpatanasin W, Boggan BM, Tanigaki K, Yuhanna IS,
Chambliss KL, et al. IgG receptor FcgammaRIIB plays a key role in
obesity-induced hypertension. Hypertension. 2015;65:456–62.

10. Hotamisligil GS, Erbay E. Nutrient sensing and inflammation in metabolic
diseases. Nat Rev Immunol. 2008;8:923–34.

11. Eguchi K, Manabe I, Oishi-Tanaka Y, Ohsugi M, Kono N, Ogata F, et al.
Saturated fatty acid and TLR signaling link beta cell dysfunction and islet
inflammation. Cell Metab. 2012;15:518–33.

12. Erridge C, Attina T, Spickett CM, Webb DJ. A high-fat meal induces
low-grade endotoxemia: evidence of a novel mechanism of
postprandial inflammation. Am J Clin Nutr. 2007;86:1286–92.

13. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al.
Changes in gut microbiota control metabolic endotoxemia-induced
inflammation in high-fat diet-induced obesity and diabetes in mice.
Diabetes. 2008;57:1470–81.

14. Arbour NC, Lorenz E, Schutte BC, Zabner J, Kline JN, Jones M, et al. TLR4
mutations are associated with endotoxin hyporesponsiveness in humans.
Nat Genet. 2000;25:187–91.

15. Koch W, Hoppmann P, Pfeufer A, Schomig A, Kastrati A. Toll-like receptor 4
gene polymorphisms and myocardial infarction: no association in a
Caucasian population. Eur Heart J. 2006;27:2524–9.

Schneider et al. Journal of Inflammation  (2015) 12:57 Page 5 of 6



16. Schneider S, Koch W, Hoppmann P, Ubrich R, Kemmner S, Steinlechner E,
et al. Association of Toll-like receptor 4 polymorphism with age-dependent
systolic blood pressure increase in patients with coronary artery disease.
Immun Ageing. 2015;12:4.

17. Kutyavin IV, Afonina IA, Mills A, Gorn VV, Lukhtanov EA, Belousov ES, et al.
3’-minor groove binder-DNA probes increase sequence specificity at PCR
extension temperatures. Nucleic Acids Res. 2000;28:655–61.

18. Bomfim GF, Dos Santos RA, Oliveira MA, Giachini FR, Akamine EH, Tostes RC,
et al. Toll-like receptor 4 contributes to blood pressure regulation and
vascular contraction in spontaneously hypertensive rats. Clin Sci (Lond).
2012;122:535–43.

19. Sollinger D, Eissler R, Lorenz S, Strand S, Chmielewski S, Aoqui C, et al.
Damage associated molecular pattern activated Toll-like receptor 4
signaling modulates blood pressure in L-NAME induced hypertension.
Cardiovasc Res. 2014;101(3):464–72.

20. Yao Y, Guo D, Yang S, Jin Y, He L, Chen J, et al. HMGB1 gene polymorphism
is associated with hypertension in Han Chinese population. CClin Exp
Hypertens. 2015;37(2):166–71.

21. Donato AJ, Walker AE, Magerko KA, Bramwell RC, Black AD, Henson GD,
et al. Life-long caloric restriction reduces oxidative stress and preserves
nitric oxide bioavailability and function in arteries of old mice. Aging Cell.
2013;12:772–83.

22. Ahmad R, Al-Mass A, Atizado V, Al-Hubail A, Al-Ghimlas F, Al-Arouj M, et al.
Elevated expression of the toll like receptors 2 and 4 in obese individuals:
its significance for obesity-induced inflammation. J Inflamm (Lond).
2012;9:48.

23. Tsukumo DM, Carvalho-Filho MA, Carvalheira JB, Prada PO, Hirabara SM,
Schenka AA, et al. Loss-of-function mutation in Toll-like receptor 4 prevents
diet-induced obesity and insulin resistance. Diabetes. 2007;56:1986–98.

24. De Loera-Rodriguez CO, Delgado-Rizo V, Alvarado-Navarro A, Agraz-
Cibrian JM, Segura-Ortega JE, Fafutis-Morris M. Over-expression of
TLR4-CD14, pro-inflammatory cytokines, metabolic markers and NEFAs
in obese non-diabetic Mexicans. J Inflamm (Lond). 2014;11:39.

25. Suganami T, Tanimoto-Koyama K, Nishida J, Itoh M, Yuan X, Mizuarai
S, et al. Role of the Toll-like receptor 4/NF-kappaB pathway in
saturated fatty acid-induced inflammatory changes in the interaction
between adipocytes and macrophages. Arterioscler Thromb Vasc Biol.
2007;27:84–91.

26. Schaeffler A, Gross P, Buettner R, Bollheimer C, Buechler C, Neumeier M,
et al. Fatty acid-induced induction of Toll-like receptor-4/nuclear factor-
kappaB pathway in adipocytes links nutritional signalling with innate
immunity. Immunology. 2009;126:233–45.

27. Kim KA, Gu W, Lee IA, Joh EH, Kim DH. High fat diet-induced gut microbiota
exacerbates inflammation and obesity in mice via the TLR4 signaling
pathway. PLoS ONE. 2012;7, e47713.

28. Yang X, Murthy V, Schultz K, Tatro JB, Fitzgerald KA, Beasley D. Toll-like
receptor 3 signaling evokes a proinflammatory and proliferative phenotype
in human vascular smooth muscle cells. Am J Physiol Heart Circ Physiol.
2006;291:H2334–43.

29. Enquobahrie DA, Smith NL, Bis JC, Carty CL, Rice KM, Lumley T, et al.
Cholesterol ester transfer protein, interleukin-8, peroxisome proliferator
activator receptor alpha, and Toll-like receptor 4 genetic variations and risk
of incident nonfatal myocardial infarction and ischemic stroke. Am J Cardiol.
2008;101:1683–8.

30. Weinstein JR, Schulze J, Lee RV, Phillips H, Zierath D, Tanzi P, et al.
Functional polymorphisms in toll-like receptor 4 are associated with worse
outcome in acute ischemic stroke patients. Neuroreport. 2014;25:580–4.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Schneider et al. Journal of Inflammation  (2015) 12:57 Page 6 of 6


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Patients
	Data analysis and statistical procedures

	Results
	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Author details
	References

