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Introduction 

Metabolic syndrome (MetS) is a complex condition 
characterized by hyperglycemia (insulin resistance), 
central obesity, high blood pressure, dyslipidemia, and 
microalbuminuria. Insulin resistance is an absolute 
requirement for the diagnosis of MetS, provided the 
two criteria mentioned above are met (1). MetS cause 
a significantly increased risk of coronary artery disease 
(CAD), type 2 diabetes mellitus (T2DM), stroke, and 
hepatic steatosis. Genetic variations, environmental 
factors, high-calorie dietary intake, and lack of 
exercise play an crucial role in MetS pathogenesis. As 
is known, fructose converts to glycerol, which is the 
precursor of triglyceride synthesis, so it is thought 
that excessive fructose consumption may be a critical 
factor in the development of MetS by causing 
excessive accumulation of ectopic fat in the liver (2). 

Lectin-like oxidized low-density lipoprotein receptor-
1 (LOX-1) is a type II transmembrane glycoprotein. 
LOX-1 is secreted from endothelial cells, vascular 
smooth muscle cells, macrophages, and adipocytes. It 
leads to endothelial dysfunction, apoptosis, and 
atherosclerotic process through intracellular signal 
transduction (3). LOX-1 causes the oxidation of LDL, 
leading to the development of various metabolic, 
cardiovascular, and other diseases. It has been 

reported that the LOX-1 level also increases in MetS 
(4). 

Insulin stimulates glucose uptake into skeletal muscle 
and adipose tissue via glucose transporter 4 (GLUT-
4). Decreasing GLUT-4 activity on skeletal and 
adipose tissue cell surfaces contributes to insulin 
resistance. Conversely, overexpression of GLUT-4 in 
adipocytes reduces fasting glycemia and improves 
glucose tolerance (5). The development of insulin 
resistance and inflammation is the most widely 
accepted hypothesis for MetS formation (6). 

Leukotrienes (LTs) are mediators of inflammation, 
termed eicosanoids, which are synthesized from 
arachidonic acid and released from cell membrane by 
the enzyme phospholipases. There are several types 
of LTs and one of them is leukotriene B4 (LTB-4). 
LTB-4 is the strongest chemotactic agent for 
neutrophils and plays a crucial role in many 
inflammatory diseases. LTB-4 acts through two 
membrane receptors; BLT1 and BLT2 (7). LTB-4 
causes secretion of adipokine from obese adipose 
tissue and contributes to obesity-related inflammation 
and lipid dysfunction (8). 

Atreleuton (1-[(2R)-4-[5-[(4-fluorophenyl) methyl] 
thiophen-2-yl] but-3-yn-2-yl]-1-hydroxyurea. 
C16H15FN2O2S, VIA-2291), a selective redox 
inhibitor, inhibits the 5- lipoxygenase enzyme (5-LO). 
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The beneficial effects of atreleuton have been proven 
in some studies, especially in clinical conditions 
accompanied by inflammation such as atherosclerosis 
and cardiovascular diseases (9). It has been reported 
that atreleuton might reduce leukotriene B4 and 
leukotriene E4 levels in humans (10). 

The present study, it was aimed to investigate the 
effects of atreleuton on LOX-1, LTB-4 GLUT-4, 
insulin resistance and lipid parameters on an 
experimental MetS model in rats. To our knowledge, 
this is the first study investigating the effects of 
atreleuton on MetS. 

Materials and Method 

All experimental protocols followed the principles of 
the Declaration of Helsinki and were carried out by 
the European Communities Council directive 
(86/609/EEC). The study procedure was approved 
with 11/02/2015 dated and 82678388/16 numbered 
decision by Experimental Animals Local Ethics 
Committee. In the present study, a total of 23 Sprague 
Dawley female rats with body weights between 125-
150 grams were used. Before the study, the rats were 
housed in standard cages and released from feed and 
water intake. The rats were housed at 22 ± 2 °C for 
12 hours in darkness and 12 hours in light.  Rats in 
the control group continued normal nutrition with no 
procedure performed. MS was induced by a modified 
method (11). The rats were fed with a standard rodent 
chow in addition to 25% fat, 3% NaCl, and fructose 
35% solution in drinking water. Diet and fructose 
solutions were freshly prepared every day. The rats 
were randomly divided into three groups:  

Group 1 (control, n=7); a normal laboratory diet, tap 
water ad libitum and saline were given to rats daily for 
10 weeks. 

Group 2 (MetS group, n=8); a high‐fructose high‐fat 
diet (HFHFD), and saline were given to rats daily for 
10 weeks. 

Group 3 (MetS+atreleuton group, n=8); HFHFD and 
saline were given to rats daily for 10 weeks. 
Atreleuton (25 mg/kg/day) was administrated orally 
by gavage during the last 4 weeks of the experiment. 

Changes in the body weight of rats were noted 
individually. At the end of the experiment, the 
animals were fasted for 12 hours weighed and blood 

samples were withdrawn from the retro‐orbital plexus 
under light anesthesia. After being kept at room 
temperature for 30 min, blood samples were 
centrifuged at 1800*g for 15 min. Serum samples 
were divided into small aliquots and stored in a deep 
freezer at -80 °C for 3 months for the estimation of 
the levels of LOX-1. LTB-4, insulin, aspartate 

aminotransaminase (AST), alanine aminotransaminase 
(ALT), triglyceride (TG), total cholesterol (TC), and 
total protein. 

Animals were killed by cervical dislocation, visceral 
adipose tissue was rapidly excised, washed with saline, 

weighed, and homogenized in ice‐cold for GLUT-4 
and total protein measurements. The homogenates 
were prepared on ice in the ratio 1:4 (weights: 
volume), 0.1 M phosphate, 0.1 mM EDTA, pH 7.0 in 
homogenization buffer. 

LOX-1, LTB-4, insulin, and GLUT-4 levels were 
measured by a commercial ELISA kit (Bioassay 
Technology Laboratory) according to the 
manufacturer’s instruction. The concentrations were 
calculated by comparing the optical density of the 
samples to the standard curves. Serum AST, ALT, 
triglyceride, total cholesterol, and protein 
measurements were performed colorimetrically on 
autoanalyzer (Hitachi PP Modular) by using 
commercial kits (ARCHITECT). 

QUICKI (quantitative insulin sensitivity check index) 
and HOMA-IR (homeostasis model assessment -
insulin resistance) values were calculated based on 
fasting glucose (G0) and insulin (I0) levels using the 
following formulas: HOMA-IR = (G0 × I0)/22.5; 
QUICKI = 1/[log(G0) + log(I0)] (12). 

 

Statistical Analysis: The power analysis was 
performed to determine the minimum sample size 
before starting the study. Normality assumption of 
the variables was tested with Kolmogrov-Smirnov test 
and homogeneity control of groups was performed by 
the Levene test. The data for the weight variable 
levels of one of the two-factor factors were evaluated 
by repeated measures variance analysis (Two-way 
ANOVA with repeated measures on one factor) and 
the remaining variables were evaluated by one-way 
variance (One-way ANOVA) analysis. Tukey multi-
comparison test was performed at 5% significant level 
to determine different groups. The results were 
presented as mean± standard deviation (SD). 

Results 

The weight values of the groups are shown in Table 
1. There were no significant differences among all 
groups at the beginning of the study. At the end of 
the study, significantly increased average body weight 
was found in all groups compared to their beginning 
values, the weight averages of the rats in groups 2 and 
3 were also significantly higher than group 1. 
However, the weight averages of the rats in group 3 
were also significantly lower than group 2.  

The   descriptive   statistical   values   of   biochemical 
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Table 1. The comparison of initial and final weights of rats in the groups 

Grup n 
Initial Final 

Mean SD Mean SD 

Group 1 7 130.14 Ab 8.91 272.85 Ca 9.12 

Group 2 8 139.12 Ab 10.75 341.62 Aa 11.34 

Group 3 8 135.25 Ab 11.70 328.87 Ba 7.68 

p Group × Time : <0.001 

Two-way ANOVA with repeated-measures on one factor and Tukey’s HSD test. The difference between group 
means without common capital letters in the same column is significant (p <0.05). The difference between time 
averages without common small letters in the same row is statistically significant (p <0.05)  
 

Table 2. Descriptive statistical analysis  and comparison of results for LTB-4, LOX-1 and tissue GLUT-4 
levels in the groups (LTB-4; leukotriene B4. LOX-1; lectin-like oxidized low-density lipoprotein receptor-
1, GLUT-4; glucose transporter 4). 

 Group 1 

Mean ± SD 

Group 2 

Mean ± SD 

Group 3 

Mean ± SD 

P 

LTB-4 (ng/L) 0.73±0.07b 0.98±0.06a 0.67±0.04b <0.001 

LOX-1 (ng/mL) 0.87±0.24c 2.44±0.27a 1.85±0.36b <0.001 

GLUT-4 (ng/g protein) 9.93±2.61b 24.92±8.36a 19.37±6.93a 0.001** 

One-way ANOVA and Tukey's HSD test, **; p<0.01. The difference between means without a common letter is 
statistically significant (p<0.05). 

 

Table 3. Descriptive statistical analysis  and comparison of results for other biochemical parameters in 
the groups (HOMA-IR; insulin resistance index. QUICKI; quantitative insulin sensitivity check index, 
AST; aspartate aminotransaminase, ALT; alanine aminotransaminase).  

 Group 1 

Mean ± SD 

Group 2 

Mean ± SD 

Group 3 

Mean ± SD 

p 

Insulin (µIU/L) 5.57±0.65b 12.14±3.02a 7.44±2.06 b <0.001 

Glucose (mg/dL) 122.71±6.40c 152.25±8.60a 142.62±6.16b <0.001 

HOMA-IR 1.69±0.24b 4.54±1.07a 2.61±0.72b <0.001 

QUICKI 0.35±0.00a 0.31±0.01c 0.33±0.01b 0.001** 

AST (U/L) 185.57±36.61 258.62±153.38 201.38±49.20 0.323 

ALT (U/L) 49.14±18.17 72.62±31.77 64.88±27.90 0.257 

Cholesterol (mg/dL) 40.29±10.54 51.88±15.76 41.5±5.73 0.117 

Triglycerid (mg/dL) 55.43±12.28c 136.38±28.00a 85.25±7.48b <0.001 

Total protein (g/L) 5.70±0.78 5.73±1.09 4.71±1.08 0.097 

One-way ANOVA and Tukey's HSD test, **; p<0.01. 
The difference between means without a common letter is sta tistically significant (p<0.05). 

variables and comparison of obtained results are 
presented in Tables 2 and 3. As shown in these 
Tables, the serum level of LTB-4 was significantly 
increased in Group 2 compared to Groups 1 and 3, 
while there was no statistically significant difference 
between Groups 1 and 3. 

Serum LOX-1 level increased significantly in both 
Groups 2 and 3 compared to group 1 and decreased 
significantly in the group 3 compared to group 2. 

Tissue GLUT-4 level showed a statistically significant 
increase in the Group 2 and 3 compared to Group 1, 

but there was no significant difference between the 
Group 2 and 3. 

Compared to Groups 1 and 3, a significant increase in 
serum insulin, glucose, and HOMA-IR levels, and 
decrease in QUICKI value were obtained in the 
Group 2. Also, significantly increased glucose level 
and decreased QUCKI value were found in the 
Group 3 compared to Group 1. 

The serum triglyceride level was significantly 
increased in Group 2 and 3 as compared to Group 1, 
and decreased in the Group 3 compared to Group 2. 
There was no significant difference among the groups  
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Fig. 1. Comparison of GLUT-4, insulin and HOMA-
IR levels in the groups (GLUT-4; glucose transporter 
4, HOMA-IR; insulin resistance index). The difference 
between means without a common letter is statistically 
significant (p<0.05). 

in terms of serum protein, cholesterol levels, and AST 
and ALT activities. 

The comparison levels of LTB-4, LOX-1, GLUT-
4, insulin, HOMA-IR, and QUICKI among the 
groups are presented in Figures 1 and 2. 

Discussion 

Numerous animal models are developed for the 
investigation of MetS, however, rats and mice are the 
most commonly used for this aim. The use of a single 
type or a combination of diets, such as high-fructose, 
high-sucrose, high-fat, high-fructose/high-fat, or 
high-sucrose/high-fat diets were capable to induce 
MetS in animals (13). In this experimental study, a 
high-fat and high-fructose diet was chosen to induce 
MetS. As known, fructose over-consuming leads to 
the accumulation of triglycerides and cholesterol into 
the liver, subsequently causing insulin resistance and 
glucose intolerance. 

The obesity and metabolic disorders are characterized 
by low-grade inflammation. LTB-4 is the most potent 
inflammatory mediator and leads to the production of 
adipokines such as monocyte chemoattractant protein 
(MCP-1) and interleukin (IL)-6 from obese adipose 
tissue. Moreover, the increase in the activity of the 
LTB-4-BLT1 pathway has been reported to cause 
insulin resistance in obese mice (14, 15). To inhibit 
LTB-4 biosynthesis, suppression of phospholipases 
enzyme and inhibition of 5-LOX are among the 
preferred pharmacological strategies (7).  

Atreleuton is an iron-chelating agent, a selective and 
reversible inhibitor of 5-LO, a key enzyme in LTs 
biosynthesis. In this study, administration of 
Atreleuton caused a significant decrease in LTB-4 
levels, which increased due to MetS. To date, no  

 
Fig. 2. Comparison of LTB-4, LOX-1, and QUICKI 
levels in the groups (LTB-4; leukotriene B4, LOX-1; 
lectin-like oxidized low-density lipoprotein receptor-1, 
QUICKI; quantitative insulin sensitivity check index). 
The difference between means without a common 
letter is statistically significant (p<0.05). 

study investigates the relation of Atreleuton and LTB-
4 in MetS. The stimulation of 5-LO pathway caused 
the secretion of inflammatory leukotrienes and they 
have a promoting role in the pathogenesis of 
atherosclerosis and aortic aneurysms (16). The 
blockage of 5-LO pathway is a crucial target for drug 
development for some diseases (17). The 
hypercholesterolemia caused to increase in LTB-4 
levels in neutrophils (18). It was showed that 
Atreleuton caused a reduction in LTB-4 production in 
patients with acute coronary syndrome (10). In 
contrast to these findings, it was reported that 
Atreleuton did not have any effect on the reduction 
of arterial inflammation (19). This study is the first to 
show the inhibitory effects of Atreleuton on LTB-4 in 
MetS. We think that further studies are required to 
investigate the relationship between Atreleuton and 
MetS complications. 

Increased LOX-1 levels have a crucial role in the 
progression of vascular inflammation, atherosclerotic 
plaque formation, destabilization, erosion, and 
rupture (20). Previous studies reported that increased 
LOX-1 levels are a critical role in metabolic disorders 
such as obesity, T2DM, and other medical conditions 
closely related to MetS (21-23). Our results suggest 
that atreleuton might have the potential to reverse the 
damage in MetS via a decrease in LOX-1 levels. The 
proteolytic destruction of LOX-1 from the cell- 
membrane-proximal extracellular domain leads to the 
release of soluble receptors such as sLOX-1 (24). The 
level of circulating soluble receptors may reflect the 
expression of membrane proteins; hence, sLOX-1 
might be a potential biomarker of vascular diseases. 
LOX-1 expression is low under normal physiological 
conditions. However, the presence of inflammatory 
conditions caused an upregulation of LOX-1 gen. As 
similar to our results, some clinical studies reported 
LOX-1 has a potential role in the development of 
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MetS (22, 23). It was suggested that circulating plasma 
sLOX-1 may be able to bind ox-LDL, and act as a 
decoy for ox-LDL (25). It has been reported that 
many drugs that inhibit LOX-1 cause a decrease in 
damage due to oxidative stress (26). It has shown that 
antibody administration that inhibits LOX-1 in vitro 
reverses the lesions in the nephropathy of obese rats 
with diabetes and dyslipidemia (27). To our 
knowledge, our study is the first to reveal the 
relationship between atreleuton and LOX1 in MetS. 
The results of this study show that atrelutone 
significantly lowers serum sLOX-1 levels. To our 
knowledge, there are no known drugs that directly 
inhibit LOX-1. Therefore, we think that this study 
needs to be supported by more studies. 

The uptake of glucose from the blood inside the 
skeletal muscle and adipose tissue cells is performed 
by the insulin-dependent mechanism. GLUT-4 is a 
glucose transporter protein in these tissues. Insulin 
stimulates the translocation of GLUT-4 from the 
intracellular compartment to the cell membrane (28). 
In the present study, the administration of Atreleuton 

to MS‐induced rats provoked a significant reduction 
of blood glucose associated with the reduction of 
insulin level, and HOMA index, and as well as 
increased QUICKI value. However, neither the 
presence of MetS nor the application of atreleuton 
caused a significant change in tissue GLUT 4 level.  
MetS caused an increase in serum triglyceride levels in 
rats, while administration of Atreleuton resulted in a 
significant decrease in blood triglyceride levels. The 
results of the present study indicate that atreleuton 
might increase glucose uptake and insulin sensitivity. 
The stimulation of GLUT-4 expression and 
translocation is essential for the maintenance of 
glucose homeostasis in the management of insulin 
resistance and T2DM.  It was known that the absence 
of GLUT-4 resulted in reduced insulin-stimulated 
glucose transport in adipocytes (29). There are 
currently no treatments that directly increase glucose 
transport in muscle and adipose tissue, which might 
confer more metabolic benefits beyond glucose 
metabolism (30). Therefore, we think that it is 
necessary for more studies that investigate the 
association of atreleuton on tissue GLUT-4 levels. 

In conclusion, the results of our study suggest that 
atreleuton might be an anti-inflammatory and anti-
oxidant agent in MetS via the down-regulate of LTB-
4 and sLOX. Also, atreleuton caused to decrease in 
insulin resistance, serum glucose, and triglyceride 
levels. The possible effects of atreleuton on tissue 
GLUT-4 pathway are limited. We believe that large-
scale experimental and clinical studies are required to 
fully address whether Atreleuton might have a 
therapeutic benefit in the treatment of MetS. 
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