
����������
�������
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4 Experimental Medical Research and Application Center, Kocaeli University, Kocaeli 41380, Turkey
5 Stem Cell and Gene Therapy Research and Application Center, Kocaeli University, Kocaeli 41380, Turkey;

gulcingacar@gmail.com (G.G.); yusufhanyazir@yahoo.com (Y.Y.)
6 Department of Histology and Embryology, Medical Faculty, Kocaeli University, Kocaeli 41380, Turkey;

selenay.furat@hotmail.com
* Correspondence: razvan.scaunasu@umfcd.ro (S.R.-V.); drsataguler@icloud.com (S.A.G.)

Abstract: Abstract: BackgroundObesity is associated with endothelial dysfunction and this relation-
ship is probably mediated in part by inflammation. Objective: The current study evaluated the effects
of etanercept, a tumor necrosis factor-alpha (TNF-α) inhibitor, on endothelial and vascular reactivity,
endothelial nitric oxide synthase (eNOS) immunoreactivity, and serum and aortic concentrations of
TNF-α in a diet-induced rat model. Design and results: Male weanling Wistar rats were exposed
to a standard diet and cafeteria diet (CD) for 12 weeks and etanercept was administered during
CD treatment. Isolated aortas of the rats were used for isometric tension recording. Carbachol-
induced relaxant responses were impaired in CD-fed rats, while etanercept treatment improved these
endothelium-dependent relaxations. No significant change was observed in papaverine- and sodium
nitroprusside (SNP)-induced relaxant responses. eNOS expression decreased in CD-fed rats, but
no change was observed between etanercept-treated CD-fed rats and control rats. CD significantly
increased both the serum and the aortic levels of TNF-α, while etanercept treatment suppressed these
elevated levels. CD resulted in a significant increase in the body weight of the rats. Etanercept-treated
(ETA) CD-fed rats gained less weight than both CD-fed and control rats.

Keywords: cafeteria diet; endothelial dysfunction; etanercept; inflammation; nitric oxide TNF-α

1. Introduction

Obesity is a worldwide health problem associated with cardiovascular diseases, type
2 diabetes, chronic inflammation, and cancer [1]. It is also characterized by detrimen-
tal effects on vasculature including reduced endothelial function in different vascular
beds [2–4]. Endothelial dysfunction, an independent predictor for the initiation and pro-
gression of atherosclerosis, has been established as a key mediator that links obesity with
cardiovascular diseases [5].

The vascular endothelium plays a crucial role in modulating vascular tone and vasomo-
tor function and is also involved in the regulation of inflammation, platelet aggregation, and
thrombosis. Nitric oxide (NO) is the major mediator of these functions and physiological
processes [6]. Endothelial dysfunction is generally associated with reduced NO bioavailabil-
ity [7]. Recently, it has been demonstrated that vascular inflammation secondary to elevated
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levels of proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-α), plays a
crucial role in endothelial dysfunction [8]. Furthermore, TNF-α-mediated inflammation,
which contributes to the development of many cardiovascular dysfunctions such as chronic
heart failure, sepsis-associated cardiovascular disorders, myocardial ischemia-reperfusion
injury, and atherosclerosis [9–11] reduces the release of NO and impairs NO-mediated
vasorelaxation in the endothelium [12] by the induction of inducible nitric oxide synthase
(iNOS) activation and reactive oxygen species (ROS) generation or by reducing the expres-
sion of endothelial nitric oxide synthase (eNOS), which is the primary enzyme involved in
NO generation in vascular tissues [8,13]. Moreover, previous studies demonstrated that
TNF-α decreased eNOS expression by inhibiting gene promoter activity [14].

The cafeteria diet (CD) is a diet-induced obesity model, generally used in animal
studies because of its similarities with human obesity [15]. Several lines of evidence re-
vealed that obesity is accompanied by chronic inflammation due to the overproduction of
proinflammatory cytokines, including TNF-α, which impairs vascular reactivity [16]. It is
documented that aortic tissues from obese Zucker rats showed an increased expression
of TNF-α in vascular tissue, indicating that obesity is associated with vascular inflamma-
tion [17]. Moreover, overproduction of vascular TNF-α impaired vascular reactivity by
reducing NO bioavailability in small arteries from visceral fat of obese patients [18]. These
findings suggest that pharmacological strategies that target inflammation pathways may
be therapeutically useful in treating obesity-related endothelial dysfunction. We previously
reported that etanercept (an anti-TNF-α agent that binds to and functionally inactivates
TNF-α) improved endothelial function in rats with diabetes mellitus [19], however, its
effects on obesity-related vascular dysfunction remain unclear.

Based on this knowledge, the goal of the current study was to evaluate the effects of
chronic etanercept treatment on endothelial and vascular reactivity, eNOS immunoreactiv-
ity, and serum and aortic concentrations of TNF-α in CD-fed rats.

2. Materials and Methods
2.1. Animal Preparation and Experimental Design

The study experiments utilized weanling male (30 day-old) Wistar albino rats (50–70 g)
kept in a humidity- and temperature-controlled room (62 ± 7% and 22 ± 3 ◦C) with a 12-h
light/dark cycle. The rats were given tap water and food pellets without any restrictions.
It is important to note that the current study is in line with the Rules of Animal Research
Ethics Committee (Number 26220, 6 July 2006) for animal care, and that it also received
approval from the Animal Research Ethics Committee.

Rats were separated into the three groups (each n = 10): control (not exposed to
CD), CD (exposed to CD for 12 weeks), and CD + ETA (exposed to CD and treated with
subcutaneous injections of etanercept (0.8 mg/kg/week) for 12 weeks). The control group
was fed with a standard pellet diet. The CD and CD + ETA groups were fed with CD, which
is a high-fat diet containing a mixture of pate, chocolate, cookies, chow, bacon, potato chips
and chow with proportions of 2:1:1:1:1:1, respectively, as previously published and these
were given to each rat daily [20]. The composition of this cafeteria diet was 10% of energy
as protein, 35.4% as carbohydrates, and 54.6% as lipids by dry weight (399 kcal/100 g
in the cafeteria diet vs. 265 kcal/100 g in the pelleted diet). There were no restrictions
on food amount eaten. Food intake and body weight were recorded weekly. After a
12-week treatment period, animals were sacrificed, the aortas of the rats were removed,
and cumulative concentration-response curves of carbachol, sodium nitroprusside (SNP),
and papaverine were obtained. Aortic eNOS and TNF-α expression were analyzed. Also,
blood was collected and circulating levels of TNF-α were measured.

2.2. Organ Bath Studies

The thoracic aortas were quickly insulated after 12 weeks had passed. Initially placed
in Krebs’ solution, washed, and cut into rings, the tissues were subsequently mounted in
oxygenated (5% CO2/95% O2) organ baths containing 20 mL of Krebs’ solution (37 ◦C,



Int. J. Environ. Res. Public Health 2022, 19, 2138 3 of 15

pH 7.4) that consisted of (mM): NaCl, 118; KCl, 4.71; MgCl2, 1.05; NaH2PO4, 1.33; NaHCO3,
25; CaCl2, 2.7 and glucose, 5.6. A timeframe of 60 min was set to allow the tissues to
properly equilibrate before starting the experiments. Each ring was set at 1 g in terms of
prime resting tension and connected to a force-displacement transducer with the purpose
of measuring the isometric tension. Recording the isometric tension entailed the utilization
of a data acquisition system (MP30B-CE, Biopac, Biopac Systems, Inc. Santa Barbara, CA,
USA), and software storage (BSL Pro 3.7, Biopac Systems) for data examination.

2.3. Agonist-Induced Contractions

Following the equilibration period, the feasibility of the preparation was tested by
exposing the rings to KCl (80 mM). As part of the next step, the tissues were rinsed twice
with Krebs’ solution and kept like that for 30 min to regain tension to the precontracted level.
Once the 30 min had passed, each ring was progressively tightened with phenylephrine
concentrations (10−9–10−4 M).

2.4. Agonist-Induced Relaxations

Arterial rings were primarily tightened using phenylephrine (3 × 10−6–10−5 M).
The concentrations of phenylephrine were selected specifically to attain 85–87% of the
maximum contraction. Once this had reached a plateau, carbachol (10−8–10−5 M), SNP
(10−8–10−4 M), and papaverine (10−5–10−4 M) were added progressively to achieve the
relaxation reactions. The mixture was substituted with a fresh one and the tissues were left
for a 30 min timeframe to return the tension to the basal intensities between consecutive
concentration-responsive curves.

2.5. Solutions and Drugs

Phenylephrine hydrochloride, carbachol chloride, SNP, and papaverine hydrochloride
(Sigma Chemical, St. Louis, MO, USA) were dissolved in distilled water and prepared
immediately before the start of the experiments. Etanercept (Wyeth, Münster, Germany)
was administered to the rats at a volume of 0.1 mL per 100 g body weight, dissolved in
physiological saline, and prepared rapidly prior to use.

2.6. Immunohistochemical Analyses

Following the 12-week treatment, the laboratory rats were decapitated under ke-
tamine/xylazine (90/10 mg/kg) anesthesia while aortic tissues were insulated. To start,
the tissues were secured in neutral-buffered formalin (10%) and implanted in paraffin
wax. They were later cut into 3 µm units on a microtome, deparaffinized in xylene, and
soaked in ethanol. The antigen was retrieved using a microwave oven (3–5 min, 600 W)
and citrate protection. Endogenous peroxidase was blocked in methanol with H2O2 (3%)
for a timeframe of 15 min and subsequently cleaned again. In the next step of the process,
segments were incubated with a primary anti-eNOS rabbit polyclonal antibody (ab119292,
Abcam, Cambridge, UK). These units were later incubated with a secondary biotinylated
antibody, streptavidin–peroxidase, and a diaminobenzidine mixture. The segments were
counterstained with Mayer’s hematoxylin and later fixed with entellan on glass slides. With
the help of a light microscope, the samples were reproduced in images and photographed
with a Leica DMC2900 device (CH-9435, Heerbrugg, Germany). The eNOS positive area%
was analyzed with Image J software (U.S. National Institute of Health, Bethesda, MD, USA).

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

At the end of the 12-week etanercept administration, blood samples were collected to
determine the circulating levels of TNF-α. The serum was segregated by centrifugation at
4000 rpm for 15 min at 40 ◦C and it was divided into aliquots and kept at −70 ◦C before the
start of the experiments. Serum levels of the TNF-α were measured by ELISA kit (Biosource,
Invitrogen, Carlsbad, CA, USA) with enzyme-linked immunosorbent assays according to
the recommendations of the manufacturer. The absorbance was measured at 450 nm using
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a microliter ELISA reader (Versa Max Molecular Devices, Sunnyvale, CA, USA). Samples
were then analyzed with Versa Max microplate reader using SoftMaxPro5 software (Versa
Max Molecular Devices, Sunnyvale, CA, USA). ELISA results were given as a percentage of
the total protein concentration of the samples.

2.8. Real-Time Polymerase Chain Reaction (PCR) Assay

At the end of the 12-week etanercept administration, aortic samples were collected to
determine the levels of TNF-α and eNOS. The gene expression levels were detected by real-
time PCR. Total RNA was isolated by a High Pure RNA Isolation Kit (Roche, Mannheim,
Germany) and then RNA concentrations were measured with the Nanodrop Spectropho-
tometer (Nanodrop Technology, Cambridge). 1 µg of total RNA was reverse transcribed
into cDNA by Transcriptor High Fidelity cDNA Synthesis Kit (Roche), according to the
instruction manuals. Target gene amplifications were performed with gene-specific probes
(Universal ProbeLibrary, Roche), according to the manufacturer’s recommendations on
the instrument, LightCycler 480II (Roche, Diagnostic Rotkreuz, Switzerland). The primer
sequences matched the indications of Universal Probe Library (Roche). The PCR conditions
were as follows (two-step PCR): incubation for 15 s at 94 ◦C and 1 min at 60 ◦C for 45 cycles,
annealing temperature at 60 ◦C. Primers used for real time PCR as follows: TNF-α forward
5′-TGACCCTCACCGATACAACA and reverse 3′-CGGGTGTCTAGATCCATGC; eNOS for-
ward 5′-GAACTTCGGGGTGATCG and reverse 3′-GGGCTTGTCACTCGAGTTTT. Primers
(TNF-α and eNOS, Iontek İstanbul, Turkey) and other supplements were added according
to the manufacturer’s instructions. The target and reference genes were amplified in the
same wells. The reaction mixture, lacking cDNA, was used as a negative control in each
run. In addition, cDNA reaction mix without template was used as a negative control.
The comparative amount of gene expression of eNOS—otherwise known as nitric oxide
synthase 3 (NOS3) and TNF-α combined with the housekeeping gene Actin, beta (Actb),
and GADPH, identified as endogenous control and a positive calibrator—offered a basis
for stabilizing sample-to-sample disparities. The Light Cycler software (Roche, Mannheim,
Germany) was utilized for the examination of real-time PCR results.

2.9. Statistical Analysis

Data were presented as mean ± standard deviation of the mean (SD). The contractile
force was expressed in milligrams of developed tension. Relaxation was presented as a per-
centage of the pre-contractile response to phenylephrine. Maximum response (Emax) and
pD2 (−log EC50) was calculated using software. The cumulative concentration–response
curve data were fit to a four-parameter logistic equation: E = Emax/1 + (EC50/[D]n), where
E is the observed effect in grams of tension, Emax is the calculated maximal effect, [D] is the
concentration of agonist, EC50 is the [D] at 0.5 Emax, and n is the slope factor parameter.
Differences between experimental groups were assessed using one-way ANOVA followed
by Bonferroni’s post hoc test. For immunohistochemical analysis the Kolmogorov–Smirnov
test was used to assess the normality of the data. Comparisons of multiple samples were
performed using one-way ANOVA with a post-hoc Tukey test. p < 0.005 was assumed to
be statistically significant.

3. Results
3.1. Etanercept Treatment Reduced Body Weight

No significant differences were revealed in the body weight between the groups at the
onset of the experiments (p > 0.05; Figure 1, Table 1). At the end of the experimental period,
the cafeteria diet induced a significant increase in body weight (CD group) compared with
the standard diet (Figure 1, Table 1). In addition, the bodyweight gains of rats were statisti-
cally higher when compared with the standard diet-fed rats. Etanercept administration
decreased final body weight compared to the untreated CD groups (p < 0.0001; Figure 1),
although food intake was not affected (Table 1).



Int. J. Environ. Res. Public Health 2022, 19, 2138 5 of 15

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 5 of 16 
 

 

3. Results 
3.1. Etanercept Treatment Reduced Body Weight 

No significant differences were revealed in the body weight between the groups at 
the onset of the experiments (p > 0.05; Figure 1, Table 1). At the end of the experimental 
period, the cafeteria diet induced a significant increase in body weight (CD group) com-
pared with the standard diet (Figure 1, Table 1). In addition, the bodyweight gains of rats 
were statistically higher when compared with the standard diet-fed rats. Etanercept ad-
ministration decreased final body weight compared to the untreated CD groups (p < 
0.0001; Figure 1), although food intake was not affected (Table 1). 

W  1 W 2 W  3 W  4 W  5 W  6 W  7 W  8 W  9 W  1 0 W  1 1 W  1 2
0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

C o n tro l
C D

C D + E T A

B
o

d
y

 W
e

ig
h

t 
(g

)

*

* * * * * *
*

* *

W E E K S

*
*

**
*

 
Figure 1. Bodyweight (g) of rats fed a standard pelleted diet (control), cafeteria diet (CD), or cafeteria 
diet with etanercept treatment (CD + ETA) during 12 weeks (n = 10). Data are expressed as the mean 
± S.D. * Statistical difference compared to the control group. * p < 0.05 is considered significant. 

Table 1. Body-related and food intake measurements of the three dietary experimental groups. 

 Control (n = 10) CD (n = 10) CD + ETA (n = 10) 

Initial body 
weight (g) 

55.1 ± 4.65 61.10 ± 9.23 58.99 ± 10.46 
   
   

Final body 
weight (g) 

265.5 ± 10.11 334.9 ± 7.87 * 293.9 ± 18.68 * 
   

Body weight 
gain at 12 
weeks (g) 

210.4 ± 7.55 273.5 ± 4.33* 234.9 ± 10.65 * 
   
   
   

kcal in-
take/day (kcal) 

35.17 ± 1.33 131.7 ± 9.01 * 134.1 ± 11.34 * 
   

Results are expressed as mean ± S.D. * Statistical difference compared to the control group. * p < 
0.05 is considered significant. Control (not exposed to CD), CD (exposed to CD during 12 weeks), 
and CD + ETA (exposed to CD and treated with subcutaneous injections of etanercept (0.8 
mg/kg/week) during 12 weeks). Control group was fed with standard pellet diet. 

3.2. Etanercept Treatment Improved Vascular Contractility and Vasorelaxation 
The study groups’ aortas showed comparable contractile responses to 80 mM KCl. 

As illustrated in Table 2, no significant variation was recorded between the maximum 
responses of the rings belonging to the control, CD and CD + ETA groups (p > 0.05). 

Figure 1. Bodyweight (g) of rats fed a standard pelleted diet (control), cafeteria diet (CD), or cafeteria
diet with etanercept treatment (CD + ETA) during 12 weeks (n = 10). Data are expressed as the
mean ± S.D. * Statistical difference compared to the control group. * p < 0.05 is considered significant.

Table 1. Body-related and food intake measurements of the three dietary experimental groups.

Control (n = 10) CD (n = 10) CD + ETA (n = 10)

Initial body weight (g) 55.1 ± 4.65 61.10 ± 9.23 58.99 ± 10.46
Final body weight (g) 265.5 ± 10.11 334.9 ± 7.87 * 293.9 ± 18.68 *

Body weight gain at 12 weeks (g) 210.4 ± 7.55 273.5 ± 4.33 * 234.9 ± 10.65 *
kcal intake/day (kcal) 35.17 ± 1.33 131.7 ± 9.01 * 134.1 ± 11.34 *

Results are expressed as mean± S.D. * Statistical difference compared to the control group. * p < 0.05 is considered
significant. Control (not exposed to CD), CD (exposed to CD during 12 weeks), and CD + ETA (exposed to CD
and treated with subcutaneous injections of etanercept (0.8 mg/kg/week) during 12 weeks). Control group was
fed with standard pellet diet.

3.2. Etanercept Treatment Improved Vascular Contractility and Vasorelaxation

The study groups’ aortas showed comparable contractile responses to 80 mM KCl.
As illustrated in Table 2, no significant variation was recorded between the maximum
responses of the rings belonging to the control, CD and CD + ETA groups (p > 0.05).

Table 2. Emax (% of 3 × 10−6–10−5 M phenylephrine) values for carbachol, sodium nitroprusside;
Emax values (mg) for 80 mM KCl; Emax values for 10−5–10−4 M papaverine and pD2 values (-log
EC50) for carbachol and sodium nitroprusside (SNP) in rings of thoracic aorta were obtained from all
three groups of rats.

Control (n = 10) CD (n = 10) CD + ETA (n = 10)

Carbachol
Emax
pD2

93.50 ± 1.67
6.95 ± 0.06

80.38 ± 3.25 *
6.66 ± 0.13 *

93.60 ± 1.90
6.92 ± 0.28

SNP
Emax
pD2

100.00 ± 0.00
7.34 ± 0.25

100.00 ± 0.00
7.26 ± 0.51

99.50 ± 1.58
7.36 ± 0.41

KCl
Emax

904.38 ± 250.87 999.80 ± 260.92 926.75 ± 243.16

Papaverine
Emax

100 ± 0.00 100 ± 0.00 100 ± 0.00

Values are arithmetic means ± S.D, n = the number of thoracic aortic rings used. Each ring was obtained from
different rats. * p < 0.0001, statistically different from control rats. * p < 0.05, statistically different from the
response of aortic rings from control rats. Control (not exposed to CD), CD (exposed to CD during 12 weeks),
and CD + ETA (exposed to CD and treated with subcutaneous injections of etanercept (0.8 mg/kg/week) during
12 weeks). Control group was fed with standard pellet diet.
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The endothelium-dependent vasorelaxation to carbachol was subject to examination in
thoracic aortas from all experimental groups for the purpose of evaluating the endothelial
function. Carbachol stimulated concentration-dependent relaxation, which was found
to be considerably reduced in aortic tissues from the CD group in comparison with the
control group. (p < 0.05, Figure 2). The endothelial dysfunction in the CD group was
emphasized as well by lower Emax and pD2 values when comparing carbachol curves
(p < 0.05, Figure 2, Table 2). The long-term administration of etanercept significantly
reinstated the aorta impairment in endothelium-dependent relaxation to carbachol from
CD-fed animals (p < 0.05, Figure 2, Table 2). Emax and pD2 values were similar in control
and CD + ETA groups (Figure 2, Table 2).
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Figure 2. Carbachol concentration-response curves from isolated thoracic aortic rings precontracted 
with 3 × 10−6–10−5 M phenylephrine. Each data point is expressed as a percentage of the contraction 
induced by phenylephrine and is given as the mean ± S.D. The numbers in parentheses indicate the 
number of preparations used. * p < 0.05, statistically different from the response of aortic rings from 

Figure 2. Carbachol concentration-response curves from isolated thoracic aortic rings precontracted
with 3 × 10−6–10−5 M phenylephrine. Each data point is expressed as a percentage of the contraction
induced by phenylephrine and is given as the mean ± S.D. The numbers in parentheses indicate the
number of preparations used. * p < 0.05, statistically different from the response of aortic rings from
control and CD + ETA groups. Control (not exposed to CD), CD (exposed to CD during 12 weeks), and
CD + ETA (exposed to CD and treated with subcutaneous injections of etanercept (0.8 mg/kg/week)
during 12 weeks). Control group was fed with standard pellet diet.

The experimental groups displayed no significant differences regarding endothelium-
independent relaxation in response to NO donor SNP (10−8–10−4 M) in aortic rings. More-
over, no variations were found in Emax and pD2 values. (Figure 3, Table 2). Also, no
substantial modifications were detected in the relaxation response to papaverine of any
aortas from the groups.

3.3. Etanercept Treatment Corrected Alterations of Endothelial Nitric Oxide Synthase
(eNOS) Immunoreactivity

eNOS immunoreactivity was found in arterial preparations from control rats (Figure 4,
Table 3). Aortic tissue from CD group showed decreased immunopositivity of eNOS
compared to the control group (p < 0.05, Figure 4, Table 3). Etanercept treatment induced a
marked increment of aortic eNOS immunoreactivity in the vascular wall compared with
the CD group (p < 0.05, Figure 4, Table 3). The analysis of immunohistochemistry staining
to describe immunoreactivity was performed by using ImageJ (Figure 5).
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etanercept (0.8 mg/kg/week) during 12 weeks). Control group was fed with standard pellet diet.
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lium of the thoracic aorta (n = 10). Decreased endothelial nitric oxide synthase (eNOS) immunoreactiv-
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in the CD + ETA group (C) compared with the CD group (B). Control (not exposed to CD), CD
(exposed to CD during 12 weeks), and CD + ETA (exposed to CD and treated with subcutaneous
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pellet diet.
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The staining intensity was classified no expression (-), very (1+), moderate (2+), strong (3+) to very strong
(4+) expression. The immunopositivity was decreased in CD group compared to the control group (p < 0.05,
Kruskal-Wallis Test.) In the CD+ETA group, eNOS immunoreactivity was similar to that of the control group.
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comparability test, + indicates significance from the CD group at p < 0.05 probability test. Control (not
exposed to CD), CD (exposed to CD during 12 weeks), and CD + ETA (exposed to CD and treated
with subcutaneous injections of etanercept (0.8 mg/kg/week) during 12 weeks). Control group was
fed with standard pellet diet.

3.4. Etanercept Improved Alterations of Serum and Aortic Inflammatory Markers and Aortic
eNOS Expressions

Serum concentration of TNF-α was significantly higher in CD group than in control
group (p < 0.0001), and etanercept treatment significantly suppressed TNF-α levels in
CD + ETA group compared to the CD group (p < 0.0001, Figure 6).

The gene expression of TNF-α and eNOS in aortic tissue was higher in CD group
(p < 0.0001, Figures 7 and 8, respectively) and no significant difference in CD + ETA group
compared to the control group (Figures 7 and 8).
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12 weeks). Control group was fed with standard pellet diet.
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ciated with obesity. In this study, our results showed that NO-mediated vasorelaxant re-
sponses to carbachol were impaired in CD-fed rats compared with control rats. This im-
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during 12 weeks). Control group was fed with standard pellet diet.
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Figure 8. Aortic eNOS expressions in control and CD-fed rats treated with or without etanercept
(n = 10). * p < 0.0001, statistically different from the control group and # p < 0.0001, statistically
different from the CD group. Control (not exposed to CD), CD (exposed to CD during 12 weeks), and
CD + ETA (exposed to CD and treated with subcutaneous injections of etanercept (0.8 mg/kg/week)
during 12 weeks). Control group was fed with standard pellet diet.

4. Discussion

This is the first report showing that chronic etanercept administration prevented
endothelium-dependent vascular dysfunction and body weight gain in CD-fed rats. Al-
though the role of TNF-α on vascular impairments has been reported, the novel findings of
the current study revealed that anti-TNF-α treatment abrogated obesity-induced vascular
dysfunction in rats by suppressing inflammation, indicating that anti-inflammatory agents
might be considered as a candidate for treatment of cardiovascular disorders associated
with obesity. In this study, our results showed that NO-mediated vasorelaxant responses
to carbachol were impaired in CD-fed rats compared with control rats. This impairment
was associated with increased concentrations of TNF-α. Moreover, aortic eNOS expression
significantly decreased in rats exposed to CD compared with the control group. However,
12-week chronic etanercept treatment significantly restored endothelium-dependent vasore-
laxation and resulted in decreased serum levels of TNF-α and increased eNOS expression in
rats exposed to CD. SNP-, an NO donor, induced endothelium-independent vasorelaxation
was not affected.

CD is a diet-induced obesity model used in experimental studies to mimic the food
intake of people in modern Western societies. In this model, body weight gain is observed
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not only after chronic diet treatment [21] but also in the early stages of obesity onset [22].
Consistent with this observation, our data demonstrated that early body weight gain in
rats was reached after 3 weeks of CD treatment and a 12-week CD significantly enhanced
body weight in Wistar rats, indicating that a model of obesity was established successfully.

Many of the clinical and experimental studies demonstrated that endothelial function
was decreased by obesity which is an important risk factor for cardiovascular disease [3,17].
These data are in accordance with this study in which CD-induced obesity caused an
impairment of carbachol-induced endothelium-dependent vasodilatation. It is well es-
tablished that in intact endothelium, carbachol or acetylcholine causes an endothelium-
dependent vasorelaxation in vascular smooth muscle cells that are precontracted with
higher concentrations of noradrenaline, potassium, or other vasoconstrictor agents such as
phenylephrine [23]. In this context, the impairment of endothelium-dependent vasorelax-
ation of vascular smooth muscle in this study could be associated with one of the following
mechanisms: the reduction of NO sensitivity, the impairment of the relaxation of vascular
smooth muscle, or the alteration of the NO/cyclic guanosine monophosphate (cGMP)
pathway. However, the maximum vasorelaxation induced by SNP and papaverine in
endothelium-intact aortic tissues did not change significantly between rings obtained from
rats fed a standard diet and those from animals exposed to CD. Since SNP acts to release
NO directly within vascular smooth muscle cells after its metabolism, these mechanisms
appear not to be involved in the impairment of endothelium-dependent vasorelaxation
induced by obesity. Once released by SNP, NO binds to the normally reduced heme iron
group on soluble guanylate cyclase (sGC) and enhances the generation of cGMP, which
causes vasodilation [24]. In this regard, these findings indicate that diet-induced obesity
did not alter the smooth muscle response to NO. Additionally, cGMP-dependent mech-
anisms do not appear to contribute to the development of obesity-induced dysfunction
in vascular tissue. Moreover, the contractile responses to 80 mM KCl were similar among
all groups, demonstrating that the contractile mechanisms of vascular smooth muscle
did not alter by diet-induced obesity. Our study has also shown that the pre-contractile
tone induced by phenylephrine was similar in thoracic aortic rings derived from rats fed
a standard diet and CD, confirming that the relaxation differences were not associated
with the degree of precontraction. Considering these findings data suggests that the im-
pairment of endothelium-dependent vasorelaxation induced by CD could be due to the
reduction of NO bioavailability by decreasing either the production or release of NO in
the vascular tissue. Consistently, our data showed that vascular eNOS expression was
decreased in CD-fed rats, indicating reduced NO production. Also, previous studies in
different kind of experimental obesity models reported that obesity caused impairment of
the carbachol or acetylcholine-induced endothelium-dependent relaxation with no change
in the endothelium-independent vasorelaxation in response to SNP in aorta, demonstrating
the decreased NO bioavailability [25,26]. Furthermore, it has been reported that vascu-
lar basal NO production decreased in obese patients [27]. All these data including ours
indicate that obesity is strongly associated with endothelial dysfunction with the loss of
NO bioavailability.

There is a growing body of evidence suggesting that TNF-α-mediated inflammation
plays a crucial role in the development of endothelial dysfunction. Several studies demon-
strated that TNF-α, is one of the proinflammatory cytokines, impaired NO-dependent
vasorelaxations in the endothelium of various vascular tissues [28–30] and decreased NO
bioavailability by inducing the formation of ROS [31] or diminishing the production of
NO [32]. Moreover, expression of eNOS, which plays the main role in endothelial NO
production, was decreased by the direct effects of TNF-α in vascular tissue [33] and TNF-α
reduced eNOS expression in endothelial cells by inhibiting gene promoter activity [34]. In
addition, it has been reported that overproduction of TNF-α and the other endogenous
proinflammatory cytokines play a substantial role in the pathophysiology of endothelial dys-
function observed in obesity, suggesting that obesity is a low-grade inflammatory disease.
Accordingly, in this study, we observed elevated serum concentrations of TNF-α in CD-fed
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rats, indicating that TNF-α might mediate obesity-induced endothelial dysfunction. Our
data were also compatible with previous publications, which reported increased circulating
levels of TNF-α associated with obesity not only in rodents but also in obese patients [35,36].
Furthermore, a marked upregulation of TNF-α protein expression in vascular tissue was
documented in obese animals and humans that have impaired endothelium-dependent
vasorelaxations [18,35]. One group demonstrated that Ach-induced NO production and
eNOS expression in isolated coronary arteries from obese Zucker rats markedly decreased
compared with the lean control rats, via the elevated levels of circulating and protein
expression of TNF-α [37]. In line with these data, we showed that TNF-α blockade with
chronic etanercept treatment prevented obesity-induced endothelial dysfunction by in-
creasing thoracic aortic eNOS expression and decreased serum concentrations of TNF-α in
CD-fed rat, indicating the role of TNF-α in endothelial dysfunction related with obesity,
and the close relationship between obesity and inflammation.

Based on the crucial role of TNF-α in improving endothelial dysfunction, the effects
of different agents that block the action of TNF-α have been evaluated in different cardio-
vascular disorders and inflammatory conditions. Chronic treatment with infliximab, an
anti-TNF-α antibody, prevented endothelial dysfunction of the brachial artery in patients
with rheumatoid arthritis (RA) [38], systemic vasculitis [39] and Crohn’s disease [40]. Anti-
TNF-α therapy with etanercept was also able to improve endothelial function in patients
with RA [41] and advanced heart failure [42]. We previously reported that both etanercept
and infliximab treatment ameliorated endothelial dysfunction related with stress [43,44].
Moreover, similar with our findings, infliximab in vitro improved endothelium-dependent
vasorelaxation in small arteries of obese patients [18] and its infusion also ameliorated NO-
dependent vasodilatation in the brachial artery in obese patients [45]. However, in contrast
with our results, Dominguez et al. [46] reported that no improvement in endothelium-
dependent vasodilation was observed in obese men treated with etanercept. However, in
that study, patients received 4 weeks of etanercept treatment, which could be not sufficient
to reverse endothelial dysfunction in obese patients and more importantly, people who
initiated etanercept treatment were ‘already obese’ unlike our study. In this study, we fed
Wistar rats with CD for 12 weeks to establish the obesity model and treated animals with
etanercept during the CD treatment, not after obesity had been developed. Therefore, to
our knowledge this is the first reported study showing evidence that TNF-α blockade with
etanercept protects against endothelial dysfunction related with diet-induced obesity.

Finally, feeding the CD to rats resulted in significant increases in body weight com-
pared with rats fed a standard diet. Although we did not characterize the body composition
of animals tested, it can be assumed that most of the weight gain was because of increased
adipose tissue. Increased body weight and adipose tissue may also lead to insulin resistance,
and thus the lack of measurements of insulin and/or glucose levels of the animals may be
considered a major limitation of our study. However, it can be suggested that our results
might be secondary to obesity or obesity-induced insulin resistance. Also, surprisingly we
found that anti-TNF-α treatment with etanercept induced significant weight loss in tested
animals compared to CD-fed animals. This effect could be due to the blockade of TNF-α,
which exerts its activity by two receptors: TNF-α receptor 1 (TNFR1) and TNF-α receptor 2
(TNFR2) [47]. Several studies revealed that both blockade and deletion of TNFR1 protected
against diet-induced obesity [48,49]. Moreover, diet-induced obesity was ameliorated in
mice lacking TNFR2 [50]. These findings suggested that TNF-α plays a crucial role in the
development of obesity. In the current study, etanercept treatment prevented body weight
gain in CD-fed rats, supporting the idea that anti-TNF-α compounds could be useful as
therapeutic agents to prevent diet-induced obesity.

The metabolic imbalances related to diet are emerging as major drivers of obesity-
related cancer including alterations in growth factor signaling, inflammation and angio-
genesis. A strong link between obesity and cancer risk and/or poor prognosis has been
established in the epidemiological and preclinical literature [51]. Mechanisms of tumori-
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genesis, including inflammation and angiogenesis, may be influenced by specific dietary
elements [52].

CAF diet induces hyperphagia and metabolic syndrome (MS) better than other diets.
Indeed, endothelium-dependent vasorelaxation is strictly linked to non-alcoholic fatty liver
disease (NAFLD) and is mainly due to insulin resistance. On those bases there are no data
on hepatic steatosis of animals treated with a CAF diet. One other main limitation to study
are the common mechanisms underlying the two pathologies (endothelial and vascular
reactivity and NAFLD), and in both insulin resistance plays a central role.

Dealing with insulin resistance and oxido-reductive imbalance, to give those outside
this field of knowledge a broader view of the issue, sirtuin 4 can play a central role as acceler-
ating Ang II-induced pathological cardiac hypertrophy by inhibiting manganese superoxide
dismutase activity and preventing hypoxia-induced apoptosis in H9c2 cardiomyoblast
cells. Circulating levels of sirtuin 4, a potential marker of oxidative metabolism, is related
to coronary artery disease in obese patients suffering from NAFLD, with normal or slightly
increased liver enzymes.

5. Conclusions

Our study demonstrated that etanercept treatment prevented endothelium-dependent
vascular dysfunction and body weight gain caused by CD. Thus, TNF-α-mediated inflam-
mation may have an important role in endothelial dysfunction and body weight increment
related to CD consumption.

In conclusion, the present data suggest that chronic etanercept treatment is likely able
to prevent body weight gain and the development of endothelial dysfunction by restoring
eNOS expression and reducing serum levels of TNF-α in CD-fed rats, indicating that TNF-
α-mediated inflammation has a crucial role on endothelial dysfunction and body weight
increment related with CD consumption.

The beneficial effects of etanercept and its specific mechanisms require further evalua-
tion in future studies.
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