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Abstract. Pro-inflammatory cytokines regulation by sympathetic nervous system (SNS) and angi-
otensin II (ANG II) was widely described in cardiovascular system, but the role of such neuro-humoral 
interaction needs further investigation in this context.

We tested SNS-ANG II interaction on IL-6 and TNF-α mRNA expression in left ventricle (LV)
and aorta from normotensive rats by sympathectomy with guanethidine and blockade of the ANG II 
AT1 receptors (AT1R) antagonist with losartan. mRNA synthesis of IL-6 and TNF-α were performed 
by Q-RT-PCR.

In the LV, IL-6 mRNA increased by 63% (p < 0.01) after sympathectomy, still unchanged after
losartan treatment and decreased by 38% (p < 0.05) after combined treatment. TNF-α mRNA de-
creased by 44% (p < 0.01), only after combined treatment. In the aorta, IL-6 mRNA increased equally
by 65% (p < 0.05) after sympathectomy or losartan treatment. TNF-α mRNA decreased by 28, 41,
and 42% (p < 0.05) after sympathectomy, losartan and combined treatments, respectively. Our data
suggest that ANG II stimulates directly (via AT1R) and indirectly (via SNS) IL-6 mRNA synthesis 
in LV and aorta and TNF-α mRNA in LV. ANG II seems unable to influence directly TNF-α mRNA
synthesis in the aorta but can stimulate this cytokine via SNS. The results are relevant to prevent or
reduce proinflammatory cytokines overexpression seen in cardiovascular diseases.
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Introduction

Proinflammatory cytokines, such as interleukin IL-6 and
tumor necrosis factor α (TNF-α) played a crucial role in the 
inflammation response (Papanicolaou et al. 1998). Higher
systemic concentrations of IL-6 and TNF-α are largely 
implicated in the development and progression of chronic 
heart failure (Levine et al. 1990) and atherosclerosis (Kher 
and Marsh 2004).

Angiotensin II (ANG II) and sympathetic nervous system 
(SNS) activities were described in inflammatory process

in post-infarcts situations and atherosclerosis. ANG II is 
a potent proinflammatory mediator which is able to promote
atherosclerosis development (Brosnan et al. 2000) by control-
ling expression of cytokines genes, chemokins and adhesion 
molecules after activation of transcriptional factor NF-kB
(Han et al. 1999; Ruiz-Ortega et al. 2001). Blockage of ANG II 
biosynthesis by inhibition of angiotensin converting enzyme is 
largely used to prevent degradation of post-infarctus cardiac 
function due to overexpression of proinflammatory cytokines
(Wei et al. 2002). However, there is some contradictory results 
and interpretation about implication of SNS on proinflamma-
tory cytokines regulation in cardiovascular disease. A positive 
correlation between circulating catecholamine and cytokine 
levels was associated with either reduce (Parthenakis et al. 
2003; Diakakis et al. 2008) or hyperactivity of SNS (Petretta 
et al. 2000). Norepinephrine stimulates the production of 
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proinflammatory cytokines in cardiomyocyte (Kan et al.
1999) which is prevented by the use of β1 adrenergic receptors 
antagonists (Prabhu et al. 2000).

Interaction between SNS and ANG II was demonstrated 
by several functional studies which showed that ANG II 
stimulates sympathetic neurotransmitter (NE) release by 
activation of its specific AT1 receptor (AT1R) located on pr-
esynaptic SNS terminal axon reaching cardiovascular tissues 
(Saxena, 1992; Cox et al. 1995; Dendorfer et al. 1998; Wang 
and Ma 2000). Moreover, the blockage of ANG II receptor 
AT1R with losartan reduces NE release and enhances its 
reuptake by SNS terminal axon (Raasch et al. 2004). How-
ever, little is known about the SNS-ANG II interaction on 
the proinflammatory cytokines expression in cardiovascular
system.

Therefore, we advanced an experimental approach by
performing chemical sympathectomy with guanethidine and 
AT1R blockade with losartan that conducted separately or 
in combination in normotensive rats. The levels of IL-6 and
TNF-α transcription were determined by RT-PCR in the left
ventricle and aorta. Systolic blood pressure (SBP) was meas-
ured to check the efficacy of simple or combined treatment,
since losartan and chemical sympathectomy are well known 
to reduce SBP (Dwyer et al. 2004; Raasch et al. 2004).

Materials and Methods

Animals

The animal protocols used for this study were approved by
the University Animal Care and Use Committee of University 
of Claude Bernard (Lyon 1, France) and were in accordance 
with the National Institutes of Health Guidelines for the Care 
and Use of Laboratory Animals.

Male Wistar-Kyoto rats (n = 32), were equally divided in 
four groups: a guanethidine-treated (Gua), a losartan-treated 
(Los), a combined-treated (Gua+Los) and a control (CTRL) 
group. Rats were treated as previously described (Dab et al. 
2009) with guanethidine sulfate (50 mg/kg i.p., 5 days/week 
for 5 weeks) (Sigma). The success of guanethidine injections
was attested by the development of ptosis by the second day 
of treatment and during the experiment (Dwyer et al. 2004). 
Losartan (20 mg/kg/day) was administered in drinking water 
for 5 weeks. The water consumption and rat body weight were
measured daily and the concentration of losartan was ad-
justed each day according to water consumption and animal 
body weight as previously described (Dab et al. 2009). The
combined-treated group received guanethidine and losartan 
as described above for 5 weeks. The CTRL group received
injections of saline for the same time period.

At the end of the treatment, rats were deeply anesthe-
tized with pentobarbital (50 mg/kg i.p.). The left ventricle 

and aorta were removed, washed thoroughly from blood 
and then frozen immediately in liquid nitrogen, and 
stored at −80°C.

Blood pressure measurement

SBP was measured weekly during the 5 weeks of treatment 

via a tail-cuff method (Cerutti et al. 2006).

Total RNA extraction and RT-PCR analysis

The protocol of RNA extraction and RT-PCR analysis is
described in detail in our previous study (Dab et al. 2009). 
Briefly, total RNA was extracted from LV and aorta (100mg)
using Trizol Reagent (Invitrogen, Carlsbad, CA). After DNase
treatment, 5 µg of total RNA was reverse-transcripted with 
superscript II transcriptase (Invitrogen, France) using ran-
dom hexamers as primers (pdN6; Amersham Biosciences, 
Piscataway, NJ). Real-time RT-PCR was performed with 
a MyiQ thermal cycler (Bio-Rad Laboratories, Hercules, CA). 
Real-time RT-PCR was performed using the resulting cDNA 
as template, iQ SYBR Green Supermix (Bio-Rad Laboratories, 
Hercules, CA), and the appropriate set of primers (Invitrogen, 
France) specific to IL-6 (sense: GAAACGGAACTCCAGAA-
GACC; anti-sense: GACTGCCTTCCCTACTTCACA) and 
TNF-α (sense: TGTTCATCCGTTCTCTACCC; anti-sense: 
TTGCACCCTGAGCCACAA). For each sample, PCR was 
performed in duplicate. Cycle threshold values were calculated 
for the different products with Optical System Software v1.0
(Bio-Rad Laboratories). Cycle threshold values were calcu-
lated for the different products with Optical System Software
v1.0 (Bio-Rad Laboratories, Hercules, CA). Expression levels 
obtained from the standard curves were normalized against 
18S rRNA (sense: AGTCGGCATCGTTTATGGTC; antisense: 
TGAGGCCATGATTAAGAGGG). Relative amount of each 
studied gene (ng/µg 18S RNA) was calculated with Opti-
cal System Software v1.0 and results were expressed as fold
changes to control group.

Statistical analysis

Statistical comparisons between treated and control groups 
were performed using ANOVA test. Subsequent pair-wise 
comparisons were performed with the HSD Tukey test using 
statistica software (Statsoft, France). Results are expressed
as mean ± SEM. p < 0.05 is taken as a significant probability
and n values indicate the number of replicates.

Results 

The body and LV weights were not affected by individual
or combined treatments. SBP was significantly decreased
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after individual treatment and the two treatments exercised
together a synergic effect (Table 1).

Expression of IL-6 and TNF-α in LV

mRNA of IL-6 was significantly increased by 1.6-folds 
(p < 0.01) in the Gua group, decreased by 1.2-fold (p < 
0.05) in the combined treatment group and remained 
similar to control in the Los group (p = 0.32) (Fig. 1A). 
IL-6 was significantly higher in Gua than in Los group 
by 1.36-fold (p < 0.05). mRNA expression of TNF-α was 
only affected after combined treatment and was signifi-
cantly decreased by about a half compared to control 
(p < 0.01) (Fig. 1B).

Expression of IL-6 and TNF-α in aorta

mRNA of IL-6 was significantly increased by about 1.6-
fold (p < 0.05) in the sympathectomized and Los groups 
and remained similar to control in the Gua+Los group 
(Fig. 2A). mRNA expression of TNF-α was significantly 

lower in the three treated groups by 72, 59, and 60% after 
chemical sympathectomy, Los and Gua+Los, respectively 
(Fig. 2B).

Discussion

In the present study, we investigated the interaction between 
SNS and ANG II on the mRNA expression of proinfam-
matory cytokines IL-6 and TNF-α in rat LV and aorta, by 
inhibition of one or two systems simultaneously.

AT1R of ANG II is expressed in cardiovascular cells but 
also in the SNS axons that innervate cardiovascular tissue. 
Thus, we hypothesise that ANG II could mediate its action
directly or indirectly through SNS. In our experimental 
approach, the direct effect of ANG II could be deducted by
comparison of the Gua and Gua+Los groups, since AT1R 
could be either free (in the Gua group) or blocked (in the 
Gua+Los group). The influence of SNS could be deducted
by comparison of Los group (presence of SNS) and Gua+Los 
group (absence of SNS) (Fig. 3).

Figure 1. Real-time RT-PCR analysis of IL-6 (A) and TNF-α (B) 
mRNA in the LV from control and treated rats. Values are presented 
as fold change of mRNA to CTRL group. Data are mean ± SEM, 
n = 8 in each group. * p < 0.05, ** p < 0.01 vs. CTRL; τ p < 0.05 vs. 
Gua group; § p < 0.05 vs. Los group. CTRL, control group; Gua, 
guanethidine-treated group; Los, losartan-treated group; Gua+Los, 
combined-treated group.

Figure 2. Real-time RT-PCR analysis of IL-6 (A) and TNF-α (B) 
mRNA in the aorta from control and treated rats. Values are pre-
sented as ratio fold change of mRNA to control group. Data are 
mean ± SEM, n = 8 in e ach group. * p < 0.05, ** p < 0.01 vs. CTRL; 
τ p < 0.05 vs. Gua group; § p < 0.05 vs. Los group. CTRL, control 
group; Gua, guanethidine-treated group; Los, losartan-treated 
group; Gua+Los, combined-treated group.
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It is well known that guanethidine removes selectively 
sympathetic fibers from all tissues and induces a dramatic
loss of catecholamine in the circulation and tissues (Ab-
erdeen et al. 1990; Villanueva et al. 2003) including blood 
vessels and heart (Heath and Burnstock 1977) except ad-
renal gland and brain (Johnson et al. 1977). Also, chronic 
administrations of guanethidine or AT1R inhibitor losartan 
reduce SBP (Balt et al. 2001; Supowit et al. 2005). In this 
study, efficacies of guanethidine and losartan treatments
were inspected by the decrease of SBP.

Proinflammatory cytokines such as TNF-α and IL-6 are
expressed in heart by myocardial macrophages, mast cells 

and cardiac myocytes (Meldrum et al. 1989; Shiota et al. 
2003; Agrawal et al. 2010) and in vascular system by en-
dothelial cells and vascular smooth muscle cells (Loppnow 
and Libby 1989; Sironi et al. 1989). The major investigations
of SNS and ANG II implication in cytokines regulation are 
mostly made in circulation and in pathological conditions 
or in vitro. The present study has examined for the first time
the interaction between SNS and ANG II on IL-6 and TNF-α 
synthesis at transcriptional level in the cardiovascular tissue 
in vivo in normotensive rat.

It has been demonstrated that the renin angiotensin sys-
tem enhances expression of TNF-α and IL-6 in aortic stenosis 
(Côté et al. 2010) and ANG II stimulates TNF-α- and IL-1β 
synthesis and secretion in hypertrophic cardiomyocytes 
(Zhou et al. 2007). Also, in vitro studies showed that ANG II 
stimulates mRNA expression of IL-6 in cultured vascular 
smooth muscle cell via activation of NF-kβ (Han et al. 1999; 
Kranzhöfer et al. 1999).

Our results suggest that this stimulation is mediated 
in vivo directly via AT1R and indirectly through SNS for 
IL-6 in both LV and aorta and for TNF-α in LV. Indeed, 
mRNA synthesis decreased in the Gua+Los groups (absence 
of SNS and AT1R were blocked) when compared either 
to the sympathectomy group (absence of SNS and AT1R 
were free) or to the Los group (presence of SNS and AT1R 
were blocked).

Figure 3. Schematic pathways of hy-
pothetic neurohumoral regulation 
of cytokine expression in heart and 
aorta. Both AT1 and AT2 receptors of 
ANG II are expressed in sympathetic 
fibers coursing the heart and vessels
(presynaptic receptors) and in the tis-
sue (Timmermans and Smith 1994). 
Based on the literature, we hypothesize 
that ANG II from circulation or locally 
synthesized acts through two pathways 
to influence the local synthesis IL-6 and
TNF-α: 1) Sympathostimulator pathway 
where ANG II incites neurotransmitters 
release from sympathetic fibers including
norepinephrine via AT1R (Gironacci et 
al. 1994; Dendorfer et al. 1998; Balt et al. 
2001; Raasch et al. 2004). Norepinephrine 
(NE) assure its action through noradren-
ergic receptors (R) expressed on cardiac 
cells; 2) direct pathway where ANG II 
mediates directly its action on cardiac 
tissue via AT1R essentially but can also 
access to AT2 receptor. Empty arrows: 
ANG II-mediated action indirectly via 
SNS or directly via AT1 receptors on 
MMPs expression. +, stimulation.

Table 1. Body weight, LV weight index and blood pressure records 
at the end of the experiment

Group Body weight (g) Systolic blood pressure (mmHg)
CTRL 462 ± 25  136.36 ± 3.48
Gua 441 ± 24  121.42 ± 2.87**

Los 468 ± 22  118.47 ± 2.43 **

Gua+Los 455 ± 22  105.79 ± 1.17*** ττ §§

Values are means ± SD. ** p < 0.01, *** p < 0.001 vs. CTRL; ττ p < 
0.01 vs. Gua; §§ p < 0.01 vs. Los. CTRL, control group; Gua, 
guanethidine-treated group; Los, losartan-treated group; Gua+Los, 
combined-treated group.
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However, ANG II seems enable to influence directly
TNF-α synthesis in aorta, but can stimulate this cytokine 
through SNS, since TNF-α mRNA is equally decreased 
in absence of SNS when AT1R were free (sympathectomy 
group) or blocked (Gua+Los group). The reduced TNF-α
noted in the Los group could be explained by a reduction 
of SNS activity under blockage of AT1R (Rocha et al. 2007). 
Another explication is that the fall in TNF-α expression seen 
in aorta from the three treated groups could be resulted from 
inhibition exerted by ANG II via its AT2 receptors remaining 
accessible to ANG II.

The autonomic unbalance was associated with increased
systemic inflammation in old patients (Guinjoan et al. 2004).
Contradictory data and interpretation was found about the role 
of SNS on cytokines expression. A reduced cardiac sympathetic 
innervation was correlated with higher circulating proinflam-
matory cytokine levels of IL-6 and TNF-α from patients with 
heart failure (Parthenakis et al. 2003; Diakakis et al. 2008). In 
contrast, enhanced cytokine production was associated with 
hyperactivity of SNS (Petretta et al. 2000) and high plasma 
norepinephrine levels (Kinugawa et al. 2003). Furthermore, it 
has been shown in vivo and in vitro that cytokine production 
by the heart may be regulated by SNS through β-adrenergic 
receptors (Guirao et al. 1997; Kan et al. 1999; Prabhu et al. 
2000). Chronic β-adrenergic stimulation with isoproterenol 
enhances gene expression and protein production of TNF-
α, IL-1 β, and IL-6 in the heart (Murray et al. 2000) while 
β-adrenergic receptors antagonists inhibit these productions 
(Kan et al. 1999). It emerges from our experimental approach 
that SNS stimulates mRNA cytokines synthesis and this is 
despite of apparent variable responses of cytokines to chemical 
sympathectomy. To explain the paradox findings seen here and
elsewhere, we hypothesize that the increase or absent change 
of cytokines expression observed after sympathectomy could
result from ANG II stimulation through direct pathway. Also, 
our data suggests that the stimulation effect of ANG II is more
important than that of the SNS on the synthesis of the IL-6 in 
aorta to explain the strong increase in IL-6 observed in the 
sympathectomy group compared to the Los group.

Our data show that treatments induce the fall of blood 
pressure with a synergic relation but without a correlation 
with cytokines changes. This is making improbable the
implication of hemodynamic factors on the modulation of 
cytokine expression seen here.

Conclusions

Although our data corroborate previous investigations 
made in other tissue showing an enhanced IL-1β, IL-2, and 
IL-6 gene expression after central ANG II administration in
splenic-intact rats (Ganta et al. 2005) and an ANG II modu-
lation of the immune system through activation of efferent

sympathetic nerve outflow, a mutual interactions between 
ANG II and cytokines exist (Wang et al. 2012) and cytokines 
are also able to influence ANG II syntheis in tissues (Suski
et al. 2013). Inhibition of SNS or ANG II activity may be 
beneficial to prevent cardiovascular disorders by cytokine
overexpression. Our results indicate that inhibition of both 
systems is more relevant to prevent an increase or to reduce 
cytokines synthesis in cardiovascular diseases.

Acknowledgements. We wish to thank the association “Autour des 
Williams” for their participation in the financing of reagents used in
our experiences. Houcine Dab received a grant from the Ministry 
of higher education, scientific research and technology (Tunisia)
to work on this study in the EA4173, INSERM ERI-22, Faculté 
Rockefeller, Université Claude Bernard, Lyon 1, France.

Declaration of interest: The authors report no declarations of
interest.

References 

Aberdeen J., Corr L., Milner P., Lincoln J., Burnstock G. (1990): 
Marked increases in calcitonin gene-related peptide-containing 
nerves in the developing rat following long-term sympathec-
tomy with guanethidine. Neuroscience 35, 175–184

 http://dx.doi.org/10.1016/0306-4522(90)90132-N
Agrawal R., Agrawal N., Koyani C. N., Singh R. (2010): Molecular 

targets and regulators of cardiac hypertrophy. Pharmacol. 
Research 61, 269–280

 http://dx.doi.org/10.1016/j.phrs.2009.11.012
Balt J. C., Mathy M. J., Nap A., Pfaffendorf M., van Zwieten P. A.

(2001): Effect of the AT1-receptor antagonists losartan, irbe-
sartan, and telmisartan on angiotensin II-induced facilitation 
of sympathetic neurotransmission in the rat mesenteric artery. 
J. Cardiovasc. Pharmacol. 38, 141–148

 http://dx.doi.org/10.1097/00005344-200107000-00015
Brosnan M. J., Hamilton C. A., Graham D., Lygate C. A., Jardine E., 

Dominiczak A. F. (2002): Irbesartan lowers superoxide levels 
and increases nitric oxide bioavailability in blood vessels from 
spontaneously hypertensive stroke-prone rats. J. Hypertens. 
20, 281–286

 http://dx.doi.org/10.1097/00004872-200202000-00018
Cerutti C., Kurdi M., Bricca G., Hodroj W., Paultre C., Randon 

J., Gustin M. P. (2006): Transcriptional alterations in the left
ventricle of three hypertensive rat models. Physiol. Genomics 
27, 295–308

 http://dx.doi.org/10.1152/physiolgenomics.00318.2005
Côté N., Pibarot P., Pépin A., Fournier D., Audet A., Arsenault 

B., Couture C., Poirier P., Després J. P., Mathieu P. (2010): 
Oxidized low-density lipoprotein, angiotensin II and increased 
waist cirumference are associated with valve inflammation in
prehypertensive patients with aortic stenosis. Int. J. Cardiol. 
145, 444–449

 http://dx.doi.org/10.1016/j.ijcard.2009.05.054
Cox S. L., Ben A., Story D. F., Ziogas J. (1995): Evidence for the 

involvement of different receptor subtypes in the pre- and

http://dx.doi.org/10.1016/0306-4522%2890%2990132-N
http://dx.doi.org/10.1016/j.phrs.2009.11.012
http://dx.doi.org/10.1097/00005344-200107000-00015
http://dx.doi.org/10.1097/00004872-200202000-00018
http://dx.doi.org/10.1152/physiolgenomics.00318.2005
http://dx.doi.org/10.1016/j.ijcard.2009.05.054


574 Dab et al

postjunctional actions of angiotensin II at rat sympathetic 
neuroeffector sites. Br. J. Pharmacol. 114, 1057–1063

 http://dx.doi.org/10.1111/j.1476-5381.1995.tb13313.x
Dab H., Hachani R., Hodroj W., Sakly M., Bricca G., Kacem K. 

(2009): Differential control of MMP and t-PA/PAI-1 expres-
sions by sympathetic and renin-angiotensin systems in rat left
ventricle. Auton. Neurosci. 150, 27–32

 http://dx.doi.org/10.1016/j.autneu.2009.04.002
Dendorfer A., Raasch W., Tempel K., Dominiak P. (1998): Inter-

actions between the renin-angiotensin system (RAS) and the 
sympathetic system. Basic. Res. Cardiol. 93, 24–29

 http://dx.doi.org/10.1007/s003950050202
Diakakis G. F., Parthenakis F. I., Patrianakos A. P., Koukouraki S. I., 

Stathaki M. I., Karkavitsas N. S., Vardas P. E. (2008): Myocardial 
sympathetic innervation in patients with impaired glucose 
tolerance: relationship to subclinical inflammation. Cardiovasc.
Pathol. 17, 172–177

 http://dx.doi.org/10.1016/j.carpath.2007.07.007
Dwyer K. W., Provenzano P. P., Muir P., Valhmu W. B., Vanderby R., 

Jr. (2004): Blockade of the sympathetic nervous system degrades 
ligament in a rat MCL model. J. Appl. Physiol. 96, 711–718

 http://dx.doi.org/10.1152/japplphysiol.00307.2003
Ganta C. K., Lu N., Helwig B. G., Blecha F., Ganta R. R., Zheng L., 

Ross C. R., Musch T. I., Fels R. J., Kenney M. J. (2005): Central 
angiotensin II-enhanced splenic cytokine gene expression is 
mediated by the sympathetic nervous system. Am. J. Physiol. 
Heart. Circ. Physiol. 289, H1683–1691

 http://dx.doi.org/10.1152/ajpheart.00125.2005
Gironacci M. M., Adler-Graschinsky E., Pe-a C., Enero M. A. (1994): 

Effects of angiotensin II and angiotensin-(1-7) on the release of
[3H]norepinephrine from rat atria. Hypertension 24, 457–460

 http://dx.doi.org/10.1161/01.HYP.24.4.457
Guinjoan S. M., de Guevara M. S., Correa C., Schauffele S. I., Nicola-

Siri L., Fahrer R. D., Ortiz-Frágola E., Martínez-Martínez J. A., 
Cardinali D. P. (2004): Cardiac parasympathetic dysfunction 
related to depression in older adults with acute coronary syn-
dromes. J. Psychosom. Res. 56, 83–88

 http://dx.doi.org/10.1016/S0022-3999(03)00043-6
Guirao X., Kumar A., Katz J., Smith M., Lin E., Keogh C., Calvano 

S. E., Lowry S. F. (1997): Catecholamines increase monocyte 
TNF receptors and inhibit TNF through beta 2-adrenoreceptor 
activation. Am. J. Physiol. 273, E1203–1208

Han Y., Runge M. S., Brasier A. R. (1999): Angiotensin II induces 
interleukin-6 transcription in vascular smooth muscle cells 
through pleiotropic activation of nuclear factor-kappa B tran-
scription factors. Circ. Res. 84, 695–703

 http://dx.doi.org/10.1161/01.RES.84.6.695
Heath J. W., Burnstock G. (1977): Selectivity of neuronal degenera-

tion produced by chronic guanethidine treatment. J. Neurocy-
tol. 4, 397–405

 http://dx.doi.org/10.1007/BF01178225
Johnson E. M. Jr., Macia R. A., Yellin T. O. (1977): Marked difference

in the susceptibility of several species to guanethidine-induced 
chemical sympathectomy. Life Sci. 20, 107–112

 http://dx.doi.org/10.1016/0024-3205(77)90135-7
Kan H., Xie Z., Finkel M. S. (1999): Norepinephrine-stimulated 

MAP kinase activity enhances cytokine-induced NO produc-
tion by rat cardiac myocytes. Am. J. Physiol. 276, H47–52

Kher N., Marsh J. D. (2004): Pathobiology of atherosclerosis--a brief 
review. Semin Thromb. Hemost. 30, 665–672

 http://dx.doi.org/10.1055/s-2004-861509
Kinugawa T., Kato M., Ogino K., Osaki S., Tomikura Y., Igawa O., 

Hisatome I., Shigemasa C. (2003): Interleukin-6 and tumor 
necrosis factor-alpha levels increase in response to maximal 
exercise in patients with chronic heart failure. Int. J. Cardiol. 
87, 883–890

 http://dx.doi.org/10.1016/S0167-5273(02)00200-0
Kranzhöfer A., Baker A. H., George S. J., Newby A. C. (1999): 

Expression of tissue inhibitor of metalloproteinase-1, -2, 
and -3 during neointima formation in organ cultures of hu-
man saphenous vein. Arterioscler. Thromb. Vasc. Biol. 19, 
255–265

 http://dx.doi.org/10.1161/01.ATV.19.2.255
Levine B., Kalman J., Mayer L., Fillit H. M., Packer M. (1990): 

Elevated circulating levels of tumor necrosis factor in severe 
chronic heart failure. N. Engl. J. Med. 323, 236–241

 http://dx.doi.org/10.1056/NEJM199007263230405
Loppnow H., Libby P. (1989): Adult human vascular endothelial 

cells express the IL6 gene differentially in response to LPS or
IL1. Cell. Immunol. 122, 493–503

 http://dx.doi.org/10.1016/0008-8749(89)90095-6
Meldrum D. R., Dinarello C. A., Shames B. D., Cleveland J. C. 

Jr., Cain B. S., Banerjee A., Meng X., Harken A. H. (1989): 
Ischemic preconditioning decreases postischemic myocardial 
tumor necrosis factor-alpha production. Potential ultimate 
effector mechanism of preconditioning. Circulation 98, 
214–218

Murray D. R., Prabhu S. D., Chandrasekar B. (2000): Chronic beta-
adrenergic stimulation induces myocardial proinflammatory
cytokine expression. Circulation 101, 2338–2341

 http://dx.doi.org/10.1161/01.CIR.101.20.2338
Papanicolaou D. A., Wilder R. L., Manolagas S. C., Chrousos G. P. 

(1998): The pathophysiologic roles of interleukin-6 in human
disease. Ann. Intern. Med. 128, 127–137

 http://dx.doi.org/10.7326/0003-4819-128-2-199801150-
00009

Parthenakis F. I., Patrianakos A., Prassopoulos V., Papadimitriou E., 
Nikitovic D., Karkavitsas N. S., Vardas P. E. (2003): Relation of 
cardiac sympathetic innervation to proinflammatory cytokine
levels in patients with heart failure secondary to idiopathic 
dilated cardiomyopathy. Am. J. Cardiol. 91, 1190–1194

 http://dx.doi.org/10.1016/S0002-9149(03)00265-0
Petretta M., Condorelli G. L., Spinelli L., Scopacasa F., de Caterina 

M., Leosco D., Vicario M. L., Bonaduce D. (2000): Circulating 
levels of cytokines and their site of production in patients with 
mild to severe chronic heart failure. Am. Heart. J. 40, E28

Prabhu S. D., Chandrasekar B., Murray D. R., Freeman G. L. (2000): 
beta-adrenergic blockade in developing heart failure: effects on
myocardial inflammatory cytokines, nitric oxide, and remod-
eling. Circulation 101, 2103–2109

 http://dx.doi.org/10.1161/01.CIR.101.17.2103
Raasch W., Dominiak P., Ziegler A., Dendorfer A. (2004): Reduc-

tion of vascular noradrenaline sensitivity by AT1 antagonists 
depends on functional sympathetic innervation. Hypertension 
44, 346–351

 http://dx.doi.org/10.1161/01.HYP.0000138406.13413.0e

http://dx.doi.org/10.1111/j.1476-5381.1995.tb13313.x
http://dx.doi.org/10.1016/j.autneu.2009.04.002
http://dx.doi.org/10.1007/s003950050202
http://dx.doi.org/10.1016/j.carpath.2007.07.007
http://dx.doi.org/10.1152/japplphysiol.00307.2003
http://dx.doi.org/10.1152/ajpheart.00125.2005
http://dx.doi.org/10.1161/01.HYP.24.4.457
http://dx.doi.org/10.1016/S0022-3999%2803%2900043-6
http://dx.doi.org/10.1161/01.RES.84.6.695
http://dx.doi.org/10.1007/BF01178225
http://dx.doi.org/10.1016/0024-3205%2877%2990135-7
http://dx.doi.org/10.1055/s-2004-861509
http://dx.doi.org/10.1016/S0167-5273%2802%2900200-0
http://dx.doi.org/10.1161/01.ATV.19.2.255
http://dx.doi.org/10.1056/NEJM199007263230405
http://dx.doi.org/10.1016/0008-8749%2889%2990095-6
http://dx.doi.org/10.1161/01.CIR.101.20.2338
http://dx.doi.org/10.7326/0003-4819-128-2-199801150-00009
http://dx.doi.org/10.7326/0003-4819-128-2-199801150-00009
http://dx.doi.org/10.1016/S0002-9149%2803%2900265-0
http://dx.doi.org/10.1161/01.CIR.101.17.2103
http://dx.doi.org/10.1161/01.HYP.0000138406.13413.0e


575Neurohumoral regulation of IL-6 and TNF-α

Rocha F. L., Carmo E. C., Roque F. R., Hashimoto N. Y., Ros-
soni L. V., Frimm C., Anéas I., Negrão C. E., Krieger J. E., 
Oliveira E. M. (2007): Anabolic steroids induce cardiac 
renin-angiotensin system and impair the beneficial effects of 
aerobic training in rats. Am. J. Physiol. Heart. Circ. Physiol. 
293, H3575–3583

 http://dx.doi.org/10.1152/ajpheart.01251.2006
Ruiz-Ortega M., Lorenzo O., Suzuki Y., Rupérez M., Egido J. (2001): 

Proinflammatory actions of angiotensins. Curr. Opin. Nephrol.
Hypertens. 10, 321–329

 http://dx.doi.org/10.1097/00041552-200105000-00005
Saxena P. R. (1992): Interaction between the renin-angiotensin-

aldosterone and sympathetic nervous systems. J. Cardiovasc. 
Pharmacol. 19, S80–88

 http://dx.doi.org/10.1097/00005344-199219006-00013
Shiota N., Rysä J., Kovanen P. T., Ruskoaho H., Kokkonen J. O., 

Lindstedt K. A. (2003): A role for cardiac mast cells in the 
pathogenesis of hypertensive heart disease. J. Hypertens. 21, 
1935–1944

 http://dx.doi.org/10.1097/00004872-200310000-00022
Sironi M., Breviario F., Proserpio P., Biondi A., Vecchi A., Van 

Damme J., Dejana E., Mantovani A. (1989): IL-1 stimulates IL-6 
production in endothelial cells. J. Immunol. 142, 549–553

Supowit S. C., Ethridge R. T., Zhao H., Katki K. A., Dipette D. J. 
(2005): Calcitonin gene-related peptide and substance P con-
tribute to reduced blood pressure in sympathectomized rats. 
Am. J. Physiol. Heart. Circ. Physiol. 289, H1169–1175

 http://dx.doi.org/10.1152/ajpheart.00973.2004
Suski M., Gebska A., Olszanecki R., Stachowicz A., Uracz D., Madej 

J., Korbut R. (2013): Influence of atorvastatin on angiotensin
I metabolism in resting and TNF-α- activated rat vascular 

smooth musclecells. J. Renin Angiotensin Aldosterone Syst. 
(In press)

 http://dx.doi.org/10.1177/1470320313475907
Timmermans P. B., Smith R. D. (1994): Angiotensin II receptor 

subtypes: selective antagonists and functional correlates. Eur. 
Heart. J. 15, 79–87

 http://dx.doi.org/10.1093/eurheartj/15.suppl_D.79
Villanueva I., Pi-ón M., Quevedo-Corona L., Martínez-Olivares R., 

Racotta R. (2003): Epinephrine and dopamine colocalization 
with norepinephrine in various peripheral tissues: guanethidine 
effects. Life Sci. 13, 1645–1653

 http://dx.doi.org/10.1016/S0024-3205(03)00491-0
Wang W., Ma R. (2000): Cardiac sympathetic afferent reflexes in

heart failure. Heart Fail. Rev. 5, 57–71
 http://dx.doi.org/10.1023/A:1009898107964
Wang X., Khaidakov M., Ding Z., Mitra S., Lu J., Liu S., Mehta J. 

L. (2012): Cross-talk between inflammation and angiotensin
II: studies based on direct transfection of cardiomyocytes with 
AT1R and AT2R cDNA. Exp. Biol. Med. 12, 1394–1401

Wei G. C., Sirois M. G., Qu R., Liu P., Rouleau J. L. (2002): Subacute 
and chronic effects of quinapril on cardiac cytokine expression,
remodeling, and function after myocardial infarction in the rat.
J. Cardiovasc. Pharmacol. 39, 842–850

 http://dx.doi.org/10.1097/00005344-200206000-00009
Zhou J., Xu X., Liu J. J., Lin Y. X., Gao G. D. (2007): Angiotensin 

II receptors subtypes mediate diverse gene expression profile
in adult hypertrophic cardiomyocytes. Clin. Exp. Pharmacol. 
Physiol. 34, 1191–1198

Received: February 27, 2013
Final version accepted: June 17, 2013

http://dx.doi.org/10.1152/ajpheart.01251.2006
http://dx.doi.org/10.1097/00041552-200105000-00005
http://dx.doi.org/10.1097/00005344-199219006-00013
http://dx.doi.org/10.1097/00004872-200310000-00022
http://dx.doi.org/10.1152/ajpheart.00973.2004
http://dx.doi.org/10.1177/1470320313475907
http://dx.doi.org/10.1093/eurheartj/15.suppl_D.79
http://dx.doi.org/10.1016/S0024-3205%2803%2900491-0
http://dx.doi.org/10.1023/A:1009898107964
http://dx.doi.org/10.1097/00005344-200206000-00009

