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Abstract
The functional crosstalk between angiotensin II (Ang II) and tumor necrosis factor (TNF)-α

has been shown to cause adverse left ventricular remodeling and hypertrophy in hyperten-

sion. Previous studies from our lab showed that mice lacking TNF-α (TNF-α-/-) have attenu-

ated hypertensive response to Ang II; however, the signaling mechanisms involved are not

known. In this study, we investigated the signaling pathways involved in the Ang II and TNF-

α interaction. Chronic Ang II infusion (1μg/kg/min, 14 days) significantly increased cardiac

collagen I, collagen III, CTGF and TGF-βmRNA and protein expression in wild-type (WT)

mice, whereas these changes were decreased in TNF-α-/- mice. TNF-α-/- mice with Ang II

infusion showed reduced myocardial perivascular and interstitial fibrosis compared to WT

mice with Ang II infusion. In WTmice, Ang II infusion increased reactive oxygen species for-

mation and the expression of NADPH oxidase subunits, indicating increased oxidative

stress, but not in TNF-α-/- mice. In addition, treatment with etanercept (8 mg/kg, every 3

days) for two weeks blunted the Ang II-induced hypertension (133±4 vs 154±3 mmHg,

p<0.05) and cardiac hypertrophy (heart weight to body weight ratio, 4.8±0.2 vs 5.6±0.3,

p<0.05) in WT mice. Furthermore, Ang II-induced activation of NF-κB, p38 MAPK, and JNK

were reduced in both TNF-α-/- mice and mice treated with etanercept. Together, these find-

ings indicate that TNF-α contributes to Ang II-induced hypertension and adverse cardiac

remodeling, and that these effects are associated with changes in the oxidative stress

dependent MAPK/TGF-β/NF-κB pathway. These results may provide new insight into the

mechanisms of Ang II and TNF-α interaction.

Introduction
Angiotensin II (Ang II) plays an important role in blood pressure regulation and cardiac hyper-
trophy. Multiple signaling pathways that regulate Ang II-mediated cardiac hypertrophy and
hypertension have been identified; these include activation of protein kinase-C, mitogen
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activated protein kinases (MAPK), and the production of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) [1]. Ang II enhances the production of ROS through stimula-
tion of NADPH oxidase via the type 1 receptors (AT1R) [2,3]. Increased oxidative stress con-
tributes to endothelial dysfunction and vascular inflammation by stimulating redox-sensitive
transcription factors such as NF-κB and up-regulating adhesion molecules, cytokines, and che-
mokines [4].

Tumor necrosis factor-α (TNF-α) is a proinflammatory cytokine with a wide range of bio-
logical effects and has been implicated in the pathophysiology of many cardiovascular dis-
eases, including hypertension [5–7]. TNF-α is central in initiating and sustaining the
proinflammatory cytokine cascade and can stimulate the production of other cytokines such
as IL-1 and IL-6 [8]. TNF-α has been shown to increase the production of ROS in cultured
cardiac myocytes [9]. Additionally, TNF-α overexpression in transgenic mice causes adverse
cardiac remodeling, characterized by increased total matrix metallo protein (MMP) activity
and increased fibrosis [10,11].

Both Ang II and TNF-α were shown to induce activation of NF-κB in a ROS-dependent
manner, which in turn can increase the production of other proinflammatory cytokines and
chemokines [4,6,7]. Several studies have established the role of ROS in hypertrophy and
remodeling of the heart and blood vessels, which contribute further to the pathogenesis of
hypertension [12,13]. It is well established that there is increased production of superoxide and
depletion of nitric oxide (NO) in the endothelium and in the heart of hypertensive animals,
and this contributes to contractile dysfunction. This depletion in nitric oxide could be either
due to a direct decrease in NO production (inhibition/depletion of nitric oxide synthase
[NOS]) or due to decreased bioavailability of NO because of its interaction with superoxide to
form peroxynitrite [3,12]. In Ang II-infused animal models and spontaneously hypertensive
rats (SHR), NADPH activity is increased and ROS generation is enhanced. These processes are
mediated through AT1Rs and associated with overexpression of vascular and cardiac NADPH
oxidase subunits [14–16]. It has been shown that Ang II-induced superoxide production and
hypertension are markedly reduced in mice lacking the p47phox subunit of NADPH oxidase
[17]. Treatment with the cell permeable superoxide dismutase (SOD) mimetic tempol lowers
blood pressure in the 1-kidney, 1-clip model of renovascular hypertension [18], and in the
SHR model of hypertension [19]. Studies using vascular smooth muscle cells, vascular fibro-
blasts, endothelial cells, and cardiomyocytes demonstrated mRNA and protein expression of
gp91phox increased in response to Ang II stimulation [2]. These studies support a role for
NADPH oxidase-derived ROS and increased oxidative stress in the pathogenesis of Ang II-
induced cardiac hypertrophy and hypertension.

Blockade of TNF-α has been shown to delay the progression of salt sensitive hypertension
[20], prevent the development of hypertension in fructose fed rats [21], and decreased hyper-
tension in a mouse model of systemic lupus erythematosus [22]. Previous studies from this and
other laboratories have shown that inhibition of TNF-α was involved in attenuating Ang II
mediated hypertension [5,7,23,24]. However, the signaling mechanisms involved in these
responses have not been elucidated. In the present study, we have examined whether TNF-α
contributes to Ang II-induced hypertension and adverse cardiac remodeling through oxidative
stress and NF-κB mediated signaling. We also investigated the role of TNF-α inhibition on
activation of MAPK signaling in Ang II-induced hypertension and cardiac hypertrophy. To
address these questions, we have used two different approaches to inhibit TNF-α: TNF-α
knockout mice and pharmacological blockade of TNF-α with etanercept, a clinically available
recombinant TNF-α receptor that reduces the biological activity of TNF-α. The findings from
this study contribute to our understanding of the cellular signaling mechanisms of TNF-α in
Ang II-induced hypertension and cardiac remodeling.

TNF Blockade on Ang II-Mediated Effects

PLOS ONE | DOI:10.1371/journal.pone.0138372 September 17, 2015 2 / 13



Methods

Ethics Statement
All experimental procedures were in compliance with all applicable principles set forth in the
National Institutes of Health 2011 Guide for the Care and Use of Laboratory Animals. This
study was approved by the Institutional Animal Care and Use Committee of the Louisiana
State University School of Veterinary Medicine (protocol number 09–008).

Experimental Animals
Male, 8–10 week-old, wild-type (WT) and TNF-α knockout (TNF-α-/-) mice were implanted
with radio-telemetry transmitters to measure blood pressure monitoring as described previously
[5]. A week later, baseline blood pressure was recorded for 3 days. Then mice were implanted
with osmotic minipumps to receive either Ang II (1μg/kg/min) or vehicle saline for 14 days. For
each surgery, mice were anesthetized with isoflurane (2%) in an oxygen flow (1 L/min) and
placed on a heating pad to maintain body temperature. Post-operative care, included a bupre-
norphine injection to relieve pain at the end of the surgery and after 12 hours (0.05 mg/Kg, sc).
Animals were housed in a temperature- and humidity-controlled facility under a 12 hour dark/
light cycle, fed standard mouse chow and water ad libitum. The mice groups are as follows: 1)
WT+Saline—control mice with saline pumps; 2) WT+Ang II—wild type treated with chronic
Ang II; 3) TNF-α-/-+saline—knockout mice with saline pumps; 4) TNF-α-/-+Ang II—knockout
mice treated with chronic Ang II. In another set of experiments, 8 mg/kg etanercept was admin-
istered i.p. 3 days before and every 3 days during saline or Ang II infusion for 14 days [23]. At
the end of 14 days, the mice were euthanized by carbon dioxide inhalation and the hearts were
collected for further analyses.

Real Time RT-PCR
Total RNA was isolated from left ventricular tissue with RNeasy kit (Qiagen), and cDNA was
synthesized from 1μg RNA with the iScrpt cDNA synthesis kit (Bio-Rad). Real Time PCR
amplification reactions were performed with iQ SYBR Green Super mix with ROX (Bio-Rad)
in triplicate using the ABI Prism 7900 Real time PCR machine (Applied Biosystems). The spec-
ificity of SYBR green assays were confirmed by dissociation curve analysis. Data were normal-
ized to GAPDH expression by the ΔΔCT comparative method and expressed as fold change
compared to control.

Western Blot Analysis
The left ventricular tissue was homogenized with RIPA lysis buffer and protein lysates were
separated by centrifugation. The total protein concentration in samples was measured by Bio-
Rad Dc protein assay. Equal amounts of protein (30 μg) were separated by SDS-PAGE on 10%
gels and transferred on to PVDF membrane (Immobilon-P, Millipore; Bedford, MA), and
blocked with 1% BSA in TBS-T at room temperature for 60 minutes. The membranes were
subjected to immunoblot analyses with primary antibody (1:1000 dilution). Immunodetection
was accomplished with a HRP conjugated secondary antibody (1:5000 dilution) using an
enhanced chemiluminescence kit (Amersham). Protein expression of GAPDH was used as a
loading control. The data were quantified by densitometry using NIH Image J software.

Measurement of Collagen
To determine collagen content, heart sections (10μm thickness) were cut and stained with
Picro-Sirius Red. Fibrillar collagen was identified in the Picro-Sirius stained sections by its red
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appearance. With the use of NIH Image J software, these sections were analyzed morphometri-
cally. The area of perivascular fibrosis was calculated as the ratio of the fibrosis area surround-
ing the vessel to the total vessel area.

Measurement of Total ROS, Superoxide and Peroxynitrite
Total ROS, superoxide and peroxynitrite were measured in left ventricular tissue using a bench
top electron paramagnetic resonance (EPR) spectrometer e-scan R (Noxygen science transfer
and diagnostics, Elzach, Germany), as previously described [25–27].

Measurement of NF-κB Activity
Hearts were harvested from the mice and nuclear extracts were obtained using a commercially
available nuclear extraction kit (Active Motif, Carlsbad, CA). Protein concentrations were then
quantified using a Bio-Rad protein assay. Equal amounts of protein were utilized in a colori-
metric NF-κB assay specific for the activated form of the p65 subunit of NF-κB using a com-
mercially available kit (TransAm NF-κB p65, Active Motif).

Statistical Analysis
Data are presented as mean ± SEM. Data were analyzed, when appropriate, by Student’s t test,
repeated measures ANOVA, or 1-way ANOVA followed by a post-hoc Bonferroni’s test for
multiple comparisons between means. Statistical comparisons were performed using Prism5
(GraphPad Software). Values of p<0.05 were considered statistically significant.

Results

Profibrotic Gene Expression and Cardiac Fibrosis
Ang II-induced hypertension is characterized by increased profibrotic gene expression and car-
diac fibrosis. To determine whether profibrotic gene expression in the heart was altered in TNF-
α-/- mice, we analyzed cardiac expression of collagen I, collagen III, connective tissue growth fac-
tor (CTGF), and TGF-β which were shown to be involved in cardiac fibrosis [28]. Ang II infu-
sion significantly increased both mRNA and protein expression of collagen I, collagen II, CTGF
and TGF-β in WTmice hearts compared with saline treated mice. This increase in Ang II-
induced profibrotic gene and protein expression was markedly attenuated in TNF-α-/- mice (Fig
1). To further investigate the role of TNF-α blockade in the regulation of end organ damage fol-
lowing Ang II-infusion, we examined the collagen deposition in the interstitial space and coro-
nary arteries of heart sections by Picro-Sirius Red staining (Fig 2). Chronic Ang II infusion for
14 days showed a significant increase in interstitial fibrosis and perivascular fibrosis as indicated
by increased collagen deposition in the interstitial and perivascular space of coronary arteries in
the hearts of WTmice. In contrast, no significant change in interstitial and perivascular fibrosis
was observed in Ang II infused TNF-α-/- mice (Fig 2). Taken together, these data suggest that
TNF-α inhibition attenuated cardiac fibrosis in response to Ang II infusion, and that the cardiac
fibrosis response of Ang II is, in part, contributed by TNF-α. Therefore, blocking TNF-α is bene-
ficial in preventing the cardiac fibrosis and remodeling induced by AngII-induced hypertension.

Cardiac Oxidative Stress
ROS have been shown to act as important signaling molecules in the cardiovascular system
and activate many signaling pathways mediated by Ang II. To evaluate the effect of Ang II on
ROS formation in the left ventricle, we measured and quantified total ROS, superoxide and
peroxynitrite production in the heart tissue by electron paramagnetic resonance (Fig 3). Ang II
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infusion significantly increased the total ROS, superoxide and peroxynitrite production in WT
mice compared with saline infused control mice, leading to increased oxidative stress. These
changes were attenuated in TNF-α-/- mice infused with Ang II.

Activation of NADPHOxidase
Because Ang II induced oxidative stress through stimulation of NADPH oxidase, we investi-
gated the cardiac expression of the NADPH oxidase subunits Nox2, p22phox, p47phox and
p67phox. We observed that TNF-α-/- mice had no changes in myocardial expression of
NADPH oxidase enzyme subunits when compared with WT control mice (Fig 4a). Chronic
Ang II infusion caused a significant increase in the mRNA expression of NADPH oxidase sub-
units in WT mice. However, these changes in mRNA were attenuated in Ang II infused TNF-
α-/- mice (Fig 4a). Also, these mRNA changes were confirmed with protein expression by west-
ern blot analysis, which showed similar results (Fig 4b and 4c).

Activation of NF-κB by Ang II-infusion
Both Ang II and TNF-α can induce oxidative stress, which in turn, activates transcription fac-
tors such as NF-κB. In our study, the activity of p65 NF-κB in nuclear extracts of the cardiac

Fig 1. Effect of Ang II on mRNA and protein expression of profibrotic genes in WT and TNF-α-/- mice.
Ang II infusion significantly increased mRNA and protein expression of collagen I, collagen III, CTGF, and
TGF-β in the hearts of WTmice, which was prevented in TNF-α-/- mice. (a) mRNA expression of profibrotic
genes in the heart. (b) Representative western blot images for cardiac collagen I, collagen III, CTGF, and
TGF-β protein expression in WT and TNF-α-/- mice with saline or Ang II infusion for 14 days. (c) Densitometric
quantification of western blot results. Values are mean ± SEM. *p< 0.05 vs WT+Saline, # p< 0.05 vs WT+Ang
II, n = 6–8 per group.

doi:10.1371/journal.pone.0138372.g001
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Fig 2. Effect of Ang II on fibrosis in WT and TNF-α-/- mice. (a) The heart sections were stained with Picro-
Sirius Red. Representative images are shown. (b) and (c) Densitometric quantification Values are
mean ± SEM. *p< 0.05 vs WT+Saline, # p< 0.05 vs WT+Ang II, n = 6 per group.

doi:10.1371/journal.pone.0138372.g002

Fig 3. Effect of Ang II cardiac oxidative stress in WT and TNF-α-/- mice. (a) Total ROS, (b) superoxide, (c)
peroxynitrite production rates in cardiac tissue are measured by electron paramagnetic resonance
spectroscopy. Ang II infusion increased total ROS, superoxide and peroxynitrite production in the hearts of
WTmice but not in TNF-α-/- mice. Values are mean ± SEM. *p< 0.05 vs WT+Saline, # p< 0.05 vs WT+Ang II,
n = 6–8 per group.

doi:10.1371/journal.pone.0138372.g003
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tissue was significantly increased in Ang II infused WTmice compared to saline infused WT
mice (Fig 5a). However, Ang II infused TNF-α-/- mice showed a significantly decreased activity
of p65 NF-κB in the heart compared to WT mice following Ang II infusion. These results sug-
gest that Ang II-induced cardiac NF-κB activity requires TNF-α.

Fig 4. Effect of Ang II on mRNA and protein expression of NADPH oxidase subunits in WT and TNF-α-/-

mice. (a) Ang II infusion increased NOX-2, p22phox, p47phox and p67phox mRNA expression in the hearts
of WTmice but not in TNF-α-/- mice. (b) Representative western blots showing protein levels of the NADPH
subunits in heart tissue. (c) Densitometric quantification of western blots. Values are mean ± SEM. *p< 0.05
vsWT+Saline, #p< 0.05 vsWT+Ang II, n = 6–8 per group.

doi:10.1371/journal.pone.0138372.g004

Fig 5. Effect of Ang II on NF-κB activity and phosphorylation of p38 MAPK and JNK, in WT and TNF-α-/-

mice. (a) Ang II infusion increased cardiac NF-κB p65 activity in WTmice but not in TNF-α-/- mice.
Phosphorylation of p38 MAPK (b) and JNK (c) was significantly increased by Ang II infusion for 14 days in WT
mice, while TNF-α-/- mice showed no change. Values are mean ± SEM. *p< 0.05 vs WT+Saline, # p< 0.05 vs
WT+Ang II, n = 6 per group.

doi:10.1371/journal.pone.0138372.g005
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MAPK signaling mechanisms
To better understand the signaling mechanisms involved in attenuation of Ang II-induced
effects by TNF-α inhibition, we investigated the phosphorylation of p38 MAPK and JNK in
cardiac tissue of these mice. As shown in Fig 5b and 5c, protein levels of p38 MAPK and JNK
were unchanged in response to Ang II infusion, but their phosphorylation increased signifi-
cantly during Ang II-infusion in WTmice. Ang II-infused TNF-α-/- mice had reduced phos-
phorylation of p38 MAPK and JNK, suggesting that TNF-α is important for signaling.

Chronic TNF-α blockade with Etanercept
In order to further confirm the role of TNF-α in Ang II-induced hypertension and cardiac
hypertrophy, mice were treated with etanercept during saline or Ang II infusion for 14 days.
Etanercept treatment alone had no significant effect on blood pressure (Fig 6a). Chronic Ang II
infusion significantly increased mean arterial pressure and cardiac hypertrophy in WTmice,
while, TNF-α inhibition with etanercept resulted in attenuated Ang II-induced hypertensive
(Fig 6a) and cardiac hypertrophic responses (Fig 6b). Furthermore, cardiac gene expression
analysis of hypertrophy marker ANP (Fig 6c) showed reduced expression in Ang II-infused
mice treated with etanercept suggesting an attenuated cardiac hypertrophy. Etanercept treat-
ment also attenuated Ang II-induced increases in AT1R expression (Fig 7a), NF-κB activity
(Fig 7b), and phosphorylation of p38 MAPK and JNK in cardiac tissue (Fig 7c and 7d). These
results further confirm that TNF-α inhibition attenuates Ang II-induced hypertensive and car-
diac hypertrophic response by preventing the phosphorylation of p38 MAPK and JNK.

Fig 6. Effect of TNF-α inhibition with etanercept on Ang II-induced hypertension and cardiac
hypertrophy. (a) Chronic Ang II infusion for 14 days significantly increased mean arterial pressure in WT
mice, which was attenuated by treatment with etanercept. (b) Ang II induced cardiac hypertrophy, as
assessed by heart weight to body weight ratio, was attenuated by etanercept treatment. (c) Cardiac
hypertrophy marker ANP gene expression in the hearts of Ang II-infused mice was significantly increased.
Etanercept treatment for 14 days attenuated this Ang II-induced increase in ANP expression. Values are
mean ± SEM. *p< 0.05 vs WT+Saline, # P< 0.05 vs WT+Ang II, n = 6 per group.

doi:10.1371/journal.pone.0138372.g006
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Discussion
Several studies have suggested that a functionally significant cross-talk exists between Ang II
and inflammatory cytokines such as TNF-α, which may participate in self-sustaining and/or
self-amplifying positive feedback loops in the development of hypertension and cardiac remod-
eling [29–31]. Previously, using TNF-α gene deficient mice, we have shown that inhibition of
TNF-α attenuates an Ang II-induced hypertensive response [5]. In this study, using a genetic
knockout animal model and pharmacological blockade of TNF-α, we show for the first time
that attenuation of Ang II mediated hypertension and cardiac hypertrophy by TNF-α inhibi-
tion involves decreased oxidative stress and NF-κB activation, and reduced phosphorylation of
MAPK.

TNF-α induces myocardial fibrosis by inhibiting collagen phagocytosis in the heart [32] and
up-regulating AT1R on cardiac fibroblasts, leading to enhancement of the effects of Ang II
[33]. Transgenic mice with cardiac restricted overexpression of TNF-α develop progressive
myocardial fibrosis, possibly due to TNF-αmediated signaling of AT1R [10,11,34]. In our
study, a marked attenuation of Ang II-induced cardiac hypertrophy and fibrosis was demon-
strated in TNF-α-/- mice, as indicated by decreased profibrotic gene expression and decreased
interstitial and perivascular fibrosis in the cardiac tissue. A study by Sun et al., showed that
locally generated TNF-α is involved in cardiac remodeling by stimulating cardiac hypertrophy
and fibrogenic response in a pressure overloaded heart through modulation of CTGF and
TGF-β expression, ultimately leading to ventricular dysfunction [7]. CTGF is well known for
its role as a downstream mediator of the chronic fibrotic effects of TGF-β, which, when acti-
vated stimulates fibroblasts to differentiate into myofibroblasts, the key cells for collagen syn-
thesis in cardiac remodeling [28,35]. In our study, we found enhanced CTGF and TGF-β
expression in Ang II-infused WTmice but not in TNF-α-/- mice. These results complement the

Fig 7. Effect of TNF-α inhibition with etanercept on Ang II-induced AT1R gene expression, NF-κB
activity, and phosphorylation of p38 MAPK and JNK inWTmice. (a) AT1R gene expression was
significantly elevated in heart tissue by Ang II infusion, which was attenuated by etanercept treatment. (b)
Chronic Ang II infusion significantly increased cardiac NF-κB p65 activity in WTmice but not in mice treated
with etanercept. (c) p38 MAPK and (d) JNK phosphorylation in the hearts of Ang II-infused mice was
significantly increased. Etanercept treatment prevented this Ang II-induced phosphorylation. Values are
mean ± SEM. *p< 0.05 vs WT+Saline, # p< 0.05 vs WT+Ang II, n = 6 per group.

doi:10.1371/journal.pone.0138372.g007
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previous studies and suggest that the effects of Ang II on cardiac hypertrophy and fibrosis are
mediated by TNF-αmediated enhanced myocardial CTGF and TGF-β expression.

Oxidative stress and increased ROS have been implicated in hypertension in human studies
of essential hypertension and several experimental models of hypertension [3,36,37]. Many
studies have shown that Ang II enhances ROS generation by activating NADPH oxidase via
AT1R activation, which in turn activates redox sensitive transcription factors such as NF-κB
[12]. Ang II-mediated superoxide generation requires the functionally active NADPH subunits
Nox-2, p22phox, p47phox, and p67phox; downregulation or absence of these subunits results
in attenuated or abrogated Ang II-induced cell growth, contraction, and inflammation [13,38],
whereas upregulation is associated with enhanced effects [39]. Additionally, TNF-α can induce
oxidative stress by activating NADPH oxidase and decreasing the release of NO [6,40,41]. We
found that TNF-α-/- mice infused with Ang II did not show any significant changes in total
ROS generation, superoxide and peroxynitrite production, and NADPH subunit activation,
suggesting an attenuated oxidative response. This result is in agreement with previous studies
showing that TNF-α is involved in ROS generation, and blockade of TNF-α can decrease the
production of ROS and attenuate the Ang II induced hypertension [23].

Another major finding in the current study was the identification of the central role of
TNF-α in the effect of p38 MAPK and JNK signaling on Ang II-induced hypertension and car-
diac hypertrophy. Both Ang II and TNF-α can activate p38 MAPK and JNK signaling path-
ways in cardiac myocytes [29]. MAPK are important regulators of the effects of Ang II on
tissue structure, which is, at least in part, responsible for Ang II-induced TGF-β which in turn
up regulates CTGF leading to cardiac remodeling [42]. We measured cardiac phosphorylation
of p38 MAPK and JNK and found increased phosphorylation of p38 MAPK and JNK in Ang II
infused WTmice. This activation was blunted in TNF-α-/- mice infused with Ang II. Recent
evidence suggests that one of the most important downstream signaling molecules common
for both TNF-α and Ang II is the transcription factor NF-κB. NF-κB is not only involved in
the activation of proinflammatory cytokines, but also in the induction of oxidative and nitrosa-
tive stress [4]. Moreover, pathophysiologically relevant concentrations of Ang II are sufficient
to provoke TNF-αmRNA and protein synthesis in the adult heart through a NF-κB dependent
pathway [43]. Our lab has shown that increases in Ang II-mediated NF-κB p50 mRNA expres-
sion were attenuated in TNF-α-/- mice with chronic Ang II-infusion [5]. In the present study,
we found that TNF-α-/- mice infused with Ang II showed attenuated NF-κB p65 activity in the
cardiac tissue. Overall, these results suggest that the beneficial effects of TNF-α inhibition are,
at least in part, mediated by the MAPK/TGF-β/NF-κB pathway.

We further confirmed our transgenic animal study results with pharmacological inhibition
of TNF-α by etanercept, a clinically available recombinant TNF-α receptor that reduces the
biological activity of TNF-α. Treatment with etanercept has been shown to delay the progres-
sion of salt sensitive hypertension [20], prevent the development of hypertension in fructose
fed rats [21], and decrease hypertension in a mouse model of systemic lupus erythematosus
[22]. Etanercept treatment also prevented the hypertension and increase in vascular superoxide
and oxidative stress induced by Ang II treatment [23,24]. Our study extends these findings and
showed that treatment with etanercept prevented the Ang II-induced hypertension and cardiac
hypertrophy mediated by decreased activation of p38 MAPK and JNK.

In summary, our studies further elucidate the mechanisms for the TNF-α signaling pathway
in Ang II-induced hypertensive and hypertrophic response and demonstrate the novel findings
that TNF-α is involved in Ang II-mediated cell signaling, which leads to cardiac hypertrophy,
fibrosis and the hypertensive response. Taken together, these data suggest that Ang II-induced
cardiac hypertrophy and hypertension are dependent on the presence of NADPH oxidase,
increased oxidative stress, and activation of NF-κB, and require concomitant generation of
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TNF-α. More importantly, this study shows that the attenuation of the Ang II-induced hyper-
tensive and hypertrophic response by blockade of TNF-α is mediated by decreased oxidative
stress (decreased total ROS, superoxide, and peroxynitrite) and downregulation of the MAPK/
TGF-β/NF-κB pathway.

Author Contributions
Conceived and designed the experiments: SS JF. Performed the experiments: SS. Analyzed the
data: SS JF. Contributed reagents/materials/analysis tools: JF. Wrote the paper: SS JF.

References
1. Mehta PK, Griendling KK. Angiotensin II cell signaling: physiological and pathological effects in the car-

diovascular system. Am J Physiol Cell Physiol. 2007; 292:C82–97. doi: 10.1152/ajpcell.00287.2006
PMID: 16870827.

2. Griendling KK, Sorescu D, Lassegue B, Ushio-Fukai M. Modulation of protein kinase activity and gene
expression by reactive oxygen species and their role in vascular physiology and pathophysiology.
Arterioscler Thromb Vasc Biol. 2000; 20:2175–83. PMID: 11031201.

3. Griendling KK, Sorescu D, Ushio-Fukai M. NAD(P)H oxidase: role in cardiovascular biology and dis-
ease. Circ Res. 2000; 86:494–501. PMID: 10720409.

4. Papaharalambus CA, Griendling KK. Basic mechanisms of oxidative stress and reactive oxygen spe-
cies in cardiovascular injury. Trends Cardiovasc Med. 2007; 17:48–54. doi: 10.1016/j.tcm.2006.11.005
PMID: 17292046.

5. Sriramula S, Haque M, Majid DS, Francis J. Involvement of tumor necrosis factor-alpha in angiotensin
II-mediated effects on salt appetite, hypertension, and cardiac hypertrophy. Hypertension. 2008;
51:1345–51. doi: 10.1161/HYPERTENSIONAHA.107.102152 PMID: 18391105.

6. Zhang C, Xu X, Potter BJ, WangW, Kuo L, Michael L, et al. TNF-alpha contributes to endothelial dys-
function in ischemia/reperfusion injury. Arterioscler Thromb Vasc Biol. 2006; 26:475–80. doi: 10.1161/
01.ATV.0000201932.32678.7e PMID: 16385082.

7. Sun M, Chen M, Dawood F, Zurawska U, Li JY, Parker T, et al. Tumor necrosis factor-alpha mediates
cardiac remodeling and ventricular dysfunction after pressure overload state. Circulation. 2007;
115:1398–407. doi: 10.1161/CIRCULATIONAHA.106.643585 PMID: 17353445.

8. Zhang C, Hein TW,WangW, Ren Y, Shipley RD, Kuo L. Activation of JNK and xanthine oxidase by
TNF-alpha impairs nitric oxide-mediated dilation of coronary arterioles. J Mol Cell Cardiol. 2006;
40:247–57. doi: 10.1016/j.yjmcc.2005.11.010 PMID: 16413574.

9. Nakamura K, Fushimi K, Kouchi H, Mihara K, Miyazaki M, Ohe T, et al. Inhibitory effects of antioxidants
on neonatal rat cardiac myocyte hypertrophy induced by tumor necrosis factor-alpha and angiotensin
II. Circulation. 1998; 98:794–9. PMID: 9727550.

10. Sivasubramanian N, Coker ML, Kurrelmeyer KM, MacLellan WR, DeMayo FJ, Spinale FG, et al. Left
ventricular remodeling in transgenic mice with cardiac restricted overexpression of tumor necrosis fac-
tor. Circulation. 2001; 104:826–31. PMID: 11502710.

11. Bryant D, Becker L, Richardson J, Shelton J, Franco F, Peshock R, et al. Cardiac failure in transgenic
mice with myocardial expression of tumor necrosis factor-alpha. Circulation. 1998; 97:1375–81. PMID:
9577949.

12. Touyz RM. Reactive oxygen species in vascular biology: role in arterial hypertension. Expert Rev Cardi-
ovasc Ther. 2003; 1:91–106. doi: 10.1586/14779072.1.1.91 PMID: 15030300.

13. Xiao L, Pimentel DR, Wang J, Singh K, Colucci WS, Sawyer DB. Role of reactive oxygen species and
NAD(P)H oxidase in alpha(1)-adrenoceptor signaling in adult rat cardiac myocytes. Am J Physiol Cell
Physiol. 2002; 282:C926–34. doi: 10.1152/ajpcell.00254.2001 PMID: 11880281.

14. Kakishita M, Nakamura K, AsanumaM, Morita H, Saito H, Kusano K, et al. Direct evidence for
increased hydroxyl radicals in angiotensin II-induced cardiac hypertrophy through angiotensin II type
1a receptor. J Cardiovasc Pharmacol. 2003; 42 Suppl 1:S67–70. PMID: 14871032.

15. Cifuentes ME, Rey FE, Carretero OA, Pagano PJ. Upregulation of p67(phox) and gp91(phox) in aortas
from angiotensin II-infused mice. Am J Physiol Heart Circ Physiol. 2000; 279:H2234–40. PMID:
11045958.

16. Heymes C, Bendall JK, Ratajczak P, Cave AC, Samuel JL, Hasenfuss G, et al. Increased myocardial
NADPH oxidase activity in human heart failure. J Am Coll Cardiol. 2003; 41:2164–71. doi:
S0735109703004716 [pii] PMID: 12821241.

TNF Blockade on Ang II-Mediated Effects

PLOS ONE | DOI:10.1371/journal.pone.0138372 September 17, 2015 11 / 13

http://dx.doi.org/10.1152/ajpcell.00287.2006
http://www.ncbi.nlm.nih.gov/pubmed/16870827
http://www.ncbi.nlm.nih.gov/pubmed/11031201
http://www.ncbi.nlm.nih.gov/pubmed/10720409
http://dx.doi.org/10.1016/j.tcm.2006.11.005
http://www.ncbi.nlm.nih.gov/pubmed/17292046
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.102152
http://www.ncbi.nlm.nih.gov/pubmed/18391105
http://dx.doi.org/10.1161/01.ATV.0000201932.32678.7e
http://dx.doi.org/10.1161/01.ATV.0000201932.32678.7e
http://www.ncbi.nlm.nih.gov/pubmed/16385082
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.643585
http://www.ncbi.nlm.nih.gov/pubmed/17353445
http://dx.doi.org/10.1016/j.yjmcc.2005.11.010
http://www.ncbi.nlm.nih.gov/pubmed/16413574
http://www.ncbi.nlm.nih.gov/pubmed/9727550
http://www.ncbi.nlm.nih.gov/pubmed/11502710
http://www.ncbi.nlm.nih.gov/pubmed/9577949
http://dx.doi.org/10.1586/14779072.1.1.91
http://www.ncbi.nlm.nih.gov/pubmed/15030300
http://dx.doi.org/10.1152/ajpcell.00254.2001
http://www.ncbi.nlm.nih.gov/pubmed/11880281
http://www.ncbi.nlm.nih.gov/pubmed/14871032
http://www.ncbi.nlm.nih.gov/pubmed/11045958
http://www.ncbi.nlm.nih.gov/pubmed/12821241


17. Landmesser U, Cai H, Dikalov S, McCann L, Hwang J, Jo H, et al. Role of p47(phox) in vascular oxida-
tive stress and hypertension caused by angiotensin II. Hypertension. 2002; 40:511–5. PMID:
12364355.

18. Dobrian AD, Schriver SD, Prewitt RL. Role of angiotensin II and free radicals in blood pressure regula-
tion in a rat model of renal hypertension. Hypertension. 2001; 38:361–6. PMID: 11566905.

19. Schnackenberg CG,Welch WJ, Wilcox CS. Normalization of blood pressure and renal vascular resis-
tance in SHR with a membrane-permeable superoxide dismutase mimetic: role of nitric oxide. Hyper-
tension. 1998; 32:59–64. PMID: 9674638.

20. Elmarakby AA, Quigley JE, Pollock DM, Imig JD. Tumor necrosis factor alpha blockade increases renal
Cyp2c23 expression and slows the progression of renal damage in salt-sensitive hypertension. Hyper-
tension. 2006; 47:557–62. doi: 10.1161/01.HYP.0000198545.01860.90 PMID: 16415373.

21. Tran LT, MacLeod KM, McNeill JH. Chronic etanercept treatment prevents the development of hyper-
tension in fructose-fed rats. Molecular and cellular biochemistry. 2009; 330:219–28. doi: 10.1007/
s11010-009-0136-z PMID: 19440659.

22. Venegas-Pont M, Manigrasso MB, Grifoni SC, LaMarca BB, Maric C, Racusen LC, et al. Tumor necro-
sis factor-alpha antagonist etanercept decreases blood pressure and protects the kidney in a mouse
model of systemic lupus erythematosus. Hypertension. 2010; 56:643–9. doi: 10.1161/
HYPERTENSIONAHA.110.157685 PMID: 20696988.

23. Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S, et al. Role of the T cell in the gene-
sis of angiotensin II induced hypertension and vascular dysfunction. J Exp Med. 2007; 204:2449–60.
PMID: 17875676.

24. Sriramula S, Cardinale JP, Francis J. Inhibition of TNF in the brain reverses alterations in RAS compo-
nents and attenuates angiotensin II-induced hypertension. PloS one. 2013; 8:e63847. doi: 10.1371/
journal.pone.0063847 PMID: 23691105.

25. Elks CM, Mariappan N, HaqueM, Guggilam A, Majid DS, Francis J. Chronic NF-{kappa}B blockade
reduces cytosolic and mitochondrial oxidative stress and attenuates renal injury and hypertension in
SHR. Am J Physiol Renal Physiol. 2009; 296:F298–305. doi: 10.1152/ajprenal.90628.2008 PMID:
19073636.

26. Mariappan N, Elks CM, Sriramula S, Guggilam A, Liu Z, Borkhsenious O, et al. NF-kappaB-induced oxi-
dative stress contributes to mitochondrial and cardiac dysfunction in type II diabetes. Cardiovascular
research. 2010; 85:473–83. doi: 10.1093/cvr/cvp305 PMID: 19729361.

27. Mariappan N, Elks CM, Fink B, Francis J. TNF-induced mitochondrial damage: a link between mito-
chondrial complex I activity and left ventricular dysfunction. Free Radic Biol Med. 2009; 46:462–70. doi:
10.1016/j.freeradbiomed.2008.10.049 PMID: 19041937.

28. Chen MM, Lam A, Abraham JA, Schreiner GF, Joly AH. CTGF expression is induced by TGF- beta in
cardiac fibroblasts and cardiac myocytes: a potential role in heart fibrosis. J Mol Cell Cardiol. 2000;
32:1805–19. doi: 10.1006/jmcc.2000.1215 PMID: 11013125.

29. Sekiguchi K, Li X, Coker M, Flesch M, Barger PM, Sivasubramanian N, et al. Cross-regulation between
the renin-angiotensin system and inflammatory mediators in cardiac hypertrophy and failure. Cardio-
vascular research. 2004; 63:433–42. doi: 10.1016/j.cardiores.2004.02.005 PMID: 15276468.

30. Flesch M, Hoper A, Dell'Italia L, Evans K, Bond R, Peshock R, et al. Activation and functional signifi-
cance of the renin-angiotensin system in mice with cardiac restricted overexpression of tumor necrosis
factor. Circulation. 2003; 108:598–604. doi: 10.1161/01.CIR.0000081768.13378.BF PMID: 12874189.

31. Marvar PJ, Thabet SR, Guzik TJ, Lob HE, McCann LA, Weyand C, et al. Central and peripheral mecha-
nisms of T-lymphocyte activation and vascular inflammation produced by angiotensin II-induced hyper-
tension. Circ Res. 2010; 107:263–70. doi: 10.1161/CIRCRESAHA.110.217299 PMID: 20558826.

32. Chou DH, LeeW, McCulloch CA. TNF-alpha inactivation of collagen receptors: implications for fibro-
blast function and fibrosis. J Immunol. 1996; 156:4354–62. PMID: 8666807.

33. Gurantz D, Cowling RT, Villarreal FJ, Greenberg BH. Tumor necrosis factor-alpha upregulates angio-
tensin II type 1 receptors on cardiac fibroblasts. Circ Res. 1999; 85:272–9. PMID: 10436170.

34. Kubota T, McTiernan CF, Frye CS, Slawson SE, Lemster BH, Koretsky AP, et al. Dilated cardiomyopa-
thy in transgenic mice with cardiac-specific overexpression of tumor necrosis factor-alpha. Circ Res.
1997; 81:627–35. PMID: 9314845.

35. Villarreal FJ, DillmannWH. Cardiac hypertrophy-induced changes in mRNA levels for TGF-beta 1,
fibronectin, and collagen. Am J Physiol. 1992; 262:H1861–6. PMID: 1535758.

36. Suzuki H, DeLano FA, Parks DA, Jamshidi N, Granger DN, Ishii H, et al. Xanthine oxidase activity asso-
ciated with arterial blood pressure in spontaneously hypertensive rats. Proc Natl Acad Sci U S A. 1998;
95:4754–9. PMID: 9539811.

TNF Blockade on Ang II-Mediated Effects

PLOS ONE | DOI:10.1371/journal.pone.0138372 September 17, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/12364355
http://www.ncbi.nlm.nih.gov/pubmed/11566905
http://www.ncbi.nlm.nih.gov/pubmed/9674638
http://dx.doi.org/10.1161/01.HYP.0000198545.01860.90
http://www.ncbi.nlm.nih.gov/pubmed/16415373
http://dx.doi.org/10.1007/s11010-009-0136-z
http://dx.doi.org/10.1007/s11010-009-0136-z
http://www.ncbi.nlm.nih.gov/pubmed/19440659
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.157685
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.157685
http://www.ncbi.nlm.nih.gov/pubmed/20696988
http://www.ncbi.nlm.nih.gov/pubmed/17875676
http://dx.doi.org/10.1371/journal.pone.0063847
http://dx.doi.org/10.1371/journal.pone.0063847
http://www.ncbi.nlm.nih.gov/pubmed/23691105
http://dx.doi.org/10.1152/ajprenal.90628.2008
http://www.ncbi.nlm.nih.gov/pubmed/19073636
http://dx.doi.org/10.1093/cvr/cvp305
http://www.ncbi.nlm.nih.gov/pubmed/19729361
http://dx.doi.org/10.1016/j.freeradbiomed.2008.10.049
http://www.ncbi.nlm.nih.gov/pubmed/19041937
http://dx.doi.org/10.1006/jmcc.2000.1215
http://www.ncbi.nlm.nih.gov/pubmed/11013125
http://dx.doi.org/10.1016/j.cardiores.2004.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15276468
http://dx.doi.org/10.1161/01.CIR.0000081768.13378.BF
http://www.ncbi.nlm.nih.gov/pubmed/12874189
http://dx.doi.org/10.1161/CIRCRESAHA.110.217299
http://www.ncbi.nlm.nih.gov/pubmed/20558826
http://www.ncbi.nlm.nih.gov/pubmed/8666807
http://www.ncbi.nlm.nih.gov/pubmed/10436170
http://www.ncbi.nlm.nih.gov/pubmed/9314845
http://www.ncbi.nlm.nih.gov/pubmed/1535758
http://www.ncbi.nlm.nih.gov/pubmed/9539811


37. Nakazono K, Watanabe N, Matsuno K, Sasaki J, Sato T, Inoue M. Does superoxide underlie the patho-
genesis of hypertension? Proc Natl Acad Sci U S A. 1991; 88:10045–8. PMID: 1658794.

38. Brandes RP, Miller FJ, Beer S, Haendeler J, Hoffmann J, Ha T, et al. The vascular NADPH oxidase
subunit p47phox is involved in redox-mediated gene expression. Free Radic Biol Med. 2002; 32:1116–
22. doi: S089158490200789X [pii] PMID: 12031896.

39. Lassegue B, Sorescu D, Szocs K, Yin Q, Akers M, Zhang Y, et al. Novel gp91(phox) homologues in
vascular smooth muscle cells: nox1 mediates angiotensin II-induced superoxide formation and redox-
sensitive signaling pathways. Circ Res. 2001; 88:888–94. PMID: 11348997.

40. Frey RS, Rahman A, Kefer JC, Minshall RD, Malik AB. PKCzeta regulates TNF-alpha-induced activa-
tion of NADPH oxidase in endothelial cells. Circ Res. 2002; 90:1012–9. PMID: 12016268.

41. Li JM, Mullen AM, Yun S, Wientjes F, Brouns GY, Thrasher AJ, et al. Essential role of the NADPH oxi-
dase subunit p47(phox) in endothelial cell superoxide production in response to phorbol ester and
tumor necrosis factor-alpha. Circ Res. 2002; 90:143–50. PMID: 11834706.

42. Gu J, Liu X, Wang QX, Tan HW, GuoM, JiangWF, et al. Angiotensin II increases CTGF expression via
MAPKs/TGF-beta1/TRAF6 pathway in atrial fibroblasts. Experimental cell research. 2012; 318:2105–
15. doi: 10.1016/j.yexcr.2012.06.015 PMID: 22749815.

43. Kalra D, Baumgarten G, Dibbs Z, Seta Y, Sivasubramanian N, Mann DL. Nitric oxide provokes tumor
necrosis factor-alpha expression in adult feline myocardium through a cGMP-dependent pathway. Cir-
culation. 2000; 102:1302–7. PMID: 10982547.

TNF Blockade on Ang II-Mediated Effects

PLOS ONE | DOI:10.1371/journal.pone.0138372 September 17, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/1658794
http://www.ncbi.nlm.nih.gov/pubmed/12031896
http://www.ncbi.nlm.nih.gov/pubmed/11348997
http://www.ncbi.nlm.nih.gov/pubmed/12016268
http://www.ncbi.nlm.nih.gov/pubmed/11834706
http://dx.doi.org/10.1016/j.yexcr.2012.06.015
http://www.ncbi.nlm.nih.gov/pubmed/22749815
http://www.ncbi.nlm.nih.gov/pubmed/10982547

