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Abstract

Introduction—Erectile dysfunction (ED) as well as cardiovascular diseases (CVD) are
associated with endothelial dysfunction and increased levels of pro-inflammatory cytokines, such
as tumor necrosis factor-alpha (TNF-a).

Aim—We hypothesized that increased TNF-a levels impair cavernosal function.

Methods—In vitro organ bath studies were used to measure cavernosal reactivity in mice infused
with vehicle or TNF-a (220 ng.Kg.min.™1) for 14 days. Gene expression of NOS isoforms was
evaluated by real time PCR.

Main Outcome Measures—Corpora cavernosa from TNF-a-infused mice exhibited decreased
NO-dependent relaxation, which was associated with decreased endothelial nitric oxide synthase
(eNOS) and neuronal (nNOS) NOS cavernosal expression.

Results—Cavernosal strips from TNF-a-infused mice displayed decreased nonadrenergic-
noncholinergic (NANC)-induced relaxation [59.4+6.2 vs Control: 76.2+4.7; 16 Hz] compared to
control animals. These responses were associated with decreased gene expression of eNOS and
nNOS (p<0.05). Sympathetic-mediated as well as phenylephrine (PE)-induced contractile
responses [PE-induced contraction; 1.32+0.06 vs Control: 0.9+0.09, mN] were increased in
cavernosal strips from TNF-a-infused mice. Additionally, infusion of TNF-a increased cavernosal
responses to ET-1 and ET p receptor expression (p<0.05) and slightly decreased TNF-a. receptor 1
(TNFR1) expression (p=0.063).

Conclusion—Corpora cavernosa from TNF-a-infused mice display increased contractile
responses and decreased NANC nerve-mediated relaxation associated with decreased eNOS and
nNOS gene expression. These changes may trigger ED and indicate that TNF-a plays a
detrimental role in erectile function. Blockade of TNF-a actions may represent an alternative
therapeutic approach for ED, especially in pathological conditions associated with increased levels
of this cytokine.
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INTRODUCTION

METHODS

Animals

Epidemiological data demonstrate a close relationship between erectile dysfunction (ED)
and cardiovascular diseases (CVD).1—6 A clear connection between vasculogenic ED and
CVD is evidenced by common risk factors such as hypertension7, smoking,8 dislipidemia,9:
10 obesity,11 12 and diabetes.13: 14 Moreover, the clustering of these factors increases the
risk for ED even further, as observed in metabolic syndrome.13: 15—17 ED is considered the
early clinical manifestation of generalized vascular disease and carries an independent risk
factor for cardiovascular events.18: 19 In this sense, the penile vasculature may be seen as
an early sentinel that predicts CVD and especially the atherosclerotic process observed in
coronary artery diseases.2: 18 In addition, ED is associated with endothelial dysfunction and
increased levels of pro-inflammatory cytokines.3+ 11

Tumor necrosis factor-alpha (TNF-a) is a pro-inflammatory cytokine with a broad range of
actions and contributes to many cardiovascular diseases, including myocardial ischemia-
reperfusion injury, chronic heart failure, atherosclerosis, and sepsis-associated
cardiovascular disorders.20—22 The vascular endothelium is a major target for the actions of
TNF-a and administration of TNF-o induces impairment of endothelium-dependent
vasorelaxation in a variety of vascular beds and decreases the release of nitric oxide (NO).23

Vlachopoulos and co-workers3 have demonstrated increased levels of TNF-a in patients
with ED and a negative correlation between sexual performance and TNF-a levels.3 In
addition, transgenic animals that overexpress human TNF-a (hnTNF-a) display fewer
erections and decreased mounting behavior.24 Although TNF-a effects in the vasculature
have been demonstrated, no information exists about its actions in the cavernosal tissue.
Therefore, we hypothesized that TNF-a impairs cavernosal smooth muscle reactivity and
thus leads to erectile dysfunction. To test our hypothesis we have used various
pharmacological tools to evaluate relaxant and contractile responses of cavernosal segments
from control and TNF-a—infused animals. In addition, corporal NOS expression was
determined.

Male C57BL/6 mice (12 weeks-old, from Jackson Laboratories, Bar Harbor, ME) were used
in these studies. All procedures were performed in accordance with the Guiding Principles
in the Care and Use of Animals, approved by the Medical College of Georgia Committee on
the Use of Animals in Research and Education. The animals were housed four per cage on a
12-h light/dark cycle and fed a standard chow diet with water ad libitum.

Human recombinant TNF-ainfusion

After anesthesia with ketamine (100 mg.Kg™1) and xylazine (2.9 mg.Kg™1), mini-pumps
were implanted subcutaneously to deliver hTNF-a (220 ng.Kg~1.min™1, Sigma Chemical
Co. St. Louis, MO).

Blood pressure measurements

At the end of treatment (14 days), mice were anesthetized with ketamine (100 mg.Kg™1) and
xylazine (2.9 mg.Kg™1). Following anesthesia a sterile catheter was inserted into the left
carotid artery. The incision was closed with sterile 6—0 Ethicon Opthalmic suture. The
catheter was secured on the back of the mouse. All surgeries were conducted under aseptic
and sterile conditions. After the animals recovered from anesthesia, the catheter was
connected to a transducer and mean arterial pressure (MAP) was recorded for 3—4 hours.
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Subsequently, the animals were euthanized and cavernosal tissues were isolated for further
studies.

Functional Studies in Cavernosal Strips

After carbon dioxide (CO,) euthanasia, the penis was excised, transferred into ice-cold
physiological salt solution (PSS), and dissected to remove the tunica albuginea. One crural
strip preparation (1x1x10 mm) was obtained from each corpus cavernosum (two crural
strips from each penis). Changes in isometric force were recorded using a PowerLab/8SP
data acquisition system (Chart software, version 5.0; ADInstruments, Colorado Springs,
CO0), as previously shown elsewhere.25 Cumulative concentration-response curves to
acetylcholine (ACh; endothelium-dependent vasodilator; 109 to 3x10~5 M) were obtained
in cavernosal strips contracted with phenylephrine (PE; 107 M). Cavernosum contractility
was evaluated with cumulative concentration-response curves to PE (1072 to 10~ M) and
endothelin-1 (ET-1, 10710 to 1076). Electrical field stimulation (EFS) to determine
sympathetic-mediated contractions and NANC-mediated relaxations were performed as
previously described.25

Quantitative Real-Time Reverse-Transcriptase Polymerase Chain Reaction

Total RNA was extracted from cavernosal strips using the RNeasy kit (Qiagen Sciences,
Maryland, USA). The quantity, purity and integrity of all RNA samples were determined by
NanoDrop spectrophotometers (NanoDrop Technologies, Wilmington, DE). One microgram
of total RNA was reverse transcribed. Quantitative real-time reverse-transcriptase
polymerase chain reaction (QPCR) reactions were performed as previously described in
detail.26 Primers for preproendothelin-1 (preproET-1) (N® Mm00438656_m1), ET A
receptor (Rn00561137_m1), eNOS (Mm01164908 m1), nNOS (Mm00435175) and TNF-a
receptor 1(TNFR1) (Rn01492348 m1) mRNA were obtained from Applied Biosystems.

Drugs and Solutions

Physiological salt solution of the following composition was used: 130 mM NaCl, 14.9 mM
NaHCOs, 5.5 mM dextrose, 4.7 mM KCI, 1.18 mM KH,PQOy, 1.17 mM MgS0,4.7H,0, 1.6
mM CaCl,.2H,0, and 0.026 mM EDTA. Acetylcholine chloride, atropine, Nw-nitro-L-
arginine methyl ester (L-NAME), bretylium tosylate and phenylephrine hydrochloride were
purchased from Sigma Chemical Co. (St. Louis, MO). Endothelin-1 was obtained from
Tacris (Ellisville, MO).

Statistical Analysis

Contractions were recorded as changes in the displacement (mN) from baseline and are
represented as mN for n experiments. Relaxation was expressed as percentage change from
the PE contracted levels. Agonist concentration—response curves were fitted using a
nonlinear interactive fitting program (Graph Pad Prism 4.0; GraphPad Software Inc., San
Diego, CA, USA). Agonist potencies and maximum response are expressed as pD, (negative
logarithm of the molar concentration of agonist producing 50% of the maximum response)
and Emax (maximum effect elicited by the agonist), respectively. Statistically significant
differences were calculated by one-way analysis of variance (ANOVA) plus Bonferroni's
post hoc test or Student's t-test. P<0.05 was considered as statistically significant.

RESULTS

The body weight of the TNF-a-infused mice used in these studies was not statistically
different (27.6 = 1.4; n=13) compared to the control group (27.5 £ 1.0; n=11). In addition,
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no differences were observed in the mean arterial blood pressure between the groups
[(mmHg) control, 105+1.7 vs. TNF-a-infused, 110+3.8].

Functional responses of corpora cavernosa

In order to determine the presence of changes in sympathetic-induced contractile responses
in cavernosal strips, frequency-dependent EFS curves were performed. After incubation
with atropine 1076 M plus L-NAME 10~ M, EFS (1-64 Hz) produced increased
sympathetic-induced contractions in cavernosal strips from TNF-a—infused mice compared
to the control group (Figures 1A, 1B). These responses were completely abolished by the
sympathetic nerve blocking agent bretylium tosylate (3x10™> M) or by the alpha-adrenergic
antagonist terazosin (1078 M), confirming that these responses are neuronal in origin and
adrenergic in nature.

Cavernosal segments from TNF-a-infused mice also exhibited increased responses to PE
(Figures 1C) and ET-1 (Figure 1D) compared to those in control strips. The addition of ET
receptor antagonist nearly abolished the contractile response to ET-1 in all groups (data not
shown).

Whereas eNOS activation seems to account for ACh-induced relaxation, NANC-induced
relaxation of cavernosal segments is mediated via NO derived from nNOS. Accordingly,
ACh-induced relaxation is completely blocked in the presence of 1076 M atropine or 1074 M
L-NAME. However, relaxation induced by EFS is minimally altered in the presence of
atropine, but it is completely blocked by incubation with L-NAME 10~ M. To evaluate the
effects of NANC nerve stimulation, cavernosal smooth muscle strips were incubated with
bretylium tosylate (3x10° M; sympathetic nerve blocking agent) and atropine 1076 M.
After 45 min of incubation, strips were contracted with PE (10~ M) and frequency-
dependent responses to EFS (1-64 Hz) were evaluated. EFS-induced relaxations were
significantly decreased in cavernosal segments from TNF-a-infused mice in comparison to
strips from control mice (Figures 2A and 2B).

The cumulative addition of ACh (1072 to 3x10~> M) produced concentration-dependent
relaxations of PE-contracted tissues in both groups (Figure 2C). However, there was no
difference in ACh-induced relaxation between the groups (Figure 2C).

TNF-a effects on nNOS, eNOS, ET-1 and TNFR1 receptor expression

In the second set of experiments we first determined whether corpora cavernosa express
TNFR1 receptor, the main receptor that mediates TNF-a effects. Cavernosal strips from
mice display TNFR1 receptor expression (Figure 3A). There was a tendency of reduced
TNFR1 expression in cavernosal tissue from TNF-a-infused mice (p=0.0638), indicating
down-regulation due to TNF-a infusion. Consistent with the changes observed in functional
data, TNF-a infusion decreased nNOS gene expression (Figure 3B). Despite the fact that
cavernosal strips from TNF-a-infused mice displayed no changes to ACh-induced
relaxation, decreased eNOS gene expression was observed with TNF-a infusion (Figure
3C). TNF-a infusion did not change preproET-1 gene expression in mouse corpora
cavernosa (Figure 3D). In contrast, TNF-a infusion induced a 4 fold increase in ETp
receptor gene expression in cavernosal tissue.

DISCUSSION

A role for cytokines in ED has emerged.11 Cytokines induce genes that synthesize other
peptides in the cytokine family and several mediators, such as prostanoids, leukotrienes,
NO, bradykinin (BK), reactive oxygen species, and platelet-activating factor, all of which
can affect vascular function. The vascular responses appear to be related to the balance
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between all the vasoactive factors released under the influence of cytokines, and regional
differences in release and responsiveness to these factors appear to contribute to the dilator
or constrictor response observed within a specific vascular bed.27 Consistent with the fact
that the cavernosal tissue is a complex extension of the vascular bed, risk factors that affect
the vasculature have been shown to affect cavernosal function as well. Accordingly, the
penile tissue has been recognized as an early sentinel for atherosclerosis that underlines
coronary artery disease and CvD.18 19

Vlachopoulos and collaborators3 have demonstrated the association between low grade
inflammation, altered endothelial-prothrombotic state and ED. In addition, high levels of
TNF-a were demonstrated in patients with ED.3 Several studies show that TNF-a plays a
key role in inducing endothelial dysfunction,22: 23: 28—30 thus causing changes in vascular
reactivity. In addition, a mouse model that overexpresses hTNF-a not only exhibits
decreased induced erections, but also decreased mounting behavior and number of
intromissions.24 “One should consider that these altered behavioral responses may be due to
the central actions of TNF-a. Although the TNF-a transport system in blood-brain barrier is
saturable,31 circulating levels of TNF-o can reach the central nervous system.” Taken
together, these studies suggest that TNF-a may play an important role on erectile function
and be a link between ED and CVD.

Herein we present the novelty that isolated corpora cavernosa from TNF-a-infused mice
display decreased NANC-dependent relaxation and increased sympathetic-mediated
contractions that would favor penile detumescence to occur. This study also shows that gene
expression of key enzymes involved in erectile responses, such as eNOS and nNOS, are
decreased in cavernosal strips from TNF-a-infused mice. Additionally, this study
corroborates the notion that ED is a systemic arterial defect not only confined to the penile
vasculature, and offers a humoral basis for this association.

Our results are consistent with previous studies showing that TNF-a caused increased
contractile responses to PE in vessels from pregnant rats.32 Although the exact mechanisms
remain unclear for this effect, Parris and co-workers33 demonstrated that TNF-a increases
Ca?* sensitivity of the myofilaments by increasing myosin light chain (MLCy)
phosphorylation. In addition, these effects seem to be mediated by the RhoA/Rho-kinase
signaling pathway.34

While nNOS-derived NO is considered the major mediator of NANC relaxation in the penis,
eNOS is mainly involved in endothelium-dependent relaxation.35 In the present study
cavernosal strips from TNF-a-infused mice displayed decreased NANC relaxation
associated with decreased nNOS gene expression. Although there is no report about TNF-o.
actions on nNOS expression in corpora cavernosa, it has been demonstrated that TNF-a
infusion significantly induced an increase in MAP and reduction in renal nNOS protein
expression, within both the cortex and medulla from pregnant rats.36 Consistent with our
results, TNF-o suppresses eNOS expression by inhibiting gene promoter activity 37+ 38,
predominantly through destabilization of eNOS mRNA in endothelial cells.38 Despite this
fact, cavernosal tissue from TNF-a-infused mice did not have any changes in ACh-induced
relaxation. Although counter-regulatory mechanisms may account for this response, time-
dependent changes seem more likely to be involved in this apparent discrepancy.
Accordingly, ED is frequently associated with CVD, where TNF-a. levels are increased
chronically. Similarly, although cavernosal tissue from TNF-a-infused mice displayed
increased contraction to ET-1, no differences were observed in ET-1 gene expression
between the groups. Interestingly, TNF-a has been shown to enhance ET-1 secretion in
endothelial cells.39 Increased ET 5 receptor gene expression demonstrated in this study may
account for the increased contractile response to ET-1 in cavernosal tissue from TNF-o-
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infused mice. Although real-time PCR is a reliable quantitative technique, several post-
translational changes in gene expression may occur. Thus, additional studies to determine
protein expression levels are necessary.

TNF-a plays a substantial proatherogenic role. 40 However, the presence of tumor necrosis
factor receptor-1 (TNFRL1) in the vascular wall causes atherosclerosis independently of
macrophage infiltration.40 In the present study we demonstrated that cavernosal tissues
from mice express TNFR1, which substantiates TNF-a action in the penis. Infusion of TNF-
a tended to decrease the expression of TNFR1 in corporal tissue, which may be a negative
feedback to limit TNF-a-induced changes in cavernosal tissue.

Finally, a recent study shows that cavernosal tissue from TNF-o knockout mice displays
increased NANC and endothelium-dependent relaxation associated with increased nNOS
and eNOS expression.35 Moreover, sympathetic and PE-induced contractile responses were
decreased in corpora cavernosa from TNF-a knockout mice, which display increased
number of spontaneous erections additionally supporting our findings.35

In summary, we have shown that TNF-a infusion causes changes in cavernosal reactivity
that would facilitate erectile dysfunction: increased responses to adrenergic nerve
stimulation and decreased NANC-dependent relaxation that are associated with decreased
corporal eNOS and nNOS gene expression. Blockade of TNF-a actions may represent an
alternative therapeutic approach for erectile dysfunction, especially in pathological
conditions associated with increased levels of this cytokine.
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ABBREVIATIONS
ACh acetylcholine
ANOVA one-way analysis of variance
ED erectile dysfunction
EFS electrical field stimulation
Emax maximum effect elicited by the agonist
eNOS endothelial nitric oxide synthase
KCI potassium chloride
L-NAME Nw-nitro-L-arginine methyl ester
MAP mean arterial pressure
mN millinewton
NANC nonadrenergic-noncholinergic
nNOS neuronal NO synthase
NO nitric oxide
PBS phosphate buffer saline
pD, negative logarithm of the molar concentration of agonist producing 50% of

the maximum response
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PDE-5 phosphodiesterase-5
PE phenylephrine
ROS reactive oxygen species
SDS-PAGE sodium dodecy!l sulfate polyacrylamide gel electrophoresis
TNF-a tumor necrosis factor-alpha
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Figure 1. Contractile responses upon stimulation of adrenergic nerves, a1-adrenergic and ET-1
receptor activation are augmented in cavernosal segments from TNF-a-infused mice

(A) Representative traces of the frequency-response curves elicited by EFS (1-64 Hz). (B)
Frequency-response curves elicited by EFS (1—64 Hz) were performed in the presence of L-
NAME 104 M plus atropine 1076 M in cavernosal strips from control and TNF-a-infused
mice (n=5 and 6, respectively). (C) Phenylephrine concentration-response curves (n=8 in all
groups). (D) Endothelin-1-induced contractile responses (n=7 in all groups). Experimental
values of contraction of cavernosal strips from control (e) and TNF-a-infused (m) mice are
in mN and data represent the mean £ SEM of n experiments. *, p < 0.05 compared with
values from control segments.
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Figure 2. Relaxant responses due to NANC nerve stimulation and endothelium-dependent
relaxation in cavernosal segments from control and TNF-a-infused mice

(A) Representative traces showing NANC-induced relaxation in cavernosal segments from
control (top) and TNF-a-infused (bottom) mice; (B) Frequency-responses curves elicited by
EFS (NANC nerves stimulation) and (C) acetylcholine concentration-response curves in
cavernosal strips pre-contracted with PE (10> M), from control (e) and TNF-a-infused (m)
mice. Experimental values of the relaxations induced by EFS (n=9 and 10, respectively), and
acetylcholine (n=7 and 10, respectively) were calculated relatively to the maximal changes
from the contraction produced by PE in each tissue, which was taken as 100%. Data
represent the mean £ SEM of n experiments. *, P<0.05 vs. control.
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Figure 3.

Messenger RNA expression of (A) TNF-a receptor 1 (TNFR1), (B) nNOS, (C) eNOS (D)
preproET-1 and (E) ET 4 receptor determined by gPCR using total RNA extracted from
cavernosal tissue of control (open bar) or TNF-a-infused (filled bar) mice. Bar graphs show
fold of change in gene expression. Values were normalized by the correspondent 18s rRNA
of each sample. Results are mean+SEM (n=>5 to 7). *p<0.05, vs control.
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