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ABSTRACT
Paroxysmal nocturnal hemoglobinuria (PNH) patients display
exaggerated intravascular hemolysis and esophageal disor-
ders. Since excess hemoglobin in the plasma causes re-
duced nitric oxide (NO) bioavailability and oxidative stress, we
hypothesized that esophageal contraction may be impaired
by intravascular hemolysis. This study aimed to analyze the
alterations of the esophagus contractile mechanisms in a
murine model of exaggerated intravascular hemolysis induced
by phenylhydrazine (PHZ). For comparative purposes, sickle
cell disease (SCD) mice were also studied, a less severe
intravascular hemolysis model. Esophagus rings were dis-
sected free and placed in organ baths. Plasma hemoglobin
was higher in PHZ compared with SCD mice, as expected. The
contractile responses produced by carbachol (CCh), KCl, and
electrical-field stimulation (EFS) were superior in PHZ esophagi
compared with control but remained unchanged in SCD mice.
Preincubation with the NO-independent soluble guanylate

cyclase stimulator 3-(4-amino-5-cyclopropylpyrimidin-2-yl)-
1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridine (BAY 41-2272;
1 mM) completely reversed the increased contractile responses
to CCh, KCl, and EFS in PHZ mice, but responses remained
unchanged with prior treatment with NO donor sodium nitro-
prusside (300 mM). Protein expression of 3-nitrotyrosine and
4-hydroxynonenal increased in esophagi from PHZ mice, sug-
gesting a state of oxidative stress. In endothelial nitric oxide
synthase gene-deficient mice, the contractile responses elicited
by KCl and CCh were increased in the esophagus but remained
unchanged with the intravascular hemolysis induced by PHZ. In
conclusion, our results show that esophagus hypercontractile
state occurs in association with lower NO bioavailability due to
exaggerated hemolysis intravascular and oxidative stress.
Moreover, our study supports the hypothesis that esophageal
disorders in PNH patients are secondary to intravascular hemo-
lysis affecting the NO-cGMP pathway.

Introduction
The nitric oxide (NO)–cGMP signaling pathway is well

known to regulate smooth muscle relaxation and contraction
(Förstermann and Sessa, 2012). Upon stimulation by NO,
the smooth muscle soluble guanylate cyclase (sGC) enzyme
catalyzes the production of cGMP following activation of
cGMP-dependent protein kinase, which leads to smooth
muscle relaxation from different kinds of tissues (Francis
et al., 2010; Förstermann and Sessa, 2012). Alterations of
the NO signaling pathway in the vascular or nonvascular
smooth muscle have been associated with several disorders,
such as cardiovascular disease and gastrointestinal disease
(Mearin et al., 1993; Förstermann and Sessa, 2012).

The gastrointestinal tract consists of a muscular tube that
extends from the mouth to the anus. The esophagus is part of
the gastrointestinal tract, and its function is transporting
swallowed food into the stomach and preventing gastroesoph-
ageal reflux (Yazaki and Sifrim, 2012). Esophagus smooth
muscle receives a rich cholinergic excitatory innervation,
resulting in the discharge of acetylcholine that acts on the
muscarinic receptor of smooth muscle and promoting esoph-
ageal smooth muscle contractions (Goyal and Chaudhury,
2008; Braverman et al., 2009). NO produced by nitrergic
nerves is considered the principal inhibitory neurotransmitter
that promotes smooth muscle relaxation of the esophagus
(Shah et al., 2004; Goyal and Chaudhury, 2008). A previous
study showed mRNA expression of endothelial nitric oxide
synthase in human esophageal mucosa (Inamori et al., 2006).
Esophagus contraction induced by cholinergic nerve stimula-
tion is increased by NO production inhibition, as well as
esophageal peristalsis (Yamato et al., 1992; Lecea et al., 2011).

F.H.S. and F.F.C. thank São Paulo Research Foundation (FAPESP) for
financial support [Grants 2014/00984-3, 2017/08122-9, and 2018/06243-6].

https://doi.org/10.1124/jpet.118.249581.

ABBREVIATIONS: BAY 41-2272, 3-(4-amino-5-cyclopropylpyrimidin-2-yl)-1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridine; CCh, carbachol;
EFS, electrical-field stimulation; eNOS2/2, endothelial nitric oxide synthase gene-deficient; 4-HNE, 4-hydroxynonenal; NO, nitric oxide; 3-NT,
3-nitrotyrosine; O2

2, superoxide anion; pEC50, potency; PHZ, phenylhydrazine; PNH, paroxysmal nocturnal hemoglobinuria; SCD, sickle cell
disease; sGC, soluble guanylate cyclase; SNP, sodium nitroprusside.
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A previous study reported that guanylyl cyclase gene–deficient
mice display higher esophagus contractions compared with wild
mice (Groneberg et al., 2015).
Paroxysmal nocturnal hemoglobinuria (PNH) is a rare

acquired clonal hematopoietic stem cell disease in which
uncontrolled complement activation leads to intravascular
hemolysis (Oni et al., 1970; Hill et al., 2017). PNH patients
display dysphagia/odynophagia, and these alterations seem to
be due to esophageal spasm, but the mechanisms underlying
esophageal dysfunction are largely unknown (Moyo et al.,
2004; Parker et al., 2005). Sickle cell disease (SCD) is also a
blood disorder that manifests with hemolytic anemia, but to
the best of our knowledge, SCD patients do not display
esophageal disease. In PNH and SCD, intravascular hemoly-
sis is a common hallmark, but this clinical evidence is less
severe in SCD than in PNH (Reiter et al., 2002; Hill et al.,
2010). In intravascular hemolysis, erythrocyte lysis in the
circulation leads to release of free hemoglobin and other
erythrocyte components into the plasma, such as asymmetric
dimethylarginine, arginase-1, and lactate dehydrogenase
(Reiter et al., 2002; Hill et al., 2010; Kato et al., 2017). It is
well established that NO scavenging by an excess of plasma
hemoglobin contributes to several clinical complications of
intravascular hemolysis (Hill et al., 2010; Kato et al., 2017).
The contribution of oxidative stress to the deleterious effects

of intravascular hemolysis has been previously shown (Fibach
andDana, 2015). A result of oxidative stress is the inactivation
of NO biologic activity by superoxide anion (O2

2) excess
(Pacher et al., 2007). In this study, since cell-free hemoglobin
excess and oxidative stress reduce the amount of bioavailable
NO, we hypothesized that exaggerated intravascular he-
molysis could damage normal smoothmuscle function in the
esophagus. We aimed to evaluate the esophagus smooth
muscle contractile function in a murine model that displays
intravascular hemolysis induced by phenylhydrazine (PHZ).
PHZ-treated mice have been used to elucidate the intricate
pathophysiology of hemolysis (Lim et al., 1998; Zhang et al.,
2013; Dutra et al., 2014). Hemolysis may be either intravas-
cular or extravascular, but there is some controversy over the
amount of intravascular hemolysis in SCD (Crosby, 1955;
Bunn et al., 2010). There are few studies on this subject, but
the amount of intravascular hemolysis seems to be less than
30% of total hemolysis (Crosby, 1955; Bunn et al., 2010). As a
comparison, SCD transgenic mice were also studied with the
same procedure. We focused on the effects of intravascular
hemolysis on contractile mechanisms and the NO signaling
pathway in esophagus smooth muscle.

Materials and Methods
Animals and Treatment. Animal procedures and experimental

protocols were performed in accordance with the Ethical Principles
in Animal Research adopted by the Brazilian College for Animal
Experimentation and followed the Guide for the Care and Use of
Laboratory Animals (Ministério da ciência, tecnologia, inovações
e comunicações; 2016).

Allmice strainswere originallypurchased fromJacksonLaboratories
(Bar Harbor, ME). Characterization and breeding were performed at
theMultidisciplinary Center for the Investigation of Biologic Science in
Laboratory Animals of the University of Campinas. We used C57BL/6
male mice (control), endothelial nitric oxide synthase gene-deficient
(eNOS2/2) mice, and male Berkeley transgenic SCD mice, aged
3–4 months, housed three per cage on a 12-hour light–dark cycle.

We injected PHZ at 50 mg/kg into C57BL/6 and eNOS2/2 mice
intraperitoneally to induce intravascular hemolysis. Mice were rein-
jected with 50 mg/kg 8 hours later (Lim et al., 1998) and were killed
with inhaled isoflurane 4 days after the end of PHZ treatment.

C57BL/6 and PHZ mice received deferoxamine (150 mg/kg per day
via i.p. injection, from second to fourth day), deferiprone (50mg/kg per
day, given as daily gavage from second to fourth day), or vehicles
(saline and water, respectively).

Hematologic Parameters. Whole blood was obtained by intra-
cardiac puncture from ketamine/xylazine-anesthetized mice and anti-
coagulated with ethylenediamine tetraacetic acid for blood count
determination within 30–60 minutes of blood collection on Sysmex
XN-3000 equipment (Sysmex, Kobe, Japan).

Lactate Dehydrogenase and Plasma Hemoglobin Measure-
ment. Mice plasma samples were used to quantify the lactate dehy-
drogenase and hemoglobin through colorimetric assays using the
Hemoglobin Colorimetric Assay (Cayman Chemical, Ann Arbor,
Michigan) and Bilirubin Assay Kit (Sigma-Aldrich, St. Louis, MO)
according to the manufacturer’s procedure. Assays were done in
duplicate.

Functional Studies in Esophagus Smooth Muscle Rings and
Concentration-Response Curves. The esophagus was extracted,
dissected, and cut into rings (1.5–2 mm in length). Rings of esophagus
smooth muscle were placed in a 5-ml organ system filled with Krebs
solution at 37°C continuously bubbled with a mixture of 95% O2 and
5% CO2 (pH 7.4). Isometric force was analyzed using a Power
Laboratory version 7.2 system (ADInstruments, Sydney, Australia).
The esophagus was allowed to equilibrate for 60 minutes under a
resting tension of 1 mN.

Cumulative concentration-response curves for the muscarinic
agonist carbachol (CCh; 10 nM to 100 mM) and KCl (1 mM to 1 M)
were acquired in esophagus rings from control, PHZ-treated C57BL/6,
SCD, eNOS2/2, and PHZ-treated eNOS2/2 mice. Esophagus con-
tractile responses to these compounds were acquired in the absence
and presence of NO-independent sGC stimulator 3-(4-amino-5-
cyclopropylpyrimidin-2-yl)-1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridine
(BAY 41-2272; 1 mM, 15 minutes) or NO donor sodium nitroprusside
(SNP; 300 mM, 15 minutes).

Electrical-Field Stimulation in Esophagus Smooth Muscle
Rings. Electrical-field stimulation (EFS) was applied to the rings of
esophagus smooth muscle placed between two platinum electrodes
connected to a Grass S88 stimulator (Astro-Med, Warwick, RI). EFS
was conducted at 80 V, 1-ms pulse width, and trains of stimuli lasting
5 seconds at varying frequencies. Supramaximumvoltagewas applied
to assess frequency-response relationships in all preparations using
electrical stimulation. EFS-produced esophagus contractions were
completely eliminated by either the muscarinic antagonist atropine
(10mM) or the voltage-dependent sodium channel blocker tetrodotoxin
(1 mM), confirming that nerve-caused esophageal contractile re-
sponses are caused by acetylcholine discharge.

Data Analysis of Functional Assays. Potency (pEC50) was
determined by nonlinear regression performed with GraphPad Prism
(GraphPad Software, San Diego, CA) with the constraint that F5 0. All
concentration-response data were fitted to a logistic function expressed
by the following equation: E 5 Emax/([1 1 (10c/10x)n] 1 F), where E is
the maximum response induced by agonists; c is the logarithm of the
EC50, the concentration of drug that produces a half-maximal response;
x is the logarithm of the concentration of the drug; the exponential
term, n, is a curve-fitting parameter that defines the slope of the
concentration-response line; and F is the response observed in the
absence of added drug. Contractile response data were normalized to
the wet weight of the respective esophagus rings. The Emax is shown in
mN/mg wet weight.

Western Blot Analysis. Esophageal tissue was homogenized in
lysis buffer and centrifuged at 12,000g for 20 minutes at 4°C.
Homogenates containing 50 mg of total protein were run on 4%–20%
Tris-HCl gels (Bio-Rad Laboratories, Hercules, CA) and transferred to
a nitrocellulose membrane. Five-percent nonfat dry milk (Bio-Rad) in
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Tris-buffered saline/Tween was used for 1 hour at 24°C to block
nonspecific binding sites. Membranes were incubated for 15–16 hours
at 4°C with the following antibodies: monoclonal anti-3-nitrotyrosine
(anti-3-NT; 1:1000, ab7048; Abcam, Cambridge, MA) and polyclonal
anti-4-hydroxynonenal (anti-4-HNE; 1:1000, ab46545; Abcam). Den-
sitometry was analyzed using the ImageJ software (National Insti-
tutes of Health, Bethesda, MD). Quantified densitometry results of
3-NT and 4-HNE were normalized to b-actin.

Drugs. BAY 41-2272 and CCh were acquired from Sigma-Aldrich.
Analytical grade was required for all reagents. Either deionized water
or dimethylsulfoxide was used as a solvent, and working solutions
were diluted prior to use. The final concentration of dimethylsulfoxide
was 0.1%

Statistical Analysis. Statistical analysis was performed with
GraphPad Prism (GraphPad Software). Data are expressed as the
mean 6 S.E.M. of N experiments. Student’s unpaired t test and one-
way analysis of variance with Tukey post-test were used when
comparing two or more than two groups, respectively. A P value below
0.05 was considered statistically significant.

Results
Hematologic Parameters. Hematologic parameters (red

blood cells, total hemoglobin, hematocrit, lactate dehydrogenase,
and reticulocyte) showed that PHZ and SCD mice had severe
anemia compared with control mice (Fig. 1). Plasma hemoglobin
was greater in PHZ and SCD compared with the control group
(Fig. 1C). Moreover, plasma hemoglobin was higher in PHZ
compared with SCD mice, indicating that intravascular hemo-
lysis, as expected, is more exaggerated in PHZmice than in SCD
(Fig. 1C).
Exaggerated Intravascular Hemolysis Leads to Esoph-

ageal Hypercontractility in Mice. In control, SCD, and PHZ
mice, the muscarinic agonist CCh (10 nM to 100 mM) produced
concentration-dependent esophagus contractions (Fig. 2A).
The values of Emax were significantly greater in the PHZ mice

esophagi (0.75 6 0.03 mN/mg) in comparison with the
control group (0.51 6 0.03 mN/mg) (Fig. 2A). We used a KCl
concentration-response curve to assess esophagus contrac-
tions independently of receptor stimulation. Emax values
produced by KCl were also higher (P , 0.05) in PHZ esophagi
(0.45 6 0.01 mN/mg) compared with control mice (0.28 6
0.02 mN/mg). We found no change in esophagus contractile
responses produced by CCh and KCl in SCD mice (Fig. 2, C
and D). No significant difference in pEC50 for CCh was
found between groups (Table 1).
NO Donor Did Not Modify the Increased Esophagus

Contractions. Preincubation of esophagus with NO donor
SNP (300 mM) did not change the increased esophagus smooth
muscle contractions in PHZ mice induced by CCh (Fig. 3B) or
KCl (Fig. 3D). No significant changes after SNP preincubation
were detected in CCh- andKCl-caused esophagus contractions
of control mice (Fig. 3, A and C, respectively; Table 1).
sGC Stimulator Reversed the Increased Esophagus

Contractions. Preincubation of esophagus with BAY 41-2272
(1 mM) completely reversed the greater Emax produced by KCl
or CCh in PHZ mouse esophagus to control values (Fig. 4). No
significant changes after BAY 41-2272 preincubation were
detected in CCh- and KCl-induced esophagus contractions of
control mice (Fig. 4, A and C, respectively). No significant
change in pEC50 for CCh was found between groups (Table 1).
Contractile Responses Induced by Cholinergic Nerve

Stimulation in Esophagus. EFS produced frequency-
dependent contraction esophageal rings (8–32 Hz) in both
control and PHZmice (Fig. 5A). EFS-caused contractions were
significantly higher in esophagi fromPHZmice than in control
mice at all frequencies tested (Fig. 5A). Preincubation of
esophagus with BAY 41-2272 (1 mM) reduced the increased
neurogenic esophagus contractions in PHZ mice, but contrac-
tions remained unchanged with the preincubation with SNP
(300 mM; Fig. 5B). In control mice, preincubation of esophagus

Fig. 1. Red blood cell (A), hemoglobin (B), plasma hemoglobin (C), hematocrit (D), lactate dehydrogenase (E), and reticulocyte (F). Data are shown as the
mean 6 S.E.M. of five to eight mice per group. *P , 0.05 vs. control group; †P , 0.05 vs. PHZ group.
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with SNP (300 mM) or BAY 41-2272 (1 mM) did not change the
neurogenic contractions evoked by EFS (Fig. 5C).
Esophagus Smooth Muscles from PHZ Mice Display

Increased Oxidative Stress. The protein expression for the
3-NT was about 2-fold higher in PHZ esophagi compared with
control mice (P , 0.05; Fig. 6A). Although we noticed a trend
toward an increase in protein expressions for 4-HNE in the
PHZ group (P 5 0.06), this did not reach statistical signifi-
cance (Fig. 6B).
Intravascular Hemolysis Did Not Amplify the Esoph-

ageal Hypercontractility in eNOS2/2 Mice. The musca-
rinic agonist CCh (10 nM to 100 mM; Fig. 7A) and KCl (1 mM
to 1 M; Fig. 7C) caused concentration-dependent esophagus
contractions in control, eNOS2/2, and PHZ-treated eNOS2/2

mice. The CCh (Fig. 7B) and KCl (Fig. 7D) Emax values
were significantly higher in the esophagi of eNOS2/2 and
eNOS2/2-PHZ mice compared with control mice. Induction of
intravascular hemolysis did not modify the higher Emax

elicited by CCh and KCl in esophagi from eNOS2/2 mice.
No significant changes in pEC50 for CCh was found between
groups (5.836 0.08, 5.866 0.09, and 5.896 0.06 for control,
eNOS2/2, and eNOS2/2-PHZ).
Iron-Chelating Drugs Treatment Did Not Change the

Esophageal Hypercontractility in PHZ Mice. In sepa-
rate groups, control and PHZ mice were treated with deferox-
amine (intraperitoneally) or deferiprone (gavage). Treatment
with deferoxamine did not modify the CCh- and KCl-induced
esophagus contractile responses in control and PHZ mice
(Fig. 8). Similarly, treatment with deferiprone did not modify
the increased CCh Emax in PHZ (0.05 6 0.05 mN/mg; n 5 4)
and control mice (0.47 6 0.02 mN/mg; n 5 4).

Discussion
InPNHandSCD, elevated plasmahemoglobin levels consume

micromolar concentrations of exogenously supplied NO (Reiter
et al., 2002;Hill et al., 2010). The lowNObioavailability has been
associated with pulmonary hypertension, platelet activation,

thrombosis, and alterations of vasomotor tone in patients with
PNH or SCD (Moyo et al., 2004; Villagra et al., 2007; Hill et al.,
2010). Moreover, excess plasma hemoglobin has been associ-
ated with esophageal spasm in PNH patients (Moyo et al.,
2004; Parker et al., 2005). Therefore, considering that in-
travascular hemolysis leads to NO deficiency and alterations
of smooth muscle tone, we investigated the effects of in-
travascular hemolysis on esophagus smooth muscle contrac-
tile mechanisms in two murine models that display different
levels of intravascular hemolysis, SCD and PHZ mice. In fact,
PHZ-treated mice displayed a significant increase in plasma
hemoglobin compared with SCD mice. In our study, we
analyzed the in vitro receptor-dependent (muscarinic receptor
agonist CCh) and receptor-independent (responses to KCl)
contractile responses in esophagi from PHZ and SCD mice.
The maximal contractile response to CCh and KCl was higher
in the PHZ group, but no significant differences were observed
in SCD mice. It is likely that reduction of basal NO by plasma
hemoglobin may favor the hypercontractile state of the
esophagus smooth muscle in PHZ mice. On the other hand,
our findings indicate that an excess of cell-free hemoglobin is
not abundant enough to promote esophagus injury in SCD.

Fig. 2. Concentration-response curves for CCh (10 nM
to100 mM) (A and C) or KCl (1 mM to 1 M) (B and D) in
esophageal rings from control, PHZ, and SCD mice.
Data are shown as the mean 6 S.E.M. of five mice per
group. *P , 0.05 vs. control group.

TABLE 1
Potency (pEC50) values obtained from concentration-response curves in
esophageal rings from control, PHZ, SCD, eNOS2/2, and eNOS2/2-PHZ
mice
Concentration-response curves for CCh (10 nM to 100 mM) and KCl (1 mM to 1 M) in
the absence and in the presence of either SNP (300 mM) or BAY 41-2272 (BAY; 1 mM).
Data represent the mean 6 S.E.M. of five experiments.

pEC50

Control PHZ SCD

CCh 5.78 6 0.05 6.00 6 0.05 5.92 6 0.09
CCh/SNP 5.81 6 0.08 5.91 6 0.05 n.d.
CCH/BAY 5.74 6 0.05 5.88 6 0.07 n.d.
KCl 1.41 6 0.04 1.52 6 0.02 1.15 6 0.12
KCl/SNP 1.33 6 0.03 1.41 6 0.05 n.d.
KCl/BAY 1.13 6 0.08 1.43 6 0.11 n.d.

n.d., not determined.
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Previous studies reported that intravenous administration of
recombinant hemoglobin in healthy human volunteers caused
increases in esophageal peristaltic amplitude, dysphagia,
and abdominal pain (Murray et al., 1991; Viele et al., 1997;
Carmichael et al., 2000).
To reinforce that dysregulation of theNOpathway leads to a

hypercontractile state in the esophagus, we evaluated the
esophagus contractile mechanisms in eNOS2/2 mice, a model
that displays low NO bioavailability. In fact, eNOS2/2 mice
displayed a hypercontractile state in the esophagus compared
with control mice. In eNOS2/2 mice, induction of intravascu-
lar hemolysis by PHZ did notmodify the esophagus contractile
response. Our findings strongly indicate that intravascular
hemolysis has a significant function in the development of
esophageal dysfunction by reducingNO bioavailability. To our

knowledge, our study is the first to show that eNOS2/2 mice
display increased esophagus contractile mechanisms.
The NO-cGMP signaling pathway is the main mediator of

smooth muscle relaxation of the esophagus (Goyal and
Chaudhury, 2008). Several NO donor compounds can supply
exogenous NO to tissues and cells. SNP is an inorganic
compound that provides NO to biologic systems by enzymatic
and nonenzymatic mechanisms (Kowaluk et al., 1992;
Bonaventura et al., 2008). In our study, we tested the effects
of NO supplementation by SNP with the aim of reversing the
esophageal hypercontractility from PHZ mice. In vitro
incubation with SNP did not modify increased CCh- and
KCl-induced contractions in esophagi from PHZ mice. It is
likely that hemoglobin in PHZ mouse esophagi acts to
eliminate NO before it binds sGC. A previous study reported

Fig. 3. Concentration-response curves for CCh (10 nM
to 100 mM) (A and B) or KCl (1 mM to 1 M) (C and D) in
esophageal rings from control, PHZ, and SCD mice in
the absence or presence of SNP (300 mM). Data are
shown as the mean 6 S.E.M. of five mice per group.

Fig. 4. Concentration-response curves for CCh (10 nM
to 100 mM) (A and B) or KCl (1 mM to 1 M) (C and D) in
esophageal rings from control, PHZ, and SCD mice in
the absence or presence of BAY 41-2272 (1 mM). Data
are shown as the mean 6 S.E.M. of five mice per group.
†P , 0.05 vs. PHZ group.
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that extravascular translocation of plasma hemoglobin into
interstitial spaces impairs the vasodilation induced by NO
donor in pig and rat coronary arteries (Schaer et al., 2013).
Recently, sGC stimulators, such as BAY 41-2272, emerged as
potentially better therapeutic drugs because they can stim-
ulate sGC mostly via NO-independent mechanisms (Stasch
and Evgenov, 2013). In circumstances where excess concen-
tration of plasma hemoglobin is enough to reduce NO bio-
availability, sGC stimulators are beneficial to normalize
cGMP-dependent vasodilation (Raat et al., 2013). In our study,

in vitro incubation with BAY 41-2272 completely restored the
responses to CCh and KCl in esophagi from PHZ mice,
indicating that cGMP accumulation into esophagus smooth
muscle acts to neutralize the NO deficiency. The selective
phosphodiesterase 5 inhibitor sildenafil enhances intracellu-
lar cGMP levels and elevates NO-dependent smooth muscle
relaxations (Francis et al., 2010). Consistent with our result,
previous clinical studies showed that sildenafil decreases
esophageal spasm and peristaltic amplitude in patients with
esophageal motor alterations (Bortolotti et al., 2002; Eherer
et al., 2002; Fox et al., 2007).
Neurotransmission is negatively modulated by NO released

from nitrergic nerves (Bult et al., 1990). In fact, in vitro
incubation of the esophagus body with L-NG-Nitroarginine;
NG-nitro-L-Arginine (nonspecific nitric oxide synthase inhib-
itor) increases the EFS-induced esophageal contractile re-
sponses (Lecea et al., 2011). Previous studies showed that
neuronal NO synthase gene-deficient mice display uncoordi-
nated and higher esophagus contractions compared with wild
mice (Müller et al., 2014). In this study, neurogenic contrac-
tions were greater in esophagi from PHZ compared with
control mice, suggesting increased nerve-evoked acetylcholine
release in the esophagus. This supports that the lack of
neuronal nitric oxide synthase-derived NO contributions to
esophageal hypercontractility in PHZ mice. Again, in vitro
incubation with BAY 41-2272 (1 mM) completely reversed the
increased esophagus contractile responses to EFS in PHZ
mice, but responses remained unchanged with preincubation
with SNP. It is possible that the restoration of contractions by
BAY 41-2272 in PHZ mice results in a high cGMP accumula-
tion in the esophageal smooth muscle.
Oxidative stress has a significant function in the patho-

physiology of hemolytic anemia, contributing to organ injury
(Fibach and Dana, 2015). Elevated O2

2 production reacts
promptly with NO, reducing NO bioavailability and generat-
ing peroxynitrite, which is a potent oxidant and cytotoxic
agent (Pacher et al., 2007). Peroxynitrite is a reactive nitrogen
species that can cause the nitration of tyrosine residues,
generating 3-NT (Pacher et al., 2007). The 3-NT protein is
considered a consistent biomarker for evaluating the reactive
nitrogen species formation (Halliwell, 1997). 4-HNE, a rela-
tively stable end product of lipid peroxidation, is considered a
biomarker of oxidative stress (Cohen et al., 2013). In our study,
protein expression of 3-NT was increased in PHZ mice
compared with the control group. Although there was a trend
toward increased protein expression of 4-HNE in PHZmice, it
did not achieve statistical significance. Collectively, our data
suggest that excess O2

2 reduces NO bioavailability in esophagi
from PHZmice. In this circumstance, it is plausible to suggest
that the enhanced O2

2 production in esophageal smooth
muscle acts to inactivate NO derived from either neuronal
nitric oxide synthase or endothelial nitric oxide synthase, as
well as exogenousNO released fromSNP. Consistent with this
hypothesis, previous studies showed that oxidative stress
reduces relaxations induced by SNP in mesenteric artery
and erectile tissue (Jiménez-Altayó et al., 2006; Silva et al.,
2013).
In hemolytic anemia, accumulation of excess iron can occur

in certain organs due to increased hemoglobin catabolism (Shi
et al., 2016). Considering that free iron participates in the
generation of reactive oxygen species (Winterbourn, 1995), we
evaluated the effects of treatment with two iron-chelating

Fig. 5. Contractile responses to EFS (8–32 Hz) in esophageal rings from
control (A and C) and PHZ mice (A and B) in the absence or presence of
SNP (300 mM) or BAY 41-2272 (1 mM). Data are shown as the mean 6
S.E.M. of five mice per group. *P , 0.05 vs. control group; †P , 0.05
vs. PHZ group.
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compounds (Pepe et al., 2011), deferiprone and deferoxamine,
on esophageal hypercontractility in PHZ mice. PHZ mouse
treatment with deferiprone and deferoxamine did not change
hypercontractile state in the esophagus, indicating that excess
of free iron is probably not associated with this disorder.
After hemolysis, free hemoglobin can translocate across the

vascular wall and reach tissue interstitial spaces (Schaer
et al., 2013). A limitation of our study is that we did not
evaluate the localization of hemoglobin and nitric oxide
synthases in the esophagus. However, previous evidence
(Schaer et al., 2016) supports that free hemoglobin can
scavenge nitric oxide in the vessels and causes vascular
insufficiency in the esophageal vascular bed, impairing blood
perfusion and resulting in ischemia. Ischemic conditions lead

to oxidative stress, a known complication (Kalogeris et al.,
2012). In fact, protein expression of 3-NT and 4-HNE in-
creased in esophagi from PHZ mice. Therefore, esophageal
vascular insufficiency may also play an important role in the
development of an esophageal hypercontractile state.
In summary, our results show that the hypercontractile

state seen in esophagi from PHZ mice is associated with
decreasedNO bioavailability in esophagus smoothmuscle due
to exaggerated intravascular hemolysis and oxidative stress.
Moreover, BAY 41-2272 reversed the esophageal hypercon-
tractility fromPHZmice, indicating that sGC stimulatorsmay
be an interesting approach to treat esophageal dysfunction in
conditions of oxidative stress and elevated plasma hemoglobin
levels. SCD mice do not present with obvious esophageal

Fig. 6. Representative images of Western blotting
(top panels) and protein values (bottom panels) for
3-NT (A and B, respectively) and 4-HNE (C and D,
respectively) in homogenates of esophagi from control
(CTL) and PHZ mice. Data are shown as the mean 6
S.E.M. of five mice per group. *P , 0.05 vs. control
group.

Fig. 7. Concentration-response curves for CCh (10 nM
to 100 mM) (A) or KCl (1 mM to 1 M) (C) in esophageal
rings from control, eNOS2/2, and eNOS2/2-PHZ mice.
The maximal response values are shown in panels B
and D. Data are shown as the mean 6 S.E.M. of five
mice per group. *P , 0.05 vs. control group.
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disorder, indicating that the amount of excessive free hemo-
globin is insufficient to cause esophageal damage in SCD. To
the best of our knowledge, this study provides the first
experimental evidence to support the hypothesis that esoph-
ageal symptoms in PNH patients are secondary to intravas-
cular hemolysis affecting the NO-cGMP pathway.
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