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Ceruloplasmin is a NO oxidase and nitrite synthase
that determines endocrine NO homeostasis

Sruti Shival?, Xunde Wang'?, Lorna A Ringwood!?, Xueying Xu®, Susan Yuditskaya?, Vidhya Annavajjhalal,
Hiroaki Miyajima*, Neil Hogg’, Zena Leah Harris®> & Mark T Gladwin!*

Nitrite represents a bioactive reservoir of nitric oxide (NO) that may modulate vasodilation, respiration and cytoprotection after
ischemia-reperfusion injury. Although nitrite formation is thought to occur via reaction of NO with oxygen, this third-order
reaction cannot compete kinetically with the reaction of NO with hemoglobin to form nitrate. Indeed, the formation of nitrite
from NO in the blood is limited when plasma is substituted with physiological buffers, which suggests that plasma contains
metal-based enzymatic pathways for nitrite synthesis. We therefore hypothesized that the multicopper oxidase, ceruloplasmin,
could oxidize NO to NO*, with subsequent hydration to nitrite. Accordingly, plasma NO oxidase activity was decreased after
ceruloplasmin immunodepletion, in ceruloplasmin knockout mice and in people with congenital aceruloplasminemia. Compared
to controls, plasma nitrite concentrations were substantially reduced in ceruloplasmin knockout mice, which were more
susceptible to liver infarction after ischemia and reperfusion. The extent of hepatocellular infarction normalized after nitrite
repletion. These data suggest new functions for the multicopper oxidases in endocrine NO homeostasis and nitrite synthesis,
and they support the hypothesis that physiological concentrations of nitrite contribute to hypoxic signaling and cytoprotection.

Recent data suggests that nitrite is a bioactive endocrine form of NO
that regulates hypoxic physiological responses and has potential thera-
peutic applications!. Nitrite is reduced to NO by several mechanisms
in vivo, including acidic disproportionation and enzymatic reduction by
xanthine oxidoreductase®®. Within the vasculature, nitrite is also
converted to NO after reaction with deoxyhemoglobin along the
physiological oxygen and pH gradient*®. These mechanisms have
been suggested to contribute to hypoxic vasodilation, hypoxic NO-
dependent signal transduction and modulation of mitochondrial
respiration>™. In tissues, near-physiological concentrations of nitrite
(<200 nM) protect against ischemia-reperfusion (I/R) injury in several
organs and animal models'®'!. Though the precise mechanism of this
cytoprotection is still being elucidated, nitrite can readily modify diverse
biomolecules by protein and lipid nitration'?!3, N- and S-nitrosation'4
and iron nitrosylation'>!%, and it regulates the expression of essential
stress response genes"'%. Given the role of nitrite as an important
hypoxic signaling molecule, a better understanding of the mechanisms
responsible for nitrite formation, transport and metabolism (that is,
nitrite homeostasis) is essential. Furthermore, an understanding of the
ways in which nitrite forms would allow for the design of experiments
to test the hypothesis that basal physiological concentrations of nitrite
contribute to hypoxic signaling and cytoprotection after I/R injury.
Although nitrite concentrations in human plasma and erythrocytes
are known to be maintained within a narrow range (121 £ 9 nM and

288 * 47 nM, respectively)!” and seem to be conserved across many
mammalian species'®, the mechanisms of nitrite formation in the
vasculature are not clear. Traditionally, auto-oxidation of NO was
thought to be the primary route of nitrite formation, based on the fact
that this reaction occurs in oxygenated aqueous buffers. However,
from a kinetic standpoint this is impossible in blood. The high
concentrations (10 mM) of hemoglobin present in blood react with
NO at nearly diffusion-limited rates (k = 3.4 x 107 M~! s71) and
convert NO to metabolically inert nitrate!®. Though the encapsulation
of hemoglobin in red blood cells creates important diffusional barriers
to NO that decrease the rate of reaction of hemoglobin with NO by
approximately 1,000-fold compared with cell-free hemoglobin, the
half-life of NO in whole blood is still calculated to be less than 2 ms.
For comparison, the calculated half-time for the NO auto-oxidation
reaction (k = 2 x 10° M= s71)20 at physiological NO and oxygen
concentrations (400 nM and 150 pM, respectively) is greater than
30 min, which shows that NO auto-oxidation cannot occur before NO
is scavenged by hemoglobin in vivo.

We therefore hypothesized that there must exist a mechanism for
metal-based catalysis of nitrite synthesis and a specific NO oxidase
activity in plasma that can effectively compete with the dioxygenase
activity of erythrocytic oxyhemoglobin. In this study we investigate the
NO oxidase activity of plasma and describe a previously unknown role
for ceruloplasmin in nitrite homeostasis.
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RESULTS

Plasma has NO oxidase activity

Despite the severe kinetic constraints on NO reactivity in blood, nitrite
somehow forms rapidly in blood in vitro*! and in vivo®2, and acute
increases in plasma nitrite concentrations are observed after pharma-
cological endothelial nitric oxide synthase activation'”?2. This suggests
that mechanisms other than NO auto-oxidation exist in the vascu-
lature to generate nitrite from NO at a kinetically favorable rate.
Indeed, we previously found that even in the presence of cell-free
hemoglobin (2 uM), a substantial concentration of nitrite is formed
when NO is added to plasma?!. To further explore the fate of NO and
formation of nitrite in blood, we added 0-50 pM of the NO donor
2-(N,N-diethylamino)-diazenolate-2-oxide nonate (DEANONOate,
or DEANO; 1) to plasma and phosphate-buffered saline (PBS) in
the presence and absence of red blood cells (50% hematocrit). After
30 min incubation at room temperature (23-27 °C), we removed
the erythrocytes by centrifugation and measured NO metabolites in
the supernatant by reductive chemiluminescence in the presence and
absence of acid sulfanilamide (Fig. 1a,b). As expected, 100% of the
added NO was oxidized to nitrite in PBS in the absence of red blood
cells (a result consistent with NO auto-oxidation), whereas approxi-
mately 90% was oxidized to nitrite in plasma in the absence of red
blood cells, with the remaining 10% forming S-nitrosothiol. In the
presence of erythrocytes, although nitrite formation was lower than in
their absence, a substantial fraction of the added NO (up to 30% with
50 uM DEANO) was able to escape scavenging by hemoglobin and
become oxidized to plasma nitrite, and a minor fraction (~4%) of the
NO formed S-nitrosothiol (Fig. 1b,c), which is consistent with
previous data?!.

When we replaced the plasma with PBS, the fraction of NO that was
oxidized to nitrite (8-10%) was substantially lower than that in
plasma (Fig. 1b). This suggests that plasma has NO oxidase activity
(the ability to catalyze the oxidation of NO to nitrite), even in the
presence of erythrocytic hemoglobin (50% hematocrit). Though
increasing hematocrit decreased the absolute amount of nitrite
formed, the ability of plasma to catalyze nitrite formation in compar-
ison to that of PBS was independent of erythrocyte concentration and
was observed at physiological hematocrits (Fig. 1d).
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The bolus addition of NO to an aerated oxyhemoglobin
or oxymyoglobin solution can yield artifactually high concentrations
of nitrite, secondary to high regional NO concentrations during
mixing?’. To make sure that the large proportion of nitrite formed
in plasma was not an artifact of such bolus NO mixing, we incubated
blood with the same concentration of several NO donors (100 pM NO
release) that have varying half-lives and with authentic NO solution
(100 pM). Although the absolute concentration of nitrite measured
was slightly different in each NO donor owing to nitrite conta-
mination, the amount of plasma nitrite formed in the presence
of erythrocytes was approximately 30% of the total amount of
nitrite formed in the absence of erythrocytes, regardless of the NO
source (Fig. le).

NO oxidase is a high-molecular-weight redox-active protein
The formation of plasma nitrite in the presence of erythrocytes
suggests that a rapid mechanism of NO oxidation, such as
metal-based catalysis, must exist in plasma. To determine whether a
metal or thiol is involved in plasma NO oxidase activity, we treated
plasma containing erythrocytes (50% hematocrit) with oxidants,
reductants and the thiol alkylating agent N-ethylmaleimide (NEM,
2) and then tested NO oxidase activity. Whereas the NO oxidase
activity of plasma was unchanged by the oxidants ferricyanide (1 mM)
and cyanide (250 uM), or by NEM (500 uM), the reductants
dithiothreitol (1 mM), glutathione (100 mM) and ascorbate
(1 mM) decreased the yield of nitrite from 26 £ 5 pM to less
than 10 uM (Fig. 2a). Treatment of plasma with the metal
chelators diethylenetriaminepentaacetate (DTPA; 3; 100 pM),
EDTA (250 puM), neocuproine (4; 200 pM) and bathocuproine
(5; 200 uM) had no effect on NO oxidase activity (Table 1). Taken
together, these data suggest that the protein of interest is a redox-active
protein sensitive to reductants, but that thiols and free metals are
not involved.

To determine the size of the plasma protein of interest, we then
subjected plasma to fractionation by passage through a Sephadex G-25
column to remove low-molecular-weight proteins and ultrafiltration
to separate the high-molecular-weight (>100 kDa) proteins. Whereas
removal of the low-molecular-weight fraction had no effect on NO
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Figure 1 Plasma has NO oxidase activity. We treated PBS and plasma in the presence and absence of erythrocytes
with DEANO (50 puM; 100 uM NO equiv.) for 30 min. (a) NO signals measured in plasma with and without
treatment with acid sulfanilamide (AS) (to selectively remove nitrite) and mercuric chloride (HgCl,) followed by acid
sulfanilamide (to remove S-nitrosothiols). (b) Nitrite concentration after the addition of DEANO to PBS (blue dashed
line), plasma (red dashed line), PBS with erythrocytes (blue solid line) or plasma with erythrocytes (red solid line).
(c) S-Nitrosothiol concentration in plasma after treatment of plasma in the presence (solid line) or absence (dashed
line) of erythrocytes with DEANO. (d) Nitrite concentration after treatment of plasma (solid line) or PBS (dashed
line) with DEANO (50 pM; 100 pM NO equiv.) in the presence of increasing hematocrit. (e) Plasma nitrite
concentration after incubation of whole blood with NO-saturated solution (100 uM) and with the NONOates (50 pM;
100 pM NO equiv.) ProliNONOate (Proli), DEANONOate (DEA) and PapaNONOate (Papa). Data are mean + s.e.m.
of at least three experiments. *P < 0.01 compared with PBS in the presence of erythrocytes.
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and type 3 copper centers, which coordinate
oxygen until electrons are present to reduce
the oxygen to water?®?°,

The type 1 copper of ceruloplasmin has
previously been considered a target for NO*°
and can catalyze S-nitrosothiol formation in
cell culture media3!. Furthermore, reduction
of the copper sites would result in inhibition

. Control 100-kDa PBS PBS +
51 filirate F’J’r'gferl';z of the enzyme’s oxidase activity, which would
0- (2100 kDa) be consistent with our observations of low-
Control DTT GSH Ascorbate  KgFe(ll)(CN)g NEM (2)

(1 mM) (100 mM) (1 mM) (1 mM) (500 pM)

Figure 2 Redox-sensitive proteins of high molecular weight are responsible for plasma NO oxidase
activity. (@) DEANONOate (50 uM; 100 uM NO equiv.) added to plasma treated with DTT (1 mM),
ascorbate (1 mM) or glutathione (GSH; 100 mM) in the presence of red blood cells (50% hematocrit)
resulted in decreased nitrite concentration whereas treatment with ferricyanide (1 mM) or NEM

(500 uM) had no effect. (b) Nitrite concentration after DEANONOate (50 uM) exposure to native
plasma, plasma after the removal of high-molecular-weight (> 100 kDa) proteins, PBS and PBS with
high-molecular-weight plasma proteins added. Data are mean + s.e.m. of at least three experiments.

*P < 0.01 compared to untreated plasma.

ered nitrite in reduced plasma samples.
Hence, we hypothesized that ceruloplasmin
could function as an NO oxidase in plasma,
with its type 1 copper site oxidizing NO to
NO*, which would be quickly hydrated to
nitrous acid and then nitrite in aqueous
solution (Fig. 3). To investigate this hypo-
thesis, we removed ceruloplasmin from
human plasma by immunoprecipitation and

oxidase activity, removal of the high-molecular-weight fraction of the
plasma caused nitrite yield to be significantly lower than that of
unfractionated plasma (16.8 + 2.4 puM versus 26.8 = 3.1 uM,
respectively; P < 0.01). When we added the high-molecular-weight
plasma fraction to PBS in the presence of erythrocytes, DEANO
addition resulted in a nitrite concentration that was higher than
that in PBS without these proteins (16.3 + 4.1 versus 10.2 +
2.4 uM, respectively). The results of these experiments (Fig. 2b)
suggest that nitrite formation in plasma is derived from a redox-active
protein of high molecular weight that is sensitive to reductants.
Because albumin has been reported to form nitrite via micellar
catalysis“, we also added 50 pM albumin to PBS; however,
there was no significant increase in nitrite in the presence of albumin.
Similarly, passing plasma through an Affy-blue (Bio-Rad) column
to remove albumin did not decrease nitrite formation in albumin-
depleted plasma with red cells (50% hematocrit) compared
with that in normal plasma (26.8 = 24 pM versus 24.8 +
3.1 puM, respectively).

Ceruloplasmin catalyzes plasma nitrite formation

Taken together, these data suggest that the protein responsible for the
NO oxidase activity must be a high-molecular-weight redox-active
plasma protein that can function as an oxidase and generate nitro-
sative (NO*) chemistry. This protein’s unavoidable competition
with the nearly diffusion-limited reaction of NO with hemoglobin
requires a rapid reaction rate with NO, which suggests metal-based
catalysis. These requirements led us to investigate the multicopper
oxidase ceruloplasmin.

Ceruloplasmin, a 132 kDa plasma protein containing six copper
centers, is expressed in plasma at concentrations of 1-5 uM and is
known to oxidize amines in a process coupled to the reduction of
molecular oxygen?>?°. Ceruloplasmin has ferroxidase activity that
is responsible for the oxidation of ferrous iron to its ferric form,
which is necessary for efficient iron efflux from the cell?”?8, The
mechanism by which ceruloplasmin oxidizes its substrates is thought
to involve a type 1 copper center that is closely associated with a
tricluster of type 2 and type 3 copper ions. Substrates are oxidized at
the first center, a reaction mediated by a one-electron reduction of
Cu(n), the cupric (2*) ion, to Cu(i), its cuprous (1*) form. The
electron is then transferred to the closely associated tricluster of type 2

confirmed this depletion by western blot of
the plasma (Fig. 4). We suspended red blood
cells in the immunodepleted plasma and incubated the depleted blood
with DEANO (50 pM). Nitrite formation in the depleted plasma was
decreased (14.8 = 1.4 uM) in comparison with normal plasma (25.3 +
24 pM) and comparable to the concentrations formed
in PBS (with red cells at 50% hematocrit; 15.2 £ 2.9 uM) in this
study. In these experiments, immunoprecipitation of plasma using
the isotype-matched haptoglobin antibody had no effect on NO
oxidase activity (Fig. 4a). We analyzed the immunoprecipitate by
MALDI-TOF with subsequent LC-MS-MS and confirmed that the
substance was indeed ceruloplasmin and addition of this immuno-
precipitate (5 pM) or purified ceruloplasmin (5 pM) from another
source (purchased from Vital Products Corp.) to the depleted
plasma restored NO oxidase activity (24.1 £ 2.7 uM). Consistent
with these results, incubation of the NO donor with the immuno-
precipitate resulted in copper reduction, which we monitored by
electron paramagnetic resonance spectroscopy (Fig. 3b). Adding
increasing concentrations of the immunoaffinity-purified cerulo-
plasmin to plasma (with red cells at 50% hematocrit) also increased
nitrite formation from DEANO in a concentration-dependent
manner (Fig. 4b). Notably, the concentration of plasma S-nitrosothiol
(53 + 04 puM) was not significantly changed by the depletion
(5.2 £ 0.7 uM) or supplementation (4.9 + 0.8 uM) of ceruloplasmin,
an observation consistent with the high instability of the nitrososo-
nium cation in aqueous solutions (lifetime of 3 x 1071% seconds)%;
NO™* preferentially reacts with water (to form nitrite) over thiols
(to form S-nitrosothiols).

Although addition of the same concentration of the immuno-
purified ceruloplasmin substantially increased nitrite formation in
PBS (from 15.2 = 2.9 to 21.0 = 1.7 uM), it did not increase it

Table 1 NO oxidase activity of plasma and PBS pretreated with
various chelators

Chelator Plasma PBS

Control 19.2 £ 0.312 10.6 +0.112
DTPA (100 pM) 18.9 £ 0.101 9.11 £ 0.243
Neocuproine (200 puM) 176+ 1.21 10.1 £ 0.732
Bathocuproine (200 uM) 18.1 +0.241 10.6 + 0.414
EDTA (250 pM) 18.9 £ 0.344 10.1 + 0.403
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Figure 3 Ceruloplasmin as an NO oxidase.

(@) NO is oxidized to NO* at the type 1 copper
site, which is reduced from Cu2* to Cul*. NO* is
hydrated to nitrous acid, which is in equilibrium
with nitrite. The electron gained by the copper
center is transferred to the type 2 and 3 copper
tricluster to return to the Cul* state. Oxygen

Type 1 Types 2 and 3
a center tricluster b 0.8 1
0.6 1
NO Cu2+ o 0.4

Cu1+
NO*
H,O

H* H* —0.41

HNO, <~ H*+NO,~ —0.6-

to the level of formation in plasma, which suggests that other co-
factors in plasma may be necessary for ceruloplasmin-dependent
NO oxidase activity. To further investigate whether cofactors are
needed for ceruloplasmin-dependent NO oxidase activity, we diluted
ceruloplasmin-depleted plasma with PBS to different extents. We
added immunopurified ceruloplasmin (3 pM) to each dilution and
measured NO oxidase activity. Addition of increasing concentrations
of ceruloplasmin-depleted plasma to PBS with 3 pM ceruloplasmin
caused NO oxidase activity to increase in a dose-dependent
manner (Fig. 4c).

NO oxidase activity is reduced in ceruloplasmin knockouts

Ceruloplasmin knockout mice serve as a model for aceruloplasmine-
mia and develop many of the clinical abnormalities observed in the
human disease, such as pathological iron accumulation in the liver,
spleen and retina®>. Measurement of basal nitrite concentrations in the
blood of these mice showed that plasma nitrite concentrations were
significantly lower in both the heterozygous (0.53 = 0.03 uM) and
homozygous (0.51 £ 0.05 uM) animals compared with wild-type
controls (0.79 + 0.08 uM; P = 0.01 and P = 0.005, respectively;
Fig. 5a). Though there was no significant difference in nitrite
concentrations between the homozygous and heterozygous animals,
this was not unexpected given that there was also no significant
difference between the groups’ amine oxidase activity, measured by the
ability of plasma from these animals to oxidize p-phenylenediamine
(heterozygotes, 0.022 + 0.007 versus homozygotes, 0.015 + 0.002
units ml~%; P = 0.1; Fig. 5b). The levels of p-phenylediamine oxidation
reported here, particularly in the heterozygote mice, are lower
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-0.21

is coordinated by the copper tricluster and is
ultimately reduced to water by four electrons.
(b) EPR spectra of immunopurified human
ceruloplasmin treated with (red) or without
(blue) DEANONOate (25 pM).

than those previously published (0.022 + 0.007 versus 0.037 * 0.010
units ml™!, respectively)?’; this may be due to the relatively young age
(3 months) of the mice used for the measurements in this study.
These data suggest that in both heterozygotes and homozygotes the
ceruloplasmin deficiency is sufficient to largely eliminate the NO
oxidase activity in the presence of red blood cells. We then tested the
NO oxidase activity of the mouse plasma in vitro by suspending
freshly obtained human erythrocytes (50% hematocrit) in the plasma
and incubating it with DEANO (100 uM NO) for 30 min. After
incubation, the resulting plasma nitrite concentration of the cerulo-
plasmin knockout animals was significantly lower than that in the wild
type (13 + 5.13 versus 25.01 + 4.85 uM; P = 0.05) and comparable to
nitrite generated in PBS in the presence of erythrocytes (Fig. 5c).
Notably, basal concentrations of plasma nitrite in each mouse
significantly correlated with the measured NO oxidase activity from
the same mouse, supporting the hypothesis that NO oxidase activity
contributes to in vivo plasma nitrite formation (R = 0.62; P = 0.01;
Fig. 5d). We performed these in vitro experiments in the presence of
human erythrocytes in all groups, thereby confirming that the plasma
compartment is indeed responsible for the NO oxidase activity and
there is little contribution from erythrocytes.

Plasma NO oxidase activity is reduced in aceruloplasminemia

Aceruloplasminemia is a rare autosomal recessive disease in which a
mutation in the ceruloplasmin gene results in the absence of circulat-
ing ceruloplasmin®*. Individuals with this condition develop iron
accumulation in the liver, spleen, retina and central nervous system
as a result of impaired iron efflux***>. Increased lipid peroxidation
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Figure 4 Ceruloplasmin is a plasma NO oxidase. (a) Nitrite concentrations in the supernatant after addition of DEANO (50 puM; 100 uM NO equiv.) to
erythrocytes (50% hematocrit) suspended in plasma (control), plasma immunodepleted of ceruloplasmin (ID plasma), PBS, PBS with immunoprecipitated
ceruloplasmin (PBS + CP; 5 uM) and immunodepleted plasma with immunopurified ceruloplasmin (ID plasma + CP; 5 uM). Haptoglobin ID is plasma
immunodepleted of haptoglobin with same conditions. Inset shows a western blot of plasma before treatment, the immunoprecipitate, immunodepleted

plasma and purified ceruloplasmin. (b) Plasma nitrite concentrations after the addition of increasing concentrations of ceruloplasmin to whole blood and

subsequent incubation with DEANO. (c) NO oxidase activity of PBS alone, PBS with increasing percentage of ceruloplasmin depleted plasma added, and
undepleted plasma. All conditions except for undepleted plasma have immunopurified ceruloplasmin (3 uM) added. Data represent means + s.e.m. for at
least three independent experiments. *P < 0.01, #P < 0.05 (versus O uM in b).
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Figure 5 Ceruloplasmin deficiency results in decreased plasma nitrite. (a) Basal plasma nitrite concentrations of
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wild-type, heterozygous and homozygous ceruloplasmin knockout mice. (b) Amine oxidase activity of plasma from =S
wild-type mice, heterozygotes and homozygotes measured by p-phenylenediamine (PPD) oxidation. (c) Nitrite 2 301
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squares heterozygotes and closed squares homozygotes (R = 0.62, P = 0.01). (e) Plasma nitrite concentrations in 101
aceruloplasminemic individuals and healthy controls after incubation with DEANONOate (n = 4). Graphs show mean 0

+s.em. *P < 0.01, #P < 0.05.

Healthy  Aceruloplasminemic
volunteers patients

and mitochondrial abnormalities occur secondary to iron deposition
and are thought to contribute to the observed profound neurodegen-
eration®®?”, We hypothesized that if ceruloplasmin is responsible for
plasma nitrite generation, individuals with aceruloplasminemia
should have lower NO oxidase activity of plasma than healthy
controls. To test this hypothesis, we collected blood samples from
four aceruloplasminemic individuals in heparinized syringes and
centrifuged the samples to separate the plasma. We then suspended
normal erythrocytes in this plasma and added DEANO (50 pM).
After 30 min of incubation, plasma nitrite concentrations were
significantly lower in plasma from aceruloplasminemic individuals
than in plasma from healthy controls (12.2 + 6 pM versus 30.1 £ 2.4
UM; P = 0.01; Fig. 5e).

Ceruloplasmin and nitrite concentrations modulate I/R injury

We have previously shown that near-physiological concentrations of
nitrite are cytoprotective in a mouse model of hepatic I/R!?. Indeed, as
little as 2.4 nmol of nitrite, which only increases plasma nitrite
concentrations from 700 to 900 nM, reduces liver and heart infarction
by 50%!°. These findings suggest that endogenous nitrite concentra-
tions may modulate the cellular response to ischemic stress. Because
ceruloplasmin knockout mice have a 300 nM reduction in basal
plasma nitrite compared with the wild type, we hypothesized that
they would sustain more injury after I/R than wild-type mice and that
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nitrite nitrite
Figure 6 Ceruloplasmin knockout mice sustain more I/R-induced injury than
wild-type mice, and nitrite is cytoprotective. (a,b) Circulating concentrations
of ALT in male (a) and female (b) wild-type and ceruloplasmin knockout
mice with and without nitrite treatment after 45 min of hepatic ischemia
and 5 h of reperfusion. Graphs show mean + s.e.m. Circled numbers in
each bar represent the number of animals in the corresponding group.

nitrite repletion would normalize this response. To test this hypothesis,
we subjected wild-type and homozygous knockout mice to 45 min of
hepatic ischemia during which we gave half of the animals one
intraperitoneal dose of nitrite (48 nmol). After 5 h of reperfusion,
we measured the circulating concentrations of the liver transaminases
alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
to assess the extent of hepatocellular apoptosis and necrosis.
We observed a gender divergence in injury similar to that reported
previously*® in which females in all groups had milder injuries than
males. Indeed, whereas no female mice and no control mice died after
reperfusion, two untreated male knockout mice died 45 min after the
initiation of reperfusion, and one male nitrite-treated knockout mouse
died 4 h into reperfusion. Of the surviving mice, ceruloplasmin
knockout mice sustained significantly greater injuries than wild-type
animals regardless of gender (1,100 £ 51 versus 817 + 45 international
units (IU) I"! ALT in males; 737 + 88 versus 535 + 23 TU I'! AST in
females). Consistent with this being a nitrite-dependent effect, exo-
genous nitrite administration during ischemia reduced the severity of
liver cytotoxicity in the knockout mice to that of the wild-type
controls (Fig. 6).

DISCUSSION

In summary, we found that in the presence of a physiological hema-
tocrit, up to 30% of NO added to blood is oxidized to plasma nitrite in
a process catalyzed by the multicopper oxidase ceruloplasmin. Cerulo-
plasmin is a 132-kDa protein present in micromolar concentrations in
plasma and upregulated as an acute-phase protein in inflammatory
conditions, as well as in pregnancy and diabetes and after myocardial
infarction?®3>3°, This complex protein contains six copper centers with
ferroxidase activity that oxidizes iron and facilitates iron efflux from
cells?®. However, many questions remain concerning the biological role
of ceruloplasmin in vivo; the possibility that ceruloplasmin may use and
oxidize alternative substrates has received little attention.

In addition to circulating in plasma, ceruloplasmin is synthesized in
the liver and in macrophages, in which concentrations of nitrite exist
in the micromolar range?’2%40, Although approximately 95% of the
copper found in the human body is contained in ceruloplasmin,
several other multicopper oxidase enzymes are distributed throughout
the body. These enzymes may also participate in NO metabolism and
nitrite synthesis. Indeed, a role for mitochondrial cytochrome ¢
oxidase in the oxidation of NO to nitrite has previously been
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proposed*!. Further studies are needed to investigate whether the
ferroxidase hephaestin or the yeast homolog fet3 has such a role.

Consistent with previous studies from our laboratory, we found
that 10% of added NO formed plasma S-nitrosothiol in the absence
of erythrocytes, whereas that fraction decreased to 4% when we
added red blood cells (50% hematocrit). Formation of S-nitrosoglu-
tathione in the media of HepG2 hepatic carcinoma cells is dependent
on ceruloplasmin released by these cells’. However, in our experi-
ments in whole blood, the concentration of plasma S-nitrosothiol
remained unchanged when we added or removed ceruloplasmin
from plasma. The nitrosonium cation (NO™) that is produced after
NO oxidation by ceruloplasmin can nitrosate thiols or react with
water to generate nitrite. Although plasma contains high concentra-
tions of thiol targets such as albumin and glutathione, our data
suggest that NO* hydration and nitrite formation is the favored
reaction in human plasma. This metal-catalyzed nitrosonium
chemistry suggests that protein thiol concentration and nucleophili-
city, together with microenvironment hydrophobicity and proximity
to the NO oxidase, modulates nitrite and S-nitrosothiol yields in
biological compartments.

In these experiments we found that the addition of purified
ceruloplasmin to plasma increased the NO oxidase activity and
amount of nitrite formed from NO. In vivo, ceruloplasmin is an
acute-phase reactant that is transcriptionally upregulated during
inflammation to concentrations as high as 15 uM40, Furthermore,
the ceruloplasmin gene contains hypoxia-responsive elements to
which hypoxia-inducible factor 1o (HIF-1a) binds, increasing tran-
scription during hypoxia. This suggests that ceruloplasmin is a
member of a large group of proteins that are upregulated as an
adaptation to hypoxia>*3, With increasing data showing that nitrite
may have a tissue-protective effect during hypoxia and a potential role
in hypoxic vasodilation and signaling, this increase in ceruloplasmin
may represent an adaptive mechanism to increase nitrite concentra-
tions. Additionally, induction of ceruloplasmin has been observed
after acute myocardial infarction*, and changes in plasma nitrite as
small as 200 nM protect tissue after experimental I/R injury'. Indeed,
consistent with these results, we have shown that ceruloplasmin
knockout animals sustain more I/R injury than wild-type animals.
Additionally, supplementation of nitrite during I/R reduces the injury
level in ceruloplasmin knockout mice to that of wild-type controls.
These studies suggest that increases in blood and tissue nitrite after
ischemic or hypoxic preconditioning that are associated with diets rich
in leafy green vegetables may mechanistically account for the asso-
ciated cardioprotective effects’.

The role of ceruloplasmin in the progression of cardiovascular
disease is unknown. Conflicting evidence has been presented: some
studies have shown ceruloplasmin to act as an oxidant, enhancing
oxidation of low-density lipoprotein (LDL) in the vasculature*>0,
whereas other data suggests that ceruloplasmin is an antioxidant,
decreasing iron concentrations (which drive Fenton chemistry) in
cells. In a study comparing thiobarbituric acid-reactive products
(TBARS) in plasma, plasma from aceruloplasminemic individuals
was more susceptible to copper-mediated lipid peroxidation in vitro
than plasma from healthy family members; the addition of cerulo-
plasmin to the plasma inhibited the formation of TBARSY. People
deficient in ceruloplasmin reportedly also develop increased plasma
lipid peroxidation in vivo as well as accumulation of long-chain fatty
acids in erythrocytic membranes?”#8, In the heart, aceruloplasmine-
mic individuals have higher concentrations of the cholesterol per-
oxidation products 7-hydrocholesterol and 7-ketocholesterol than
healthy subjects®. Clearly, further investigation is warranted to
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determine whether nitrite formed from ceruloplasmin modulates
oxidant stress or cardiovascular disease.

In conclusion, we have shown that ceruloplasmin is an NO oxidase
that generates nitrite in plasma and that physiological concentrations
of ceruloplasmin and nitrite modulate tissue response to ischemia. We
suggest a new paradigm for intravascular NO signaling in which NO
can function either as a paracrine signaling molecule, with endothelial
NO synthase—derived NO activating smooth muscle guanylate cyclase,
or as an endocrine signaling molecule, with plasma (or tissue)
ceruloplasmin—mediated NO oxidation generating nitrite, which can
modulate hypoxic stress responses. According to this paradigm, the
NO oxidase plays a critical role in the bioactivation of intravascular
and tissue NO by limiting NO dioxygenation reactions with hemo-
globin, myoglobin and other globin proteins. Thus the concentration
and subcellular localization of the NO oxidase determines NO
disposition. We speculate that coupled NO synthase-NO oxidase
enzyme activities in plasma, macrophages, erythrocytes and other
tissue compartments may redirect NO to nitrosative and endocrine
nitrite-signaling pathways.

METHODS

Materials. We purchased all chemicals from Sigma-Aldrich unless otherwise
stated. We obtained human purified ceruloplasmin from Vital Products and
G-25 columns from Amersham Bioscience. We purchased NONOates from
Sigma Aldrich or Cayman Chemicals.

Blood collection and processing. We collected blood from healthy volunteers
in accordance with a protocol that was approved by the Institutional Review
Board of the National Heart, Lung and Blood Institute, and all volunteers gave
written informed consent. We collected blood by venipuncture using methods
to limit ex vivo hemolysis and immediately treated it with heparin. We obtained
plasma from aceruloplasminemic patients from Hamamatsu University College
of Medicine, and it was shipped to the National Institutes of Health on dry ice
in tubes without patient identifiers.

NO oxidase activity measurements. We centrifuged heparinized blood at 750g
for 5 min and separated plasma from erythrocytes. We used healthy human
erythrocytes in all experiments. We washed erythrocytes twice with PBS to
remove any residual plasma and then resuspended them in PBS or plasma at
50% hematocrit. We added NO donors to the suspension and incubated the
sample at room temperature for 7 half-lives of the donor with intermittent
mixing. We then centrifuged samples again at 750g for 5 min to separate
erythrocytes, and we measured nitrite concentration in the supernatant
by triodide-based reductive chemiluminescence as previously described™.
We treated samples with and without acidic sulfanilamide (0.5% in 0.1 M
HCI final concentration) to determine S-nitrosothiol concentration as pre-
viously described®. We initially observed that the absolute concentrations of
nitrite formed with different donors were variable, likely owing to differing
amounts of contaminating nitrite in various NO donors®!. However, when we
added these donors to PBS in the absence of erythrocytes, we found that the
resulting nitrite concentration was also variable.

Though we report that significant concentrations of plasma nitrite are
formed from added NO in this study, the absolute concentration of nitrite
may have been underestimated owing to experimental design. The addition of
bolus NO to experimental systems has been reported to form artifactual NO
oxides?3. To avoid these artifacts, we used an NO donor (DEANO) with a half-
life of 4 min. To ensure complete decay of the donor, we allowed the reaction
mixture to incubate for up to 30 min. However, we have previously shown that
the half-life of nitrite in blood is 11 min!’, which suggests that within our
experimental reaction time, a substantial decay of nitrite may have occurred.

Measurement of amine oxidase activity. We measured ceruloplasmin activity
spectrophotometrically by monitoring the oxidation of p-phenylenediamine
at 530 nm in the presence of plasma from knockout and wild-type mice
(3 months of age) as described previously>.
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Immunoprecipitation of ceruloplasmin. We immunoprecipitated human
ceruloplasmin by passing plasma over gel beads (Pierce Biotechnology) con-
jugated to antibodies raised against ceruloplasmin (Sigma) or antibodies raised
against haptoglobin (Sigma) as a control. We performed western blot analysis
of depleted plasma by electrophoresis in 12% Bis-Tris precast gels (Invitrogen)
and probed with antibodies raised against ceruloplasmin (Sigma). We eluted
immunoprecipitated ceruloplasmin from the gel beads, quantified it and added
it back to depleted plasma or PBS as specified in the Results. We also added
human purified ceruloplasmin to depleted plasma.

Ceruloplasmin knockout mice. We obtained wild-type (Cp*/*), heterozygous
(Cp™) and homozygous ceruloplasmin knockout (Cp™~) mice (males and
females) from Z.L. Harris at Johns Hopkins Hospital and School of Medicine.
The mice are on a pure C57/BL6 background and backcrossed more than
12 generations. We allowed them food and water ad libitum and kept them on a
12 h-12 h light-dark cycle. All animal procedures were approved by the
Institutional Animal Care and Use Committee of Johns Hopkins College of
Medicine. We obtained blood by puncture of the retro-orbital plexus under
anesthetization with ketamine and xylazine. We measured NO oxidase activity
in knockout mice in the presence of healthy human red blood cells in all groups.
We measured oxidation of p-phenylediamine in mice 3 months of age, whereas
mice in which we measured I/R injury ranged from 3 to 8 months in age.

Treatment of plasma with oxidants and reductants. In experiments involving
the pretreatment of plasma with cyanide, ferricyanide, dithiothreitol,
glutathione, ascorbate and NEM, we incubated plasma with the agent for
10 min at room temperature and then passed it through a Sephadex G-25
column to remove excess reagent; we then incubated the plasma with red cells
at 50% hematocrit for NO oxidase activity experiments. We removed high-
molecular-weight proteins from plasma using ultraspin columns (Millipore)
with a molecular weight cutoff of 100 kDa.

EPR spectroscopy. We took spectra at 20 K using an X-band Bruker Elexsys
EPR spectrometer. Collection parameters were as follows: microwave power,
2 mW; modulation amplitude, 5 G, scan width 1,000 G; sweep time 42 s; time
constant, 20 ms; number of averaged spectra, 8.

Hepatic I/R. We carried out hepatic I/R as previously described!?. Briefly, we
anesthetized mice by intraperitoneal administration of ketamine (100 mg kg™')
and xylazine (8 mg kg™') before surgery. We made a midline incision to expose
the liver, and we heparinized (100 pg kg™!) the mice to prevent blood clotting.
We clamped the hepatic artery and portal vein with microaneurysm clamps to
cause ischemia in the left lateral and median lobes of the liver, and we left the
clamp in place for 45 min, during which we kept the liver moist using gauze
soaked in 0.9% saline. We removed the clamp after 45 min and sutured the
midline to allow recovery. Five hours later, we drew blood from the inferior
vena cava and measured liver transaminase concentrations in the plasma.
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