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ABSTRACT: The reaction of deoxyhemoglobin with nitric oxide (NO) or nitrite ions (NO2
-) produces iron-

nitrosyl-hemoglobin (HbNO) in contrast to the reaction with oxyhemoglobin, which produces methemo-
globin and nitrate (NO3

-). HbNO has not been associated with the known bioactivities of NO. We
hypothesized that HbNO in erythrocytes could be an important source of bioactive NO/nitrite if its oxidation
was coupled to the ascorbic acid (ASC) cycle. Studied by absorption and electron paramagnetic resonance
(EPR) spectroscopy, DHA oxidized HbNO to methemoglobin and liberated NO from HbNO as determined
by chemiluminescence. Both DHA and ascorbate free radical (AFR), the intermediate between ASC and
DHA, enhanced NO oxidation to nitrite, but not nitrate; nor did either oxidize nitrite to nitrate. DHA
increased the basal levels of nitrite in erythrocytes, while the reactions of nitrite with hemoglobin are
slow. In erythrocytes loaded with HbNO, HbNO disappeared after DHA addition, and the AFR signal
was detected by EPR. We suggest that the ASC-AFR-DHA cycle may be coupled to that of HbNO-
nitrite and provide a mechanism for the endocrine transport of NO via hemoglobin within erythrocytes,
resulting in the production of intracellular nitrite. Additionally, intracellular nitrite and nitrate seem to be
largely generated by independent pathways within the erythrocyte. These data provide a physiologically
robust mechanism for erythrocytic transport of NO bioactivity allowing for hormone-like properties.

The reactions of hemoglobin with NO and its metabolites
are considered to be the main mechanism limiting NO
bioavailability in ViVo.The reactions include conversion of
NO to inactive nitrate and methemoglobin under aerobic
conditions by oxyhemoglobin (k ) 5 × 107 M-1 · s-1) (1) or
iron-nitrosyl-hemoglobin (HbNO1) under anaerobic condi-
tions by reacting with deoxyhemoglobin (k ) 2.6 × 107

M-1 · s-1) (2). HbNO is considered to be a stable and inert
end product of NO-deoxyhemoglobin interaction because
of its slow dissociation rate (2–4); however, its half-time in
ViVo has been estimated as 40 min after NO inhalation in
human subjects (5). The biological function and metabolic
pathways of HbNO in erythrocytes have not been described.
HbNO in erythrocytes could be an important source of
bioactive NO and could explain aspects of the role of
erythrocytes in the transport of NO to tissues (6) and other
endocrine effects of NO. HbNO could also be generated

directly from nitrite or indirectly following nitrite reduction
to NO catalyzed by the reductase activity of hemoglobin (4).
The nitrite reductase activity of deoxyhemoglobin had been
described to produce HbNO (7) and is now believed to be a
mechanism of hypoxic vasodilation driven by deoxyhemo-
globin and acidosis (8, 9). However, the explanation of how
HbNO is itself metabolized remains unknown.

We have also addressed the hypothesis that nitrite can be
generated from HbNO in erythrocytes. Most nitrite in blood
resides in erythrocytes, (∼300 nM) (10), and this has been
postulated to serve the endocrine delivery of NO (11). Nitrite
is also present in plasma, presumably generated from
autoxidation of NO (12) or NO oxidase activity of cerulo-
plasmin (13). However, the autoxidation of NO to nitrite (k
) 2 × 106 M-2 · s-1) (12) at physiologic NO and oxygen
levels (400 nM and 150 µM, respectively) is considered
unlikely to compete with the very high concentrations of
oxyhemoglobin (∼10–20 mM) in erythrocytes, which would
rapidly convert NO to the nitrate anion (NO3

-). Thus, the
mechanism to maintain nitrite levels through either genera-
tion from HbNO or transport of NO into erythrocytes remains
unknown in view of competition with high hemoglobin
concentrations.

NO donors have been shown to produce ascorbic acid in
erythrocytes (14). In this case, ascorbic acid is thought to
be produced intracellularly from its oxidized forms, ascorbate
free radical (AFR) or dehydroascorbic acid (DHA), and this
reaction could yield nitrite. Ascorbic acid is unstable and
oxidized rapidly to DHA in aqueous solution (15); both
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ascorbic acid and DHA, however, are dietary forms of
vitamin C in humans and possess equivalent bioavailability
(16). Although they are metabolically converted to each
other, only DHA is rapidly taken up by human erythrocytes
but is thought to be immediately reduced to ascorbic acid,
which could reach intracellular concentrations of up to
millimolar levels (16–18). Since NO increases ascorbic acid
in erythrocytes, it is likely that nitrite is produced from the
reaction of DHA or AFR with NO. In the presence of high
levels of NO, DHA consumes NO efficiently in Vitro (19),
and this process would be expected to yield nitrite. DHA
concentration values in blood are controversial, depending
on a variety of methods of measurement; plasma DHA values
have been reported ranging from zero (20), 2–11 µM (21–24),
and up to 53 µM (25), while DHA concentrations in
erythrocytes were reported as zero (20) and ∼9 µM (24).
The basal levels of HbNO in human blood are reported
varying from 0.2 to 0.4 µM (26) to 5 µM (27) as detected
by tri-iodide-based and photolysis-based chemiluminescence,
respectively, or 20–200 nM (5, 28) by electron paramagnetic
resonance (EPR).

In this study, we demonstrate that DHA could oxidize
HbNO and liberate NO to form nitrite in erythrocytes.
Vitamin C recycling could convert inert HbNO to bioactive
NO/nitrite and may contribute to the endocrine delivery of
NO by blood.

MATERIALS AND METHODS

Reagents. Sodium nitrite, dehydroascorbic acid (DHA),
and all other reagents were purchased from Sigma-Aldrich
(Saint Louis, MO). Proli NONOate (PRNO) was purchased
from Alexis (San Diego, CA). Spermine NONOate (SPNO)
and PRNO were initially dissolved in 1 M NaOH as 0.1 M
stock solution and kept at 4 °C. DHA, sodium nitrite, and
other reagents were freshly prepared. DHA and ascorbic acid
solution was adjusted to pH 7 by NaOH prior to use.

Visible Absorption Spectroscopy and Preparation of
HbNO. The stock hemoglobin solution (3 mM) was prepared
from human blood (29) and kept at -80 °C. The 10%H2/
90%N2 gas mixture was used to deoxygenate hemoglobin.
Thirty micromolar of HbNO in phosphate-buffered saline
(PBS) was prepared by incubating 30 µM deoxyhemoglobin
with 50 µM SPNO for 3 h at 37 °C under anaerobic
conditions. A UV/visible spectrophotometer model HP 8453
(Agilent Technologies, Santa Clara, CA) equipped with 8-cell
transporter and water bath temperature control was used. The
purity of deoxyhemoglobin and HbNO was calculated
through spectral deconvolution. All measurements were
performed at 37 °C.

Measurement of NO Release. NO gas liberated from a
reaction mixture was measured by chemiluminescence NO
analyzer (CLD88Y et; Eco Physics Inc., Ann Arbor, MI) in
real-time. Helium or 21% O2/79% N2 gas mixture was used
as the carrier gas without bubbling in studies under anaerobic
and aerobic conditions, respectively, and the flow rate was
strictly regulated. The reactions were carried out at 37 °C in
25 mL-filter flasks. Calculated amounts of NO were validated
by injection of sodium nitrite standards into tri-iodide
solution.

Preparation of HbNO-Loaded Erythrocytes. Washed hu-
man erythrocytes (40% hematocrit in PBS) were deoxygen-

ated by helium for 1 h at room temperature with gentle
stirring. This would produce at least 70% deoxyhemoglobin
as determined by the deconvolution of absorption spectra.
Deoxygenated cells were treated with 100 µM SPNO at room
temperature for an additional 1 h to produce intracellular
HbNO and then washed to remove excess SPNO. This
method produced ∼1 µM HbNO in 40% erythrocyte suspen-
sion as measured by tri-iodide chemiluminescence. In some
experiments, DHA (500 µM) was incubated for 30 min with
the HbNO-loaded erythrocytes at 37 °C. Then, 300 µL of
cell suspension was transferred to EPR tubes, which were
immediately frozen in liquid nitrogen.

EPR Determination of HbNO. Erythrocyte suspensions and
hemoglobin solutions taken before and after the addition of
DHA were frozen in liquid nitrogen and then kept at -80
°C. The EPR spectra at 100 K were recorded on MiniScope
MS200 EPR spectrometer (Magnettech, Berlin, Germany)
equipped with temperature controller H02 using the following
conditions: modulation amplitude 10 G and scan time 60 s.
In separate experiments, samples were scanned from the g
) 6 to g ) 2 region to reveal the presence of methemoglobin
and HbNO at 6 K using a Bruker Elexys EPR spectrometer
(Bruker, MA) with a modulation frequency of 100 kHz, a
modulation amplitude of 10 G, and a sweep time of 86 s.

Measurement of Nitrite and Nitrate in Aqueous Buffer. In
order to measure nitrite and nitrate simultaneously, HPLC
with subsequent postcolumn derivatization with the Griess
reagent (ENO-20 analyzer, Eicom Corporation, San Diego,
CA) was used. The reaction between DHA and NO donors
in PBS containing 0.1 mM diethylenetriaminepentaacetic acid
(DTPA) at 37 °C was stopped by injecting the reaction
mixture into the HPLC system. The values were calculated
after subtraction from the basal levels in PBS.

Measurement of Ascorbate Free Radical (AFR). AFR was
generated in PBS containing 0.1 mM DTPA from 1 mM
ascorbic acid and 0.3 unit/mL ascorbate oxidase and recorded
at different times by EPR spectroscopy (MiniScope) at room
temperature. The concentration of AFR was determined
following calibration of the instrument using 10 µM 2,2,6,6-
tetramethyl-4-hydroxy-piperidine-N-oxyl (17).

Measurement of Nitrite and HbNO in Erythrocytes. Nitrite
levels in erythrocytes were determined by tri-iodide-based
chemiluminescence with nitrite-stabilizing solution (10).
Apart from spectral deconvolution, HbNO was also deter-
mined by this method, which showed similar results.
Identification of HbNO was done by pretreating samples with
50 mM HgCl2 and 5% acidified sulfanilamide to eliminate
SNOHb and nitrite, respectively (30).

Statistical Analysis. Data processing and statistical test
were done by Prism, version 4.0 (GraphPad Software Inc.,
San Diego, CA). Reported data in figures and text are given
as the mean ( SE and the mean ( SD, respectively from at
least three experiments. Analysis of variance (ANOVA) with
Tukey’s multiple comparison test was used to compare with
acceptable p value less than 0.05.

RESULTS

DHA Oxidized HbNO to Methemoglobin and Caused NO
Release. We tested the hypothesis that DHA could oxidize
HbNO and release NO for nitrite formation. The purity of
HbNO was checked by spectroscopy, and HbNO was stable
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at 4 °C under anaerobic conditions for 24 h, but slowly
decayed with a rate constant of 1.46 ( 0.16 × 10-4 s-1 (half-
life ∼79 min) at 37 °C under aerobic conditions. The addition
of 25 µM DHA was followed by a more rapid decrease of
the HbNO peak at 575 nm and an increase of the methemo-
globin (metHb) peak at 630 nm under aerobic conditions
(Figure 1A). The fraction of HbNO and metHb was
calculated using spectral deconvolution and plotted against
time (Figure 1B). There was no change in the absorption
spectra of HbNO with DHA under anaerobic conditions. The
data from absorption spectrosocopy were consistent with the
parallel EPR results: a decrease in the EPR signal of 30 µM
HbNO (g ) 2) and an increase in the signal of methemo-
globin (g ) 6) (Figure 1C) after 3 h of incubation with 25
µM DHA. The area of EPR signal of HbNO was calculated
from double integration. The ability of DHA in oxidizing
HbNO was comparable with that of ferricyanide as shown

in the time course of the area of the HbNO EPR signal (inset
of Figure 1C). The second-order rate constant of the reaction
between HbNO and DHA under aerobic conditions is 0.071
( 0.016 M-1 · s-1 (Figure 1D) as calculated from the
disappearance of HbNO. Furthermore, the NO release from
HbNO was detected by chemiluminescence immediately after
DHA injection (Figure 1E). Under aerobic conditions, NO
was released from 30 µM HbNO after adding DHA.

AFR and DHA Enhanced NO Oxidation to Nitrite in PBS.
Oxidation of NO released from PRNO (10 µM) or SPNO (1
µM) in PBS containing 0.1 mM DTPA was studied with
and without DHA or AFR at 37 °C. AFR was generated
using 1 mM ascorbic acid and 0.3 unit/mL ascorbate oxidase,
which yielded ∼2.5 µM AFR as determined by EPR. The
formation of nitrite and nitrate was measured by HPLC
(ENO-20 analyzer). One mole of PRNO (half-life ∼1.8 s)
or SPNO (half-life ∼39 min) gives 2 mol of NO. AFR and

FIGURE 1: Oxidation and NO release from HbNO by DHA. Thirty micromolar HbNO (prepared as described in Materials and Methods)
was incubated with 25 µM DHA in PBS at 37 °C under aerobic conditions. (A) Spectral evolution showing a decrease of HbNO (575 nm)
and increase of methemoglobin (630 nm) at time 0, 5, 30, 60, 120, 180, and 240 min. (B) Time course of HbNO and metHb. (C) EPR
spectra of control HbNO (30 µM) and HbNO incubated with 25 µM DHA for 1, 2, and 3 h at 37 °C. The EPR spectra were recorded at
6 K. The inset depicts the time-course profile of HbNO oxidation by 25 µM DHA or ferricyanide. HbNO was calculated from the double
integration of the EPR signal. Each point represents the mean ( SE (n ) 3). (D) Apparent rate constants as a function of DHA concentrations.
Thirty micromolar HbNO was incubated with DHA under aerobic conditions at 37 °C. (E) NO release from HbNO by DHA. NO release
was measured by chemiluminescence after the addition of 2.5 µM DHA to hemoglobin solution (4 mL) containing 30 µM HbNO in PBS
at 37 °C, under 21% O2. Inset: Calculated NO release (in pmol) after injection of 0.25 and 2.5 µM DHA.
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DHA (500 µM) enhanced NO oxidation as shown in the
time-course plots of nitrite formation (Figure 2A and B).
Addition of DHA (500 µM) had no effect on nitrite (1 µM)
in PBS. No increase in nitrate levels was observed from the
reactions between NO and DHA or AFR. These suggest that
nitrite is stable and that DHA does not react with NO and
nitrite to form nitrate in aqueous buffer. These results are
consistent with the ability of DHA to consume NO as
measured by chemiluminescence (Figure 2C). The rate of
NO consumption by DHA was ∼4 times less than that by
oxyhemoglobin (inset of Figure 2C), and the relative rate
constant of the reaction of NO and DHA was 1.26 ( 0.02
× 107 M-1 · s-1. In PBS, ascorbic acid, only at high
concentrations (millimolar), was able to reduce nitrite (1 mM)
to NO as determined by chemiluminescence, and the NO
generation increased exponentially when pH was <7.4
(Figure 2D).

DHA Increased Nitrite LeVels in Erythrocytes. Nitrite-
stabilizing solution containing ferricyanide was used to
inhibit nitrite oxidation to nitrate by oxyhemoglobin in
erythrocytes. We have shown previously that nitrite is
unstable in erythrocytes (half-time in whole blood ∼10 min
after drawing), but it is stable over 24 h at room temperature
with the stabilizing solution (10). Because ferricyanide
oxidizes HbNO (Figure 1C) and might release NO to form
nitrite, we tested the nitrite formation from HbNO solution
and erythrocytes after mixing them with the stabilizing
solution. Hemoglobin (30 µM) was deoxygenated and

subsequently incubated with 100 µM SPNO to generate
HbNO with continuous monitoring by absorption spectros-
copy. The ultrafiltration with 10,000-molecular-weight-cutoff
filters (Amicon Ultra, Millipore, Bedford, MA) was used to
remove excess SPNO and concentrate HbNO. The filters
were washed extensively with PBS to remove contaminated
nitrite before use. The retentate was redissolved in PBS.
Addition of the stabilizing solution fully eliminated HbNO,
while the nitrite levels were unchanged (Figure 3A). In
erythrocytes with additional HbNO, the nitrite levels were
unaffected. These suggest that HbNO is oxidized to nitrate,
which is undetectable by tri-iodide chemiluminescence
without producing artificial nitrite.

We used the PBS-washed erythrocytes throughout the
studies, which had average nitrite levels of 66 ( 21 nM
(Figure 3B). The nitrite levels in these washed erythrocytes
were partially elevated, up to 114 ( 12 nM (p < 0.01) by
the addition of DHA (50 µM) after washing. As endothelial
nitric oxide synthase (eNOS) had been described in eryth-
rocytes (31), we hypothesized that nitrite could be generated
from NO produced by eNOS. To test this hypothesis, we
preincubated erythrocytes with an eNOS inhibitor L-NG-nitro-
L-arginine methyl ester (L-NAME, 1 mM) for 30 min. The
effect of DHA on erythrocytic nitrite formation was unaf-
fected by L-NAME. Ascorbic acid at physiologic levels in
erythrocytes (60–100 µM) (17) had no effect on the
erythrocytic nitrite (Figure 3C). Furthermore, to test whether
nitrite production by DHA occurred intracellularly, we used

FIGURE 2: Nitrite formation from proli NONOate (PRNO) (A) and spermine NONOate (SPNO) (B) in PBS containing 0.1 mM DTPA at
37 °C. Nitrite and nitrate were measured simultaneously by HPLC. [PRNO] ) 10 µM, [SPNO] ) 1 µM, and [DHA] ) 500 µM. AFR
(∼2.5 µM) was generated from 1 mM ascorbic acid and 0.3 unit/mL ascorbate oxidase. (C) NO consumption by DHA and oxyhemoglobin
in PBS at 37 °C. The inset depicts comparison of the NO consumption rate by DHA and oxyhemoglobin. The amount of consumed NO
was calculated from the area after the addition of DHA or oxyhemoglobin. [PRNO] ) 0.1 µM, and [DHA] ) [oxyhemoglobin] ) 1 µM.
(D) Effect of pH on nitrite reduction to NO by ascorbic acid in PBS containing 0.1 mM DTPA. [Nitrite] ) [ascorbic acid] ) 1 mM. Inset:
Dependence of NO formation on ascorbic acid concentrations in PBS (pH 7.4) containing 1 mM nitrite and 0.1 mM DTPA.
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cytochalasin B, an inhibitor of glucose transporters, to inhibit
DHA uptake (32, 33). Cytochalasin B (20 µM) abolished
the effect of DHA, suggesting that nitrite was generated
inside the cells.

In HbNO (1 µM)-loaded erythrocytes, there was a small
NO peak (∼0.4 nM) after the addition of 500 µM DHA under
aerobic conditions, but the release was undetectable under

anaerobic conditions. Thirty minutes after DHA addition,
erythrocytes had a marked loss of HbNO as detected by EPR
(Figure 3D). Instead, a spectrum with identical features with
those of the ascorbate free radical (AFR) was observed with
a narrow singlet (12 G) at 100 K. A reference AFR signal
(Figure 3D, lower panel) was prepared from erythrocytes
preloaded with 500 µM DHA (17) and incubated with 5 mM

FIGURE 3: Increase of nitrite in erythrocytes in the presence of DHA. (A) Validation of method using the nitrite-stabilizing solution. (B)
Nitrite generation from endogenous NO in erythrocytes after 15 min incubation with DHA. L-NAME (1 mM) was incubated with erythrocytes
for 30 min before the addition of DHA. The washed erythrocytes were resuspended in PBS at 40% hematocrit and incubated with DHA
at 37 °C. (C) Effect of DHA and ascorbic acid (ASC) on erythrocytic nitrite in the presence of 0.15 µM SPNO. Cytochalasin B (20 µM)
was used to inhibit DHA transport. (D) Upper panel: EPR spectra of the HbNO (1 µM)-loaded erythrocyte samples in the presence of 500
µM DHA at 37 °C for 30 min. Lower panel: EPR spectrum of reference ascorbate free radical (AFR), which was prepared by incubating
DHA (500 µM)-loaded erythrocytes with 5 mM ferricyanide for 1 min. All spectra were recorded at 100 K.

FIGURE 4: (A) Formation of AFR from the reaction of DHA with PRNO (50 mM each) in PBS (pH 7.4) containing 0.1 mM DTPA at room
temperature. (B) Time course of AFR in the presence and absence of 1 mM SPNO. AFR was generated from 1 mM ascorbic acid and 0.3
unit/mL ascorbate oxidase in PBS containing 0.1 mM DTPA at room temperature. Inset: Original EPR trace of AFR recorded at room
temperature.
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ferricyanide for 1 min (17, 34) and recorded at 100 K.
However, some contribution to the spectrum (arrow, upper
panel) might also come from protein-based radicals (5).

AFR Generation from DHA and NO. Generation of AFR
from the reaction of DHA with PRNO was demonstrated
by the studies in PBS containing 0.1 mM DTPA (Figure
4A). In separate experiments, AFR (∼2.5 µM) was
generated from 1 mM ascorbic acid and 0.3 unit/mL
ascorbate oxidase. In the presence of SPNO, AFR forma-
tion was enhanced (Figure 4B).

DISCUSSION

The primary finding of our study is that DHA oxidizes
HbNO and releases NO to form nitrite in erythrocytes. The
nitrite levels in erythrocytes are presumably maintained in
equilibrium between the production and uptake, and me-
tabolism. We suggest here the association of the ascorbic
acid cycle to NO in the erythrocytes, namely, DHA could
be a part of the pathway for NO release and nitrite generation
in erythrocytes.

Although ascorbate is the predominant form of vitamin C
in blood, it is possible that DHA is produced extracellularly
during oxidative stress (21, 23, 24, 35). DHA is known as
an oxidized product of ascorbic acid, forming at the end of
protective antioxidant process of vitamin C, and is recycled.
DHA has an important physiologic role because it can be
used to regenerate ascorbic acid inside cells. Although
ascorbate recycling utilizes intracellular reducing agents
including glutathione (GSH), NADH, or NADPH (16–18),

little is known about its association with NO. In this work,
we showed that DHA accelerated NO oxidation to nitrite
but not nitrate. This is in accord with the reduction potentials
of DHA/AFR (-0.17 V) and AFR/ASC (0.28 V) (36) and
the potentials where nitrite reduction is observed (-0.3 V)
(37), predicting that NO oxidation by DHA is more favorable
than nitrite reduction to NO by ascorbic acid. Decreased
intracellular levels of GSH or increased DHA during
oxidative stress may favor the oxidation of HbNO, NO
release, and nitrite formation in erythrocytes.

The decay of HbNO under aerobic conditions corresponds
to the autoxidation of its heme group, and our rate constant
(1.46 ( 0.16 × 10-4 s-1) is in a range similar to those of
NO dissociation from HbNO (4.2 × 10-4 to 10-3 s-1) (38).
The autoxidation of HbNO alone (half-life of 79 min) is
unlikely to explain an arterial-venous gradient of HbNO in
human subjects breathing NO gas (26). Since the circulatory
time from artery to vein is very fast (less than 30 s from
forearm artery to vein), the rapid decrease of HbNO from
arterial to venous blood could be due to its oxidation
accelerated by oxidants such as DHA, which is more likely
to happen in arterial blood.

DHA could oxidize HbNO to metHb at a rate comparable
with that of ferricyanide in the presence of oxygen. Oxidation
of the heme group of hemoglobin would favor the release
of NO from HbNO (4, 6, 26) to generate nitrite in
erythrocytes, which could explain an increment of nitrite
when the hemoglobin oxygen saturation increases (39).
However, the liberated NO is believed to react fully with

FIGURE 5: Proposed role of DHA in the NO cycle. The complete cycle of NO consists of the NO-producing reactions catalyzed by endothelial
NO synthase and nitrite reductase of deoxyhemoglobin (Deoxy Hb). NO would interact with deoxyhemoglobin to form HbNO, which
could be reused after oxidation by DHA.
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hemoglobin in erythrocytes to form nitrate. Hemoglobin
causes three electron oxidation of NO to nitrate; however,
NO in aqueous solution free of biological material undergoes
one electron oxidation to form nitrite but not nitrate (40).
Inside erythrocytes, the majority of NO reacts with oxyhe-
moglobin to form nitrate (k ) 5 × 107 M-1 · s-1), but it is
likely that the significant levels of nitrite could also be
formed. The slow reactions of nitrite with oxyhemoglobin
(0.21 M-1 · s-1; Piknova, B., unpublished data) and deoxy-
hemoglobin (0.2–0.3 M-1 · s-1) (41) may allow nitrite to
accumulate in erythrocytes.

The increase in erythrocytic nitrite by DHA is consistent
with the previous finding that oral ascorbate supplements
increased erythrocytic nitrite in healthy humans (42) and
deprivation of ascorbate in pregnant rats increased vasocon-
strictive response probably due to a decrease in NO (43).
We found that ascorbic acid at physiological levels had no
direct effect on nitrite levels in PBS and erythrocytes;
however, at pharmacological concentrations (>1 mM), it
increased erythrocytic nitrite, probably by increasing DHA.
This may explain in part the effect of ascorbic acid (44) and
DHA (45) at pharmacological doses on vasodilation regard-
ing the HbNO-NO-nitrite pathway. For example, at high
doses of ascorbic acid, human erythrocytes take up DHA
and reduce it intracellularly by the reductase system, or DHA
could interact with HbNO or NO to form nitrite. Ascorbic
acid, at high levels in erythrocytes, may subsequently convert
nitrite to NO. In addition, DHA can be transported across
the blood-brain barrier, and the intravenous injection of
DHA is shown to increase postischemic cerebral blood flow
in mice (45).

The increase of nitrite by DHA was not inhibited by the
NOS inhibitor, L-NAME; thus, we have results contrary to
the NOS enzyme (31) as a significant source of NO in
erythrocytes. The raised nitrite levels in erythrocytes would
presumably come from HbNO. This nitrite production would
likely happen intracellularly because the increase of nitrite
was inhibited by cytochalasin B, an inhibitor of the glucose
transporter that blocked DHA entry (32, 33). SPNO does
not enter erythrocytes (46, 47). In fact, SPNO can produce
the NO signal in the chemiluminescence machine when
directly injected, but we found that the signal was zero after
pretreatment of erythrocyte samples with acid sulfanilamide,
a specific nitrite scavenger (48), indicating that SPNO did
not enter the cells and that only nitrite in erythrocytes was
measured. Therefore, we suggest that NO was released from
SPNO outside the cells, entered the erythrocytes, and was
subsequently oxidized to nitrite by DHA. Taken together,
DHA would be expected to be able to generate approximately
50 nM nitrite from the basal levels of HbNO found
physiologically in erythrocytes.

In Figure 5, we present a proposed pathway of the
HbNO-NO-nitrite cycle in relation to the ASC-AFR-DHA
cycle in erythrocytes. The NO cycle had been proposed
previously (4); NO is generated as a result of the NO
synthase reaction in endothelial cells and oxidized to nitrite/
nitrate, and nitrite is recycled to NO by the reductase activity
of deoxyhemoglobin. In erythrocytes, NO also interacts with
deoxyhemoglobin to form HbNO. HbNO could be oxidized
easily by DHA, regenerating bioactive NO, and nitrite, which
could contribute to the endocrine activities of NO/nitrite.

Furthermore, both DHA and AFR could enhance NO
oxidation to nitrite, but most NO becomes nitrate.

Administration of ascorbic acid or DHA could have
therapeutic benefit in terms of regenerating NO and nitrite
apart from the antioxidant properties on vascular system.
DHA obtained from dietary intake would enhance NO and
nitrite formation in erythrocytes, which serves as a supply
for the endocrine delivery of NO.
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