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T he purported roles of nitric ox-
ide (NO) in sepsis are contradic-
tory, for example, excessive pro-
duction causes hypotension (1)

and reduced production impairs microvas-
cular blood flow (2). Excessive NO produc-
tion in human sepsis is suggested by ele-
vated concentrations of plasma nitrate plus
nitrite (3–6). However, recent metabolic

isotope studies indicate reduced NO pro-
duction in septic patients (7, 8). Further-
more, inhibiting NO production increases
the risk of mortality in septic patients (9).

NO appears to have endocrine activity,
with physiologic effects occurring distant
from the NO source (10). This presumably
occurs by formation of circulating NO me-
tabolites that are consumed as hemoglobin
deoxygenates, releasing NO bioactivity and
matching blood flow with metabolic need.
S-nitrosohemoglobin (SNOHb) (11) and ni-
trite (12) are postulated mediators of this
effect. In vivo, this paradigm is supported
by studies showing higher arterial vs. ve-
nous concentrations of nitrite and SNOHb
(10–14), suggesting consumption of the
metabolite (and coincident NO release) in
the systemic vasculature. This is analogous
to measuring the arteriovenous (A-V) oxy-
gen content difference, with larger differ-
ences suggesting higher systemic oxygen
consumption. Although there is general
agreement that such intravascular NO de-
livery occurs, controversy surrounds the
identity of responsible metabolite(s) (15).

Reports of nitrite and SNOHb concen-
trations in septic humans are limited (16–
18). There are no reports of paired arterial
and venous measurements in sepsis. We
hypothesized that systemic consumption of
these NO metabolites is impaired in sepsis
and associated with mortality. To test this
hypothesis, we measured arterial and ve-
nous levels of NO metabolites in patients
with severe sepsis or septic shock and a
control group without acute illness. We
reasoned that A-V NO metabolite differ-
ences should be present in healthy sub-
jects, but not in sepsis patients, despite
similar age and gender distributions. We
further reasoned that A-V differences
should be disrupted to a greater extent
in sepsis nonsurvivors compared to sur-
vivors.

MATERIALS AND METHODS

Study Design

Consecutive patients meeting diagnostic cri-
teria for severe sepsis or septic shock in the
medical or surgical intensive care unit (ICU) of
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Objective: Nitric oxide deficiency may contribute to microvas-
cular dysfunction in sepsis. Current physiologic paradigms con-
tend that nitrite and/or S-nitrosohemoglobin mediate intravascu-
lar delivery of nitric oxide. These nitric oxide metabolites are
purportedly consumed during hemoglobin deoxygenation, pro-
ducing nitric oxide and coupling intravascular nitric oxide delivery
with metabolic demand. Systemic nitrite and S-nitrosohemoglo-
bin consumption can be assessed by comparing their concentra-
tions in arterial vs. venous blood. We hypothesized that arterial vs.
venous differences in nitrite and S-nitrosohemoglobin are dimin-
ished in sepsis and associated with mortality.

Design: Case-control and prospective cohort study.
Setting: Adult intensive care units of an academic medical center.
Patients and Subjects: Eighty-seven critically ill septic patients

and 52 control subjects.
Interventions: None.
Measurements and Main Results: Nitrite and S-nitrosohemoglo-

bin were measured using tri-iodide-based reductive chemilumines-

cence. In control subjects, arterial plasma, whole blood, and red
blood cell nitrite levels were higher than the corresponding venous
levels. In contrast, S-nitrosohemoglobin was higher in venous com-
pared to arterial blood. In septic patients, arterial vs. venous red
blood cell nitrite and S-nitrosohemoglobin differences were absent.
Furthermore, the plasma nitrite arterial vs. venous difference was
absent in nonsurvivors.

Conclusions: In health, nitrite levels are higher in arterial vs.
venous blood (suggesting systemic nitrite consumption), whereas
S-nitrosohemoglobin levels are higher in venous vs. arterial blood
(suggesting systemic S-nitrosohemoglobin production). These arte-
rial vs. venous differences are diminished in sepsis, and diminished
arterial vs. venous plasma nitrite differences are associated with
mortality. These data suggest pathologic disruption of systemic
nitrite utilization in sepsis. (Crit Care Med 2010; 38:000–000)

KEY WORDS: septic shock; nitric oxide; nitrites; critical care;
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the University of Rochester Medical Center (19)
were eligible. Control subjects without acute
illness were recruited by age and gender strata
approximating the sepsis cohort. Exclusion
criteria are listed in Table 1. The primary
outcome measures were presence of sepsis and
hospital mortality. Written informed consent
was obtained from subjects or surrogate deci-
sion-makers. This study was approved by the
University of Rochester Research Subjects Re-
view Board.

Measurement of NO Metabolites

Arterial and venous blood samples were ob-
tained within 48 hrs of severe sepsis/septic shock
diagnosis or during an outpatient visit to the
Clinical Research Center in control subjects. NO
metabolites were measured using tri-iodide (I3

�)-
based reductive chemiluminescence (20–22) (see
description of methods in Supplemental Digital
Content 1, http://links.lww.com/CCM/A109). The
assays yielded measurements of plasma, red

blood cell (RBC) and whole blood (WB) nitrite,
plasma nitrate, SNOHb, RBC XNO (RBC XNO
signifies primarily iron-nitrosyl hemoglobin [Fe-
NOHb] but may also include RBC nitrosamines)
(23, 24), and the combination of plasma nitro-
sothiols, metal nitrosyl compounds, and nitro-
samines.

Statistical Analysis

NO metabolite distributions were right-
skewed. Normal distributions were approxi-
mated by square-root transformations of
plasma nitrate and log (base 10) transforma-
tions of the other NO metabolites. The data
were transformed accordingly before statisti-
cal analysis. Paired Student’s t tests were used
to compare arterial and venous NO metabolite
concentrations. Unpaired Student’s t tests
with unequal variance were used to compare
metabolites between cases and controls and
between survivors and nonsurvivors. Chi-
square testing was used for comparison of
categorical variables. Two-way analysis of vari-
ance (ANOVA) was used to assess differences in
NO metabolite concentrations between groups
while controlling for potential confounding
variables (see statistical methods in Supple-
mental Digital Content 1). Results are sum-
marized as means with 95% confidence inter-
val after back-transformation to the original

Figure 1. Enrollment flow-diagram for sepsis patients.

Table 1. Exclusion criteria

Code status limitations precluding critical care management (e.g., directives against use of
mechanical ventilation or vasopressor agents)

Refusal of patient or designated surrogate decision-maker to provide written informed consent, or
inability to obtain consent within 48 hrs of diagnosis

Severe cardiomyopathy with left-ventricular ejection fraction �30%a

Chronic dialysis-dependent renal failurea

History of solid organ or bone marrow/stem cell transplantationa

Preexisting advanced liver disease (Child-Pugh grade C)a

Organic nitrate therapya

Current active bleedinga

Hematocrit �22% or �25% while using vasopressorsa

Pregnancy or hormone replacement therapya

�48 hrs since severe sepsis/septic shock diagnosis
Arterial catheter for blood sampling not available
Laboratory equipment or staff not available

aExclusion criteria for both control subjects and sepsis patients. Control subjects were also
excluded if they had infections or used antibiotics within 6 wks of specimen collection.
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scale unless otherwise specified; p � .05 was
accepted as statistically significant. Statistical
analyses were performed using Stata/SE ver-
sion 9.2 (Stata, College Station, TX).

RESULTS

Research Subjects

From February 2006 to July 2008,
597 ICU patients were screened and 87
met enrollment criteria (Fig. 1). Sam-
ples were collected 27 � 12 hrs
(mean � SD) after diagnosis of severe
sepsis or septic shock. Fifty-two non-
septic control subjects were recruited.
Subject characteristics are shown in
Table 2. Technical problems precluded
measurement of WB nitrite in three

sepsis patients and SNOHb in four sub-
jects (one control subject, three sepsis
patients).

Sepsis Patients vs. Control
Subjects

In control subjects, arterial nitrite was
significantly higher than venous nitrite
in plasma, WB, and RBC, suggesting ni-
trite consumption in the systemic circu-
lation, whereas arterial SNOHb was lower
than venous SNOHb, suggesting SNOHb
production (Table 3, Fig. 2) (25). The A-V
difference in RBC XNO was not statisti-
cally significant (Table 3).

Comparing sepsis patients to control
subjects, there were no differences in ar-
terial or venous plasma nitrite, and the

A-V plasma nitrite difference was signifi-
cant in both groups (Table 3, Fig. 2). In
contrast, venous WB and RBC nitrite
were significantly higher in septic pa-
tients than in controls, but arterial WB
and RBC nitrite levels were similar. This
blunted the WB and RBC nitrite A-V (ar-
terial � venous) nitrite differences in
septic patients, suggesting impaired in-
tra-erythrocytic nitrite utilization. Oppo-
site results were observed for venous
SNOHb. Compared to controls, sepsis pa-
tients had significantly lower venous
SNOHb, but arterial levels were similar.
This narrowed the A-V (venous � arterial)
SNOHb difference in septic patients (Table
3, Fig. 2), suggesting impaired SNOHb pro-
duction. There were no differences in arte-

Table 2. Baseline characteristics of study subjectsa

Controls,
n � 52

Sepsis,
n � 87 pb

Survivors,
n � 59

Nonsurvivors,
n � 28 pc

Aged 59 � 12 59 � 18 .86 55 � 17 69 � 16 .0005
Male 26 (50%) 48 (55%) .55 32 (54%) 16 (57%) .80
Non-white race 3 (6%) 17 (19%) .04 10 (17%) 6 (21%) .61
Preexisting conditions

Hypertension 11 (21%) 53 (61%) �.001 29 (49%) 24 (86%) .001
Diabetes mellitus 7 (13%) 22 (25%) .10 14 (24%) 8 (28%) .62
Smoking 1 (2%) 30 (34%) �.001 22 (37%) 8 (28%) .42
Hypercholesterolemia 16 (31%) 26 (30%) .91 18 (30%) 8 (28%) .85
Coronary artery disease 3 (6%) 13 (15%) .10 9 (15%) 4 (14%) .90
Liver disease 2 (4%) 5 (6%) .62 2 (3%) 3 (10%) .17

Creatinine, mg/dLe 0.7 (0.6–0.8) 1.3 (0.9–2.1) �.001 1.1 (0.8–1.6) 1.7 (1.3–2.5) .004
Admission category

Medical vs. surgical — 79 (92%) — 55/59 (93%) 25/28 (89%) .50
Acute Physiology and Chronic Health

Evaluation (APACHE) II scored
— 26 (�9) — 24 � 8 31 � 9 .0001

Organ dysfunction, nf .07
1 — 10 (12%) — 9 (15%) 1 (4%) —
2 — 26 (30%) — 21 (36%) 5 (18%) —
3 — 20 (23%) — 11 (19%) 9 (32%) —
4 — 31 (36%) — 18 (30%) 13 (46%) —

Site of infection .75
Pulmonary — 58 (67%) — 41 (69%) 17 (61%) —
Intra-abdominal — 12 (14%) — 8 (14%) 4 (14%) —
Skin/catheter — 2 (2%) — 1 (2%) 1 (4%) —
Urinary — 11 (13%) — 7 (12%) 4 (14%) —
Bloodstream — 3 (3%) — 1 (2%) 2 (7%) —
Central nervous system — 1 (1%) — 1 (2%) — —

Microbiology .20
Gram-positive — 29 (33%) — 19 (32%) 10 (36%) —
Gram-negative — 15 (17%) — 10 (17%) 5 (18%) —
Mixed — 17 (20%) — 8 (14%) 9 (32%) —
Fungal — 3 (3%) — 3 (5%) — —
Other — 4 (5%) — 3 (5%) 1 (4%) —
Unknown — 19 (22%) — 16 (27%) 3 (11%) —

Positive blood cultures — 31 (36%) — 20 (34%) 11 (39%) .62
Septic shockg — 80 (92%) — 52 (88%) 28 (100%) .06
Vasopressor use — 69 (79%) — 41 (69%) 28 (100%) .001

aValues are number of subjects (percentage), unless otherwise specified; bp for comparison of sepsis patients to control subjects; cp for comparison of sepsis
survivors to sepsis nonsurvivors; dmean � SD; emedian (interquartile range); forgan dysfunctions as defined previously (44) with slight modification, including:
cardiovascular (hypotension �systolic blood pressure �90 mmHg or mean arterial pressure �60 mm Hg�, vasopressor requirement, or clinical evidence of
hypoperfusion); acid–base (metabolic acidosis and plasma lactate concentration �2 mmol/L); renal (urine output �0.5 mL/kg/hr despite fluid resuscitation);
neurologic (altered mental status without other causes); respiratory (P:F ratio �250, or �200 if lungs are only dysfunctional organ); hematologic (platelet count
�80,000 or �50% decrease from baseline); gshock, hypotension or vasopressor dependence that persisted for 3 hrs despite fluid challenge.
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rial or venous RBC XNO between controls
and sepsis patients. Arterial and venous ni-
trate were higher in sepsis patients com-
pared to controls (Table 3). The sum con-
centration of plasma nitrosothiols, metal
nitrosyls, and nitrosamines was �12 nM in
arterial and venous blood of sepsis and con-
trol subjects (data not shown).

Two-way ANOVA showed that renal
function confounded the apparent rela-
tionship between both arterial and ve-
nous nitrate and sepsis (creatinine-
adjusted p values for associations between
arterial or venous nitrate and sepsis �0.60;
analysis summarized in Supplemental Ta-
ble I, see Supplemental Digital Content 5,
http://links.lww.com/CCM/A113). In con-
trast, the association between venous WB
nitrite and sepsis persisted after adjustment
for possible confounding variables (ad-
justed p value for association between WB
nitrite and sepsis � 0.014).

Multivariate ANOVA indicated that the
association between venous SNOHb and

Table 3. Nitric oxide metabolites in control subjects and sepsis patients

Nitric Oxide Metabolitea
Controls
(n � 52)

Sepsis
(n � 87) pb

Arterial plasma nitrite 106 (83–134) 106 (85–132) .99
Venous plasma nitrite 67 (55–83) 66 (54–81) .90
pc �.001 �.001
Arterial whole blood nitrite 208 (185–235) 237 (212–265) .12
Venous whole blood nitrite 139 (122–161) 206 (184–232) �.001
p valuec �0.001 �0.001
Arterial red blood cell nitrite 300 (246–365) 374 (282–496) .20
Venous red blood cell nitrite 165 (109–250) 355 (250–504) .006
pc .002 .79
Arterial S-nitrosohemoglobin 45 (32–64) 56 (42–76) .31
Venous S-nitrosohemoglobin 123 (96–157) 80 (59–110) .03
pc �.001 .06
Arterial primarily iron-nitrosyl hemoglobin

but may also include red blood cell
nitrosamines

22 (15–32) 19 (13–26) .49

Venous primarily iron-nitrosyl hemoglobin
but may also include red blood cell
nitrosamines

28 (18–45) 33 (24–44) .71

pc .27 �.001
Arterial nitrate 31 (24–38) 43 (34–53) .03
Venous nitrate 24 (19–30) 43 (34–52) �.001
pc .08 1.0

aAll metabolite concentrations are nM except nitrate, which is �M; bcomparison of concentration
in control subjects vs. sepsis patients; ccomparison of arterial vs. venous concentration.

Figure 2. Arterial and venous nitrite and S-nitrosohemoglobin (SNOHb) concentrations in control subjects vs. sepsis patients. A, Plasma nitrite. B, Whole
blood (WB) nitrite. C, Red blood cell (RBC) nitrite. D, SNOHb. Concentrations are plotted on the log10 scale. Dot plots show individual data points and
corresponding summary plots show mean values, with error bars representing SD. Significance values above the bars refer to artery vs. vein comparisons.
*p � .05 compared to corresponding venous concentration in control subjects.
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sepsis was weakened after controlling for
history of hypertension (adjusted p
value � .194). To ensure that the dimin-
ished A-V SNOHb difference in sepsis pa-
tients was not confounded by differences
in hypertension history between sepsis
patients and control subjects, SNOHb A-V
differences were examined in sepsis pa-
tients and controls were stratified by hy-
pertension history. Arterial SNOHb was
less than venous SNOHb in controls
without hypertension (n � 40; arterial,
42 [27–66] vs. venous, 126 [94–168] nM;
p � .001) and controls with hypertension
(n � 11; arterial, 56 [35–89] vs. venous,
112 [68–186] nM, p � .02). In contrast,
arterial and venous plasma nitrite levels
were not significantly different in sepsis
patients without hypertension (n � 32;
arterial, 70 [45–110] vs. venous, 104
[71–152] nM; p � .09) and sepsis pa-
tients with hypertension (n � 51; arte-

rial, 49 [33–73] vs. venous, 68 [43–107]
nM; p � .21). This analysis confirms
that significant A-V SNOHb differences
exist in sepsis patients but not in con-
trol subjects, independent of hyperten-
sion history.

Hospital Survivors vs.
Nonsurvivors

Twenty-eight patients (32%) with se-
vere sepsis or septic shock died in the
hospital (Table 2). The A-V plasma nitrite
difference was significant in survivors but
not in nonsurvivors (Fig. 3), which is a
consequence of higher venous plasma ni-
trite in nonsurvivors (Table 4), suggest-
ing nonsurvivors have more generalized
impairment of nitrite consumption in
both plasma and RBC nitrite storage
pools. The A-V difference in RBC XNO

was significant in survivors but not non-
survivors (Table 4).

Age was a potential confounder of the
relationship between higher venous plasma
nitrite and hospital mortality (analysis
summarized in Supplemental Table 2,
see Supplemental Digital Content 6,
http://links.lww.com/CCM/A114). To en-
sure that the diminished A-V plasma nitrite
difference in nonsurvivors was not con-
founded by differences in age between sur-
vivors and nonsurvivors, plasma nitrite A-V
differences were examined in survivors and
nonsurvivors stratified by median age. Ar-
terial plasma nitrite was greater than ve-
nous plasma nitrite in the survivors with
age 62 yrs or younger (n � 38; arterial,
89 [70–115] vs. venous, 54 [41–72] nM;
p � .001) and survivors with age older than
62 yrs (n � 21; arterial, 128 [83–198] vs.
venous, 62 [41–93] nM; p � .001). In con-
trast, arterial and venous plasma nitrite lev-

Figure 3. Arterial and venous nitrite and S-nitrosohemoglobin (SNOHb) concentrations in sepsis survivors vs. nonsurvivors. A, Plasma nitrite. B, Whole
blood (WB) nitrite. C, Red blood cell (RBC) nitrite. D, SNOHb. Concentrations are plotted on the log10 scale. Dot plots show individual data points and
corresponding summary plots show mean values, with error bars representing SD. Significance values above the bars refer to artery vs. vein comparisons.
*p � .05 compared to corresponding venous concentration in survivors.
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els were similar in nonsurvivors age 62 yrs
or younger (n � 8; arterial, 67 [14–321] vs.
venous, 54 [22–129] nM; p � .63) and non-
survivors older than 62 yrs (n � 20; arte-
rial, 144 [89–232] vs. venous, 112 [72–174]
nM; p � .29). This analysis confirms that
significant A-V plasma nitrite differences
exist in survivors but not in nonsurvivors,
independent of age category.

DISCUSSION

Our results demonstrate that septic pa-
tients have elevated venous WB and RBC
nitrite concentrations and reduced venous
SNOHb concentrations, blunting the A-V
nitrite and SNOHb concentration differ-
ences observed in nonseptic control sub-
jects. In addition, sepsis nonsurvivors are
distinguished from survivors by an isolated
increase in venous plasma nitrite that nar-
rows the plasma nitrite A-V difference.
These findings have implications for under-
standing the role of intravascular NO deliv-
ery in the pathophysiology of human sepsis.

Sepsis-Associated Disruption of
Nitrite-Mediated NO Delivery?

In vitro, nitrite and RBC together va-
sodilate vascular tissue preparations, re-
lease NO gas, and produce FeNOHb in an

oxygen-dependent manner that is opti-
mized at the hemoglobin P50 (oxygen ten-
sion corresponding to 50% hemoglobin
oxygen saturation) (22, 26). This reaction
also generates dinitrogen trioxide (N2O3),
a potent nitrosating agent that produces
nitrosothiols and SNOHb and decom-
poses to NO and nitrogen dioxide outside
the RBC (25).

Our results support this model of NO
delivery in humans. In control subjects,
we find significant A-V plasma, WB, and
RBC nitrite concentration differences (ar-
terial � venous), confirming results from
previous studies and suggesting systemic
nitrite consumption (10, 12, 13). Fur-
thermore, we demonstrate significant
A-V SNOHb concentration differences
(venous � arterial), suggesting produc-
tion of SNOHb in the systemic circula-
tion. Previous studies of A-V SNOHb dif-
ferences report conflicting results (14,
22, 27). Our large community-derived
control group may have facilitated detec-
tion of significant A-V (venous � arterial)
SNOHb concentration gradients under
basal conditions. These findings under-
score the necessity of studying a large,
healthy control group to establish ex-
pected NO metabolite concentrations in
those with age and gender distributions
similar to the septic cohort.

Venous WB and RBC nitrite levels
were higher and venous SNOHb levels
were lower in septic patients, narrowing
A-V differences observed in control sub-
jects. Additionally, sepsis nonsurvivors
had higher venous plasma nitrite concen-
tration than survivors, without signifi-
cant A-V difference. These findings sug-
gest impaired nitrite consumption in
sepsis that is associated with mortality
when involving both plasma and RBC ni-
trite pools.

The deoxyhemoglobin-mediated ni-
trite reductase pathway also predicts
higher FeNOHb concentrations in vein
vs. artery (28), a difference that should be
obscured in sepsis patients, particularly
nonsurvivors. The A-V RBC XNO differ-
ence (venous � arterial) was statistically
significant in sepsis survivors but not in
sepsis nonsurvivors (Table 4), consistent
with impaired nitrite reduction according
to this model.

We hypothesize that these results re-
flect dysregulated intra-erythrocytic de-
oxyhemoglobin-mediated nitrite reduc-
tion (Fig. 4), a process postulated to
occur in an intra-erythrocytic nitrite
“metabolon” comprising the RBC mem-
brane, membrane-associated proteins,
deoxyhemoglobin, and nitrite (28). We
speculate that endotoxin-induced
changes in RBC membrane and cytoskel-
etal proteins (29, 30) may affect the abil-
ity of RBC to facilitate nitrite-mediated
NO activity.

Lower availability of deoxyhemoglobin
could also impair nitrite biotransforma-
tion, because the nitrite-reducing capac-
ity of hemoglobin is optimized when the
oxygen saturation is approximately 50%
(26). Septic shock is characterized by ab-
normally high mixed venous hemoglobin
oxygen saturation (31), which could im-
pair hemoglobin nitrite reductase activ-
ity. Sepsis-associated mitochondrial dys-
function or oxidative stress could also
disrupt nitrite reductase activity in vas-
cular and extravascular tissues (32, 33),
independent of RBC and hemoglobin.

It is possible that higher venous ni-
trite concentrations and blunted A-V ni-
trite differences could result from in-
creased systemic nitrite production
rather than impaired nitrite utilization.
Ceruloplasmin oxidizes NO to nitrite
(34), so elevated systemic NO production
and ceruloplasmin could explain the ni-
trite results (35). However, this mecha-
nism does not explain lower venous
SNOHb levels or blunted A-V SNOHb dif-
ferences. Furthermore, increased sys-

Table 4. Nitric oxide metabolites in sepsis survivors and nonsurvivors

Nitric Oxide Metabolitea
Survivors
(n � 59b)

Nonsurvivors
(n � 28b) pc

Arterial plasma nitrite 102 (82–127) 116 (69–194) .64
Venous plasma nitrite 57 (45–72) 91 (61–134) .04
pd �.0001 .24
Arterial whole blood nitrite 225 (196–258) 265 (219–321) .17
Venous whole blood nitrite 197 (171–227) 227 (184–279) .26
pd .0002 �.0001
Arterial red blood cell nitrite 420 (321–549) 293 (146–588) .33
Venous red blood cell nitrite 412 (291–582) 260 (112–602) .31
pd .92 .80
Arterial S-nitrosohemoglobin 54 (39–74) 65 (33–124) .60
Venous S-nitrosohemoglobin 74 (52–105) 94 (49–181) .50
pd .11 .30
Arterial primarily iron-nitrosyl hemoglobin

but may also include red blood cell
nitrosamines

16 (11–24) 24 (13–44) .30

Venous primarily iron-nitrosyl hemoglobin
but may also include red blood cell
nitrosamines

29 (20–42) 38 (23–62) .38

pd .0016 .16
Arterial nitrate 42 (32–54) 45 (29–64) .79
Venous nitrate 39 (30–49) 53 (34–75) .19
pd .28 .28

aAll metabolite concentrations are nM except nitrate, which is �M; btwo survivors and one
nonsurvivor did not have values for whole blood and RBC nitrite; two survivors and two nonsurvivors
did not have values for S-nitrosohemoglobin and RBC NO; ccomparison of concentration in survivors
vs. nonsurvivors; dcomparison of arterial vs. venous concentration.
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temic NO production and oxidation to
nitrite would be expected to increase both
venous and arterial nitrite concentra-
tions, because the half-life of nitrite in
blood is approximately 42 mins (36). In-
stead, we found that control subjects,
sepsis patients, sepsis survivors, and sep-
sis nonsurvivors all had similar arterial
plasma, WB, and RBC nitrite levels. Im-
paired nitrite reduction to NO is a more
likely explanation for our results, because
it accounts for all of these findings.

Another possibility is that elevated ni-
trate levels cause higher venous nitrite
levels. Recent reports indicate that ni-

trate reductases convert nitrate to nitrite
in vivo (37). However, nitrate reduction
to nitrite does not explain the absent
SNOHb A-V gradient in sepsis or the sim-
ilar arterial levels of nitrite in all study
groups. Impaired intra-erythrocytic ni-
trite reduction to NO accounts for all of
these findings.

Comparison With Previous
Studies

Arterial WB nitrite measurements us-
ing I3

� chemiluminescence were recently
reported in 30 ICU patients, including 12

patients with sepsis (17). Consistent with
our results, no significant differences in
arterial WB nitrite between septic and
nonseptic patients or between those with
and without renal dysfunction were
found.

Two reports describe markedly ele-
vated SNOHb concentrations in six (16)
and 12 (18) septic subjects, but artery-to-
vein differences were not reported. Dis-
crepancies between the results of Liu et al
(18) and our SNOHb measurements are
likely attributable to methodologic differ-
ences (21). The I3

� chemiluminescence
method used herein has been validated

Figure 4. Proposed model for explaining diminished artery-to-vein nitric oxide (NO) metabolite concentration differences in sepsis. A, Normal physiology.
In resistance arterioles, RBC become partially deoxygenated and the concentration of deoxyhemoglobin (deoxyHb) increases. The deoxyHb catalyzes the
reduction of red blood cell (RBC) nitrite (RBCNO2

�) to form dinitrogen trioxide (N2O3) and iron-nitrosyl hemoglobin (FeNOHb) (22, 25). N2O3 S-nitrosates
Hb form S-nitrosohemoglobin (SNOHb), which then exits the RBC through a membrane-associated protein complex, where it decomposes to NO (and
nitrogen dioxide, not shown), augmenting microvascular blood flow (28). Plasma nitrite (PNO2

�) enters the RBC to replenish RBCNO2
� (42, 43). This

metabolic pathway is reflected by NO metabolite concentrations changes in the draining vein. The net result is arteriovenous (A-V) differences in NO
metabolite concentrations, with higher plasma and RBC nitrite (PNO2

� and RBCNO2
�) in artery vs. vein, but lower SNOHb and FeNOHb in artery vs. vein

(10, 12, 13, 22). B, Sepsis. RBC nitrite metabolism is impaired either because of sepsis-associated derangements of the RBC membrane-associated proteins
involved in nitrite reduction and NO export (gray color of membrane protein) or because of lower concentration of deoxyHb (smaller font) (30, 31). The
production of SNOHb and FeNOHb decline (dashed arrows and smaller font), and there is diminished RBC NO release (dashed arrows and smaller font),
impairing microvascular blood flow (smaller arrow). The defects in membrane-associated proteins and RBCNO2

� metabolism are not yet severe enough
to affect PNO2

� uptake. The net result is diminished A-V differences in all metabolites except PNO2
�. C, Lethal sepsis. The membrane-associated protein

and metabolic defects are more severe, eliminating NO export (black color of membrane protein complex) and critically reducing blood flow (smaller arrow).
The defects are now severe enough to impair PNO2

� uptake by the RBC (gray color of membrane channel, larger PNO2
� font). The net result is diminished

A-V differences for all NO metabolites shown.
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repeatedly (24, 27, 38, 39) and is consid-
ered a preferred method for these analy-
ses (40). Differences in sample size, pa-
tient characteristics, or the timing of
blood sampling relative to sepsis diagno-
sis may account for discrepancies be-
tween our results and those of Doctor et
al (16). Elevated SNOHb concentrations
have also been reported in animal models
of sepsis (23, 41). However, species vari-
ation in NO metabolism makes these
findings difficult to apply to humans (24).

Unadjusted arterial and venous nitrate
concentrations were higher in sepsis pa-
tients compared to control subjects, but
these differences were lost after adjust-
ment for renal dysfunction. Villalpando et
al (7) also found that elevated plasma
nitrate plus nitrite concentrations in sep-
tic patients were tightly correlated with
renal function, and they further demon-
strated that the fractional synthesis rate
of plasma nitrate plus nitrite is reduced
in septic vs. control subjects. Together,
these data cast doubt on the commonly
held view that human sepsis is character-
ized by excessive and detrimental NO pro-
duction (1, 3, 6).

Study Limitations

The limitations of this study included
practical constraints on the site and tim-
ing of NO metabolite measurements. Ve-
nous blood samples were obtained from
peripheral veins in control subjects, but
usually from central venous catheters in
septic patients to minimize discomfort
and risk. We are unaware of any pub-
lished data indicating that venous NO
metabolite concentrations differ in pe-
ripheral vs. central venous blood. Be-
cause venous plasma nitrite concentra-
tions were nearly identical in control
subjects (peripheral vein sampling) vs.
septic patients (primarily central vein
sampling; Fig. 2, Table 3), it is unlikely
that there is a systematic difference in the
nitrite concentrations of central vs. pe-
ripheral blood. Furthermore, venous
samples (without matching arterial sam-
ples) were obtained in 45 of the sepsis
patients just before hospital discharge,
either peripherally (n � 27) or centrally
(n � 18), depending on available venous
access. There were no significant differ-
ences between peripherally and centrally
obtained concentrations of nitrite or
SNOHb (see additional results in Supple-
mental Digital Content 1).

Samples were obtained approximately
27 hrs after severe sepsis or septic shock

diagnosis. Earlier measurements may
have allowed determination of the onset
of dysregulated NO metabolism. How-
ever, we found no differences in nitrite or
SNOHb when analyzed by tertiles of the
time interval between sepsis diagnosis
and sample collection, suggesting the ab-
normalities are established early (Supple-
mental Table 3, see Supplemental Digital
Content 7, http://links.lww.com/CCM/A115).

This study required inclusion of a rel-
atively healthy, nonhospitalized control
group to establish baseline NO metabolite
values in people of similar age as our
sepsis patients. We cannot exclude the
possibility that the results observed in
our sepsis cohort also apply to other crit-
ically ill populations. If so, then these
results have even greater applicability.
This possibility requires further study.

CONCLUSIONS

A-V nitrite and SNOHb differences are
diminished in patients with severe sepsis
and septic shock, and the absence of a
significant A-V plasma nitrite difference
is associated with mortality. The blunted
A-V nitrite and SNOHb differences may
signify a detrimental metabolic blockade
of nitrite consumption that impairs mi-
crovascular blood flow. Further studies
are required to determine relationships
between nitrite consumption, RBC char-
acteristics, and microvascular blood flow
in sepsis. Such information could ad-
vance efforts to therapeutically harness
NO activity and improve microvascular
function in sepsis.
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