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Abstract kidney injury from 64% (control group) to 50% (nitric oxide group)
(relative risk [RR], 0.78; 95% confidence interval [CI], 0.62-0.97;
Rationale: No medical intervention has been identified that P =0.014). Secondary outcomes were as follows: at 90 days, transition
decreases acute kidney injury and improves renal outcome at 1 year  to stage 3 chronic kidney disease was reduced from 33% in the control
after cardiac surgery. group to 21% in the treatment group (RR, 0.64; 95% CI, 0.41-0.99;

P =0.024) and at 1 year, from 31% to 18% (RR, 0.59; 95% ClI,

Objectives: To determine whether administration of nitric oxide 0.36-006; P= 0/017). Niltic Oxidle freatment feduced the overall

reduces the incidence of postoperative acute kidney injury and major adverse kidney events at 30 days (RR, 0.40; 95% CI, 0.18-0.92;
improves long-term kidney outcomes after multiple cardiac valve P=0.016), 90 days (RR, 0.40; 95% CI, 0.17-0.92; P = 0.015), and
replacement requiring prolonged cardiopulmonary bypass. e (RR’ 0147, 955 C)I 0 22)—1 o };: il ; ,

Methods: Two hundred and forty-four patients undergoing
elective, multiple valve replacement surgery, mostly due to rheumatic
fever, were randomized to receive either nitric oxide (treatment)

or nitrogen (control). Nitric oxide and nitrogen were administered
via the gas exchanger during cardiopulmonary bypass and by
inhalation for 24 hours postoperatively.

Conclusions: In patients undergoing multiple valve replacement
and prolonged cardiopulmonary bypass, administration of nitric
oxide decreased the incidence of acute kidney injury, transition

to stage 3 chronic kidney disease, and major adverse kidney events
at 30 days, 90 days, and 1 year.

. ) Clinical trial registered with ClinicalTrials.gov (NCT01802619).
Measurements and Main Results: The primary outcome was

as follows: oxidation of ferrous plasma oxyhemoglobin to ferric Keywords: nitric oxide; hemolysis; acute kidney injury; chronic
methemoglobin was associated with reduced postoperative acute renal insufficiency; rheumatic heart disease

(Received in original form October 31, 2017; accepted in final form June 22, 2018)
*These authors contributed equally to this manuscript.
*These authors contributed equally to this manuscript.

Supported in part by the National Natural Science Foundation of China (grant 81370011), the Xijing Hospital Foundation (grant XJZT11Z01), the National Key
Technology Research and Development Program of the Ministry of Science and Technology of China (grant 2012BA111B02), the Changjiang Scholars and
Innovative Research Team in University of China (grant IRT-14R08), NIH/NHLBI grant 1 K23 HL128882-01A1, NIH grants R37 DK39773 and RO1 DK072381,
and the Department of Anesthesia, Critical Care and Pain Medicine at Massachusetts General Hospital.

Author Contributions: C.L., L.B., LX., and W.M.Z. conceptualized the study. C.L., L.B., H.D., S.Y., Z.J., and L.X. revised and finalized the protocol. C.L., H.D.,
L.H., and M.C. collected patients’ descriptive data and collected plasma and urine samples. L.H. and M.C. conducted standardized anesthesia. S.Y., W.C., HW.,
and Q.Z. screened patients and conducted surgery. J.S. delivered nitric oxide (NO) to patients. Z.J. and T.C. conducted cardiopulmonary bypass. R.Z. conducted
postoperative intensive care to patients. E.R. and B.Y. measured plasma NO consumption. E.C. and V.S.S. measured urine biomarkers of kidney injury. E.R.
and F.N. led the data analysis. C.L., L.B., E.R., J.V.B., L.X., and W.M.Z. led data interpretation. C.L., L.B., and E.R. wrote the first report. J.V.B., L.X., and W.M.Z.
critically reviewed and revised the initial draft. All authors gave final approval of the version to be published and agreed to be accountable for all aspects of the work
in ensuring that questions related to the accuracy and integrity of any part of the work are appropriately investigated and resolved.

Correspondence and requests for reprints should be addressed to Lize Xiong, M.D., Ph.D., Department of Anesthesiology and Perioperative Medicine, Xijing
Hospital, Fourth Military Medical University, 127 West Changle Road, Xi’an, Shaanxi 710032, China. E-mail: mzkxlz@126.com.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

Am J Respir Crit Care Med Vol 198, Iss 10, pp 1279-1287, Nov 15, 2018

Copyright © 2018 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201710-21500C on June 22, 2018
Internet address: www.atsjournals.org

Lei, Berra, Rezoagli, et al.: Nitric Oxide Lowers Heart Surgery Renal Injury 1279


http://orcid.org/0000-0003-2702-2093
http://ClinicalTrials.gov
mailto:mzkxlz@126.com
http://www.atsjournals.org
http://dx.doi.org/10.1164/rccm.201710-2150OC 
http://www.atsjournals.org

At a Glance Commentary

Scientific Knowledge on the
Subject: Kidney damage after
cardiac surgery requiring prolonged
cardiopulmonary bypass is a common
and serious complication. Over the
past decades all attempts to decrease
kidney injury after heart surgery failed.
Promising animal studies showed
that administration of nitric oxide
decreased renal dysfunction during
hemolysis by oxidation of plasma
oxyhemoglobin to methemoglobin.

What This Study Adds to the
Field: In a randomized clinical trial
in China of 244 adults undergoing
elective, multiple valve replacement
surgery, due mostly to rheumatic fever,
administration of 80 parts per million
of nitric oxide during and after
prolonged cardiopulmonary bypass
reduced the incidence of acute kidney
injury and improved renal function at
follow-up 1 year after surgery. Nitric
oxide gas is the first pharmacological
intervention to show a reduction in the
incidence of acute kidney injury and
an improvement of long-term kidney
function in cardiac-surgical patients
after prolonged cardiopulmonary
bypass. These results should be assessed
in non-Chinese patients without

rheumatic fever.

Acute kidney injury (AKI) is a common and
serious complication of cardiac surgical
procedures that require prolonged (>90
min) cardiopulmonary bypass (CPB) (1, 2).
Although the presence of AKI after CPB
is associated with increased mortality, no
medical interventions have yet been shown
to be associated with improved long-term
kidney function (1-7).

The mechanisms leading to AKI are
multifactorial and not fully elucidated.
However, hemolysis has been shown to
be closely associated with postsurgery
AKIT (8-13). During hemolysis, Hb is
released into the circulation in the form of
oxyhemoglobin (Oxy-Hb). Plasma Oxy-Hb
is filtered by the kidneys and facilitates
development of AKI by intrarenal oxidative
reactions (14). Furthermore, plasma
oxyhemoglobin depletes vascular nitric
oxide (NO) via the dioxygenation reaction
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to form methemoglobin (Met-Hb) (15, 16).
Endogenous NO is a potent vasodilator that
relaxes vascular smooth muscle, and NO
depletion by plasma Oxy-Hb produces
vasoconstriction, impairs tissue perfusion,
and causes inflammation (17-22). The
administration of therapeutic levels of 80
parts per million (ppm) exogenous NO gas
oxidizes plasma Oxy-Hb to Met-Hb. The
oxidized iron (Met-Hb) species is unable to
deplete plasma NO (10, 14, 16, 23). In a
human model of blood transfusion, we
found that breathing NO at 80 ppm was
safe and prevented depletion of plasma NO
by circulating plasma Hb (17). In an
experimental canine model of free
water-induced hemolysis, Minneci and
colleagues showed that plasma hemoglobin
oxidized by NO inhalation reduced serum
creatinine and renal dysfunction (19).

We hypothesized that administration
of 80 ppm NO during and for 24 hours
after prolonged CPB would convert
plasma Oxy-Hb to Met-Hb and prevent
intrarenal oxidative reactions and NO
scavenging by plasma Oxy-Hb, thereby
preserving kidney function. We performed a
randomized trial in cardiac surgery patients
undergoing multiple valve replacements
requiring prolonged CPB to test whether
NO could prevent AKI due to high levels
of plasma Oxy-Hb caused by acute
hemolysis. We monitored patients for up to
1 year after surgery to assess survival and
evaluate whether patients who received NO
benefited from improved renal function.
Some of the results of these studies have
been previously reported in the form of an
abstract (24).

Methods

Study Design

This study was designed to determine
whether NO administered during and after
cardiac surgery requiring prolonged CPB
reduces postoperative AKI. Patients were
studied at 90 days and 1 year after surgery
to assess the incidence of chronic kidney
disease (CKD) and major adverse kidney
events (MAKEs) (25).

We performed a prospective,
randomized controlled trial comparing
treatment with NO versus nitrogen (N,)
in adult patients undergoing multiple valve
cardiac surgery at the Departments of
Anesthesiology and Cardiovascular Surgery
of Xijing Hospital (Xi’an, China). The

participants, caregivers, and investigators
analyzing data and assessing the outcomes
were blinded to group assignment. One
perfusionist and one ICU physician were
unblinded and prepared the appropriate
test gas tanks and NO/N, meters, which
were then covered and blinded to others.
Treatment gases, NO at 80 ppm or N,,
were given via the CPB machine and after
CPB via a mechanical ventilator. Treatment
gases were commenced at the onset of CPB
and lasted for 24 hours or less if patients
were ready to be extubated early. Treatment
gases were weaned off over a period of
2 hours.

Outcomes

The primary endpoint of this study was the
incidence of AKI. AKI was defined as either
an increase in serum creatinine by 50%
within 7 days of surgery, or an increase
in serum creatinine by 0.3 mg/dl within

2 days of surgery from preoperative
baseline levels of serum creatinine

(26). Secondary outcomes included the
development of stage 3 CKD (estimated
glomerular filtration rate [eGFR], <60
ml/min/1.73 m?) (26, 27), loss of 25%

of eGFR compared with baseline, and
MAKE (defined as a composite outcome
of loss of 25% of eGFR from baseline,
end-stage renal disease requiring a
continuous renal replacement therapy,

and mortality) (27) at 30 days, 90 days,
and 1 year after ICU admission. Together
with the renal outcomes, other single-
organ dysfunction, self-care activities

(28), and overall mortality were assessed.
One-year follow-up visits after surgery
and laboratory studies including plasma
Hb, NO consumption, and urine biomarkers
of kidney injury were completed in
2017.

Statistical Analysis

Continuous variables were expressed as
mean * SD or median (interquartile
range). Differences between the two
cohorts of patients were tested using a
parametric unpaired Student’s ¢ test or
nonparametric Mann-Whitney U test, as
appropriate. Categorical variables were
described as frequency (%). The relative
risk (RR) and the median differences
(NO group vs. control group), including
95% confidence intervals (CIs), were used
to describe the differences in perioperative
characteristics, the occurrence of AKI, and
differences in intrahospital, 30-day, 90-day
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and 1-year postoperative outcomes. We
performed an intention-to-treat data
analysis including patients who received
hydroxyethyl starch in the cardiopulmonary
bypass priming solution and a per-protocol
data analysis excluding patients who
received hydroxyethyl starch in the
cardiopulmonary bypass priming solution.

Please refer to the online supplement
for the detailed study protocol.

Results

Demographic Data

Three hundred and twenty patients were
screened and consented to participate in the
trial. Sixty patients were excluded before
randomization because their surgery was
either cancelled (n = 46) or the surgical plan
was changed to single valve replacement
(n=14). Thus, 260 patients were randomized
either to receive NO or N,. Sixteen patients
dropped out from the study before surgery
because, at the time of initiation of CPB, the
gas treatment (NO or N,) was not available
(see Table El in the online supplement).
Thus, 244 patients were included in the
analysis. One-hundred and twenty-seven
patients received N, gas (control group,
n=127) whereas 117 patients received NO
(NO group, n=117) (Figure 1). Equally
balanced patient and surgical characteristics

of the two groups are assessed in Tables 1
and E2. Surgical procedures and indications
were similar between the two groups
(Tables 1 and E3). Elapsed surgical time
and CPB duration were slightly higher in
the NO group.

Primary Outcome

Significantly fewer patients in the NO
group developed AKI within 7 days of
surgery compared with the control group
(intention-to-treat analysis: 50% vs. 64%;
RR, 0.78; 95% CI, 0.62-0.97; P=0.014
[Table 2]; per-protocol analysis, excluding
patients receiving hydroxyethyl starch:
50% vs. 63%; RR, 0.78; 95% CI, 0.62-0.99;
P=0.022 [Table E4]).

Plasma Biomarkers of Hemolysis
Although plasma Hb levels increased at the
end of CPB, there were no differences
between the NO and control groups.
However, at 0 hours (P =0.016), 6 hours
(P <0.001), and 24 hours (P =<0.001)
after ICU admission, plasma Hb was
higher in the NO group (Figure 2A).
With the exception of a single time
point (end of CPB; P =0.034), urine
HD levels did not differ between the
treatment groups during the study period
(Figure 2B).

To determine whether administration
of NO successfully oxidized circulating

eligibility

‘ 320 patients assessed for ’

A

60 ineligible

|

260 Randomized

{ 260 Enrolled J

|

!

!

131 Randomized to receive
nitrogen (control)
15 CPB primed with HES
4 drop-outs before
surgery

129 Randomized to receive
nitric oxide (treatment)
12 CPB primed with HES
12 drop-outs before
surgery

[127 Included in the ITT analysis}

[117 Included in the ITT analysis]

Figure 1. Consolidated Standards of Reporting Trials flow diagram: enroliment, allocation, and
analysis. CPB = cardiopulmonary bypass; HES = hydroxyethyl starch; ITT = intention-to-treat.
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Oxy-Hb to Met-Hb, we measured NO
consumption in plasma samples from 51
patients in the NO group and 50 patients in
the control group. In the NO treatment
group, plasma NO consumption was
significantly lower as compared with
patients treated with N, (end of CPB,

P < 0.001; ICU admission, P < 0.001; 6 h,
P=0.012) (Figure 2C).

Urinary Biomarkers and Plasma
Chemistry

To normalize for diverse urinary output
rates, we examined the ratio of urinary
kidney injury molecule-1 to urinary
creatinine (KIM-1,/crea,). The value of
this ratio was significantly higher 0 hours
(P=0.003) and 24 hours after ICU
admission (P =0.009) in the NO group.
Similarly, the ratio of urinary neutrophil
gelatinase-associated lipocalin to urinary
creatinine (NGAL,/crea,) increased in both
groups from the end of CPB to 24 hours
after ICU admission. NGAL,/crea,
increased significantly more starting at

the end of CPB until 24 hours after ICU
admission in the NO treatment group as
compared with the N, group. The ratio of
urinary N-acetyl-B-p-glucosaminidase to
urinary creatinine (NAG,/crea,) increased
in both groups from baseline to ICU
admission. The NAG,/crea, ratio increased
significantly more at ICU admission
(P=0.008) in the NO treatment as compared
with the N, group.

Urinary creatinine levels did not
differ between the groups until 48 hours
after ICU admission. Urinary creatinine
levels and unadjusted levels of urinary
biomarkers are reported in Table E5.
Also, whole blood hemoglobin, white
blood cell concentration, platelet concentration,
and plasma bilirubin levels did not
differ between the two treatment groups
(Table E6).

Secondary Outcomes

Nitric oxide administration resulted in fewer
patients transitioning to stage 3 CKD.
Patients treated with NO also had a lower
MAKE index at 30 days, 90 days, and

1 year compared with the control group
(intention-to-treat analysis [Table 2]; per-
protocol analysis [Table E4]).

Twenty-four patients (21%) in the NO
group and 22 (17%) in the control group had
an eGFR lower than 60 ml/min/1.73 m?
at baseline, suggesting stage 3 CKD before
surgery (Table 1).
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Table 1. Baseline Characteristics

Control (n =127) NO (n=117)

Age, yr 48.4 = 8.6 48.7 £ 9.5
Sex

Female 75 (59) 65 (56)

Male 52 (41) 52 (44)
BMI, kg/m? 221+28 21.8+28
BSA, m? 1.63 (1.52-1.71) 1.63 (1.51-1.74)
Admission

Rheumatic disease 119 (94) 107 (91)

Congenital valve disease 2(1) 22

Infectious valve disease 6 (5) 8 (7)
Surgery

AVR 1(1) 0 (0)

MVR+AVR 45 (35) 49 (42)

MVR+AVR+TVP/R 79 (62) 68 (58)

MVR+TVP/R 22 0 (0)
NYHA

Il 53 (42) 45 (39)

[ 73 (57) 69 (59)

\% 0 (0) 1(1)
Undisclosed 1(1) 22
PAH 61 (48) 63 (54)
EuroSCORE Il, % 1.1 (0.9-1.6) 1.2 (0.9-1.6)
Serum creatinine, mg/dl 1.06 (0.97-1.17) 1.04 (0.96-1.14)
eGFR, ml/min/1.73 m? 70.3*x124 71.1+15.0
eGFR < 60 mi/min/1.73 m? 22 (17) 24 (21)

Definition of abbreviations: AVR = aortic valve replacement; BMI = body mass index; BSA = body
surface area; eGFR = estimated glomerular filtration rate; EuroSCORE Il = European system for
cardiac operative risk evaluation; MVR = mitral valve replacement; NO = nitric oxide; NYHA = New
York Heart Association; PAH = pulmonary artery hypertension, defined as systolic pulmonary arterial
pressure > 38 mm Hg at rest on transthoracic echocardiography before surgery; TVP/R = tricuspid

valve plasty or replacement.

Data represent n (%), mean * SD, or median (IQR). P > 0.05 for all comparisons.

By 90 days, an eGFR below 60
ml/min/1.73 m* was found in 24 patients
(21%) in the NO group, whereas the
number of patients with stage 3 CKD
increased to 39 (33%) in the control
group (RR, 0.64; 95% CI, 0.41-0.99;

P =0.024); and by 1 year, 19 patients (18%)
in the NO group had an eGFR below 60
ml/min/1.73 m? compared with 34 (31%)
in the control group (RR, 0.59; 95% CI,
0.36-0.96; P=0.017) (Table 2). At 30 days,
only three patients in the NO treatment
group (<3%) evidenced more than a 25%
eGER loss from baseline value as compared
with 11 patients in the control group (9%)
(RR, 0.29; 95% CI, 0.08-1.00; P =0.025);
at 90 days, there were two patients (2%)
in the NO treatment group versus 11 (9%)
in the control group (RR, 0.19; 95% CI,
0.04-0.84; P=0.014); and, at 1 year, one
patient in the NO treatment group (1%)
versus seven patients in the control group
(6%) evidencing more than a 25% eGFR
reduction (RR, 0.15; 95% CI, 0.02-1.20;

P =0.037). There was a trend of decreased
mortality in the NO group intrahospital
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and at 1 year after cardiac surgery. Taken
together, these results show that the major
adverse kidney events (MAKEs) were
markedly decreased in the NO group

at 30 days (RR, 0.40; 95% CI, 0.18-0.92;
P=0.016), at 90 days (RR, 0.40; 95% ClI,
0.17-0.92; P=0.015), and at 1 year

(RR, 0.47; 95% CI, 0.20-1.10; P=0.041)
(Table 2). Per-protocol analysis is shown
in the online supplement (Table E4) and
confirms the renal-protective effects of
NO on the above-mentioned secondary
outcomes.

No difference was found between the
groups in other intrahospital outcomes or
in other long-term outcome variables
(e.g., intrahospital and 1-yr occurrence
of other organ injury, independence in
activities of daily living, hospital readmission
rate, and mortality up to 1 yr) (Tables 2
and E4, E7, E8, and E9).

Safety of 80 ppm NO Delivery

Nitric oxide delivery levels were never
reduced for safety concerns. Continuous
measurement of NO, showed values always

below 1 ppm in all patients during the
entire 24 hours of NO treatment. Plasma
Met-Hb significantly increased from
baseline to the end of CPB in the NO
group and was significantly higher at the
end of CPB (P < 0.001) and at 0 hours
(P <0.001), 6 hours (P < 0.001), and

24 hours after ICU admission (P < 0.001)
compared with the control group. The
highest value of Met-Hb measured

in the NO group was 9.3%, and no
patient exceeded 10% Met-Hb at any time
(Table E6).

In the NO treatment group, no patient
experienced postoperative hemorrhage
requiring multiple blood transfusions or
reoperation (Table E7). Seventy-six percent
of the patients in the control group and
68% in the NO treatment group required
blood transfusion in the perioperative
period (Table E2). There were no adverse
events, complications, or other organ
dysfunction associated with the use of NO
(Table E7). All patients at 24 hours of
treatment after CPB commenced were
weaned off NO or nitrogen over a period of
2 hours. If patients were extubated before
24 hours after CPB, the time of treatment
gas weaning was considered less than the
intubation time. The total period of gas
administration did not differ between the
groups (P =0.457; Table E2). No patient
required reinstitution of gas treatment.

Discussion

We investigated the effects on renal function
of NO administration during and after
multiple valve replacement heart surgery
requiring more than 90 minutes of CPB in
a largely ethnic Han Chinese population
with rheumatic heart disease. This phase 2b
prospective, randomized controlled trial
showed that NO reduced the incidence

of AKI, transition to stage 3 CKD, and
MAKE index at 1 year after cardiac
surgery whether hydroxyethyl starch was
added to the priming solution of the CPB
or not.

The beneficial clinical impact of
using NO was associated with a 22%
relative risk reduction in the rate of
perioperative AKI (from 64% in the N,
group to 50% in the NO group). Although
not significantly different, intrahospital
renal replacement therapy (RRT) was
initiated in 3% of the patients in the
NO group versus 5% in the control N,
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Table 2. Intrahospital Study Outcomes, Plasma Chemistry, and Clinical Outcomes at 30 Days, 90 Days, and 1 Year after Cardiac

Surgery: Intention-to-Treat Analysis

Control (n =127) NO (n=117) RR or Median Difference (95% CI) P Value
Primary outcome
AKI within 1 wk 81 (64) 58 (50) 0.78 (0.62 to 0.97) 0.014
AKI stage
I 66 (52) 49 (42) 0.81 (0.61 to 1.06) 0.058
I 8 (6) 4 () 0.54 (0.17 to 1.75) 0.153
1l 7 (6) 5 (4) 0.78 (0.25 to 2.38) 0.328
Secondary outcomes
RRT 6 (5) 4 () 0. 72 (0.21 to 2.50) 0.305
Intubation time, h 24.6 (21.8 to 27.5) 24.4 (21.8 to 27.2) 3 (—1.42 to 0.8) 0.292
ICU LOS, d 2.8 (1.9 to 3.6) 2.8(1.9t03.7) 0. 02 (—0.09 to 0.16) 0.346
Intrahospital LOS, d 10 8 to 12 10 9 to 12) 000to1) 0.351
Intrahospital mortality 7 (6) 22 0.31 (0.07 to 1.46) 0.068
30d
Stage 3 CKD 29 (24)/120 19 (17)/114 0.69 (0.41 to 1.16) 0.080
>25% loss of eGFR 1(9)/120 3 (3)/114 0.29 (0.08 to 1.00) 0.025
MAKES30 19 (15)/127 7 (6)/116 0.40 (0.18 to 0.92) 0.016
90 d
Stage 3 CKD 39 (33)/120 24 (21)/115 0.64 (0.41 to 0.99) 0.024
>25% loss of eGFR 11 (9)/120 2 (2)/115 0.19 (0.04 to 0.84) 0.014
MAKE90 19 (15)/127 7 (6)/117 0.40 (0.17 to 0.92) 0.015
1yr
Stage 3 CKD 4 (31)/108 19 (18)/103 0.59 (0.36 to 0.96) 0.017
>25% loss of eGFR 7 (6)/108 1(1)/1083 0.15 (0.02 to 1.20) 0.037
MAKE1 16 (14)/116 7 (6)/108 0.47 (0.20 to 1.10) 0.041
Mortality 8 (6)/127 3 (@)/117 0.41 (0.11 to 1.50) 0.088

Definition of abbreviations: AKl =
IQR =interquartile range; LOS =

acute kidney injury; Cl=
length of stay; MAKE30, MAKEQO, MAKE1

respectively; NO = nitric oxide; RR = relative risk; RRT = renal replacement therapy.
Data represent n (%), median (IQR), or n (%)/N unless otherwise noted. The P values given are one-sided and based on the sample size calculation.

group, and the mortality rates at 1 year
were 3% and 6%, respectively. Favorable
short-term effects of perioperative
administration of NO translated into a
42% relative reduction of stage 3 CKD
at 1 year (from 31% in the N, group to
18% in the NO group). Overall, the

rate of MAKE at 30 days, 90 days, and
1 year was reduced in patients treated
with NO.

At a biochemical level, plasma Hb
concentration increased similarly at the
end of CPB in the two treatment groups,
indicating extensive hemolysis. However,
exposure to 80 ppm NO during and
after CPB maintained lower levels of
perioperative plasma NO consumption.
Plasma NO consumption in the control
N, group increased 10-fold when it was
compared with levels before surgery.
Taken together, these biochemical results
suggest that administration of exogenous
NO during hemolysis expedites the
transition of the highly unstable plasma
Oxy-Hb to its reduced and inert form Met-
Hb, which is unable to deplete NO from
the vasculature.

Last, no adverse events occurred due
to the administration of 80 ppm NO for
24 hours, and total blood Met-Hb levels
remained below 10% in all patients
throughout.

Postoperative AKI is a common and
major complication after cardiac surgery,
with associated increases in short-term and
long-term morbidity and mortality. In a
study from Duke University, 54% of 4,217
adult patients undergoing coronary artery
bypass grafting surgery developed AKI (4).
In the United States, and in Europe,
patients undergoing valve replacement
have a rate of AKI as high as 60-70%

(4, 8-16), requiring RRT in up to 16%
of patients (8). In a chart review of 146
cases of multiple valve replacement from
December 2012 to June 2013, we found
a similar incidence of AKI (68%) with

a 6% incidence of RRT requirements
after multiple valve surgery in a Han
Chinese population affected by rheumatic
heart disease at Xijing Hospital (Xi’an,
China) (data not published). In prior
epidemiological studies, even a minimal
rise in serum creatinine showed a strong

Lei, Berra, Rezoagli, et al.: Nitric Oxide Lowers Heart Surgery Renal Injury

confidence interval; CKD = chronic kidney disease; eGFR = estimated glomerular filtration rate;
=major adverse kidney events index at 30 days, 90 days, and 1 year,

association with increased long-term
complications and increased mortality
in cardiac surgery patients (29-31). In
attempts to alleviate the burden of
postoperative AKI, several trials have
tested medical interventions without any
success (3, 5-7). By monitoring patients
for up to 1 year after surgery, our trial
shows that a reduction in the rate of
postoperative AKI by NO therapy resulted
in improved long-term kidney outcomes.
Our trial focuses on the prevention
of renal injury caused by hemolysis
when complex cardiac surgery requires
prolonged CPB. Plasma Hb and heme,
products of hemolysis, are scavenged by
haptoglobin and hemopexin, respectively.
However, during extensive hemolysis
plasma Hb accumulates in the circulation
(20, 22), causing vasoconstriction (32, 33),
and impairs tissue perfusion by scavenging
nitric oxide (8, 32, 33), resulting in
renal injury (9, 19, 34, 35). The levels of
circulating plasma Hb have been shown to
be associated with the rate and severity
of postsurgery AKI (9). In animal and
human physiological exploratory studies,
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Figure 2. Analysis of plasma hemolysis biomarkers. (A) Analysis of plasma Hb before and up to 48 hours after surgery. (B) Analysis of urine Hb before and
up to 48 hours after surgery. (C) Analysis of plasma nitric oxide (NO) consumption before and up to 48 hours after surgery. Data are expressed as means
with 95% confidence intervals. *P < 0.05 versus control group. CPB = cardiopulmonary bypass.

administration of therapeutic exogenous
NO gas has been shown to oxidize plasma
Oxy-Hb to Met-Hb, preventing pulmonary
(17, 36) and systemic vasoconstriction

(33, 36) and organ injury (19, 32, 37). We
found that prolonged CPB causes hemolysis
with an increased concentration of plasma
Hb and increased plasma NO consumption
compared with levels measured before
surgery. In contrast, exposing plasma

to NO gas in the CPB oxygenator and
after surgery for an additional 24 hours
by inhaling 80 ppm NO prevented the
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depletion of plasma NO, which was
associated with a decrease in AKI rate
and transition to stage 3 CKD at 90 days
and 1 year after surgery.

Other than preventing vasoconstriction
due to Oxy-Hb, NO might have improved
pulmonary perfusion in this study by
its well-described selective pulmonary
vasodilator properties, which might have
increased cardiac output especially in
patients with PAH (37, 38). To account for
an elevated baseline PAH, patients with
preoperative PAH were allocated equally to

both groups during the randomization
process. However, during surgery

cardiac function was not measured by
transesophageal echocardiography or
pulmonary artery pressure monitoring with
an indwelling pulmonary artery catheter,
as these are not standardly monitored at
Xijing Hospital.

In addition to its pulmonary
vasodilator effects, others have suggested
that gaseous NO administration has
protective properties against systemic
inflammation and reperfusion injury
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(39, 40). In a pediatric cardiac surgery study
by Checchia and colleagues (37), NO gas
delivered via the CPB circuit resulted in
lower troponin and natriuretic peptide
levels, improved diuresis, and led to a
better postoperative intensive care unit
course. The authors suggested that in
children, NO delivered by CPB decreased
ischemia-reperfusion injury, thereby
improving cardiac and renal function.

In a follow-up study, James and colleagues
randomized 198 children to either receive
intraoperative 20 ppm NO via the CPB
bypass oxygenator, or have standard
conduct of bypass. The authors showed
that NO gas reduced the incidence of

a low cardiac output syndrome
postoperatively (38).

Despite the remarkable improvement
of kidney function in both short- and
long-term renal outcomes, we observed
a transiently higher peak in urinary
biomarkers of kidney injury in patients who
received NO at the end of CPB and surgery
compared with the control N, group (Table
E4). There are three considerations that
should be noted when interpreting the
observed discrepancy in this study between
plasma creatinine levels and urinary
biomarkers. First, KIM-1 was higher in the
NO group at only two time points—at ICU
admission and at 24 hours—and NAG
levels were higher only at ICU admission.
KIM-1 and NAG are sensitive markers of
tubule stress and might not reflect the
overall function of the nephrons (GFR),
especially if NO has a vasodilatory effect
maintaining GFR despite some mild tubular
injury.

Second, secretions of urinary
biomarkers are triggered by a variety of renal
and extrarenal stimuli. For example, NGAL
is an iron-transporting protein and its
release is regulated by plasma iron levels. In
the present study, plasma levels of Hb were
higher in the NO group at ICU admission
compared with the control N, group
(Figure 2A). The increased plasma Hb, and
possibly iron levels, in the NO group may
have increased NGAL secretion. Third,
renal biomarkers have their own nephron-
protective properties. Therefore, it cannot
be excluded that NO gas might directly
increase secretion of these urinary
biomarkers. This uncoupling phenomenon
between the filtration of serum creatinine
and secretion of urinary biomarkers
is intriguing and might be a focus for
future research elucidating the mechanisms

regulating the secretion of urinary
biomarkers and kidney repair during NO
treatment. More recently, Friedrich and
colleagues cast doubts on the clinical use of
urine NGAL as a predictor of AKI and
severity of renal injury (41). Likewise, we
were unable to determine the benefits of
using renal biomarkers to predict long-term
kidney outcomes in this randomized trial.

In cardiac surgery, perioperative AKI
is defined by rising serum creatinine levels
in association with increased short-term
and long-term renal complications and
increased mortality (1, 2, 4). We herein
demonstrate the safety and efficacy of one
of the first medical interventions, namely
NO gas, to prevent AKI and decrease long-
term adverse kidney events, a common and
serious complication of cardiac surgery
requiring prolonged CPB.

Limitations

First limitation. This trial selected “younger
and healthier” patients undergoing valve
replacement because of rheumatic heart
disease as compared with the typical cardiac
surgery patient profiles reported in the
Western literature.

The present study selected a
predominantly Han Chinese population of
patients affected by rheumatic heart disease
requiring multiple valve replacement.
However, most cardiac surgery studies
reported today are from Europe and North
America, where degenerative valvular
disease is the most common valve disease. It
is important to recognize, however, that
rheumatic heart disease remains a major
cause of morbidity and premature death in
the developing world. This high prevalence
of rheumatic heart disease and the growing
number of cardiac surgical procedures
done in Asian countries make this study
unique (42, 43). Rheumatic heart disease is
estimated to be responsible for more than
500,000 deaths each year in Asia, with
millions of patients waiting for definitive
heart surgery (42). The extraordinarily
rapid economic development of many
Asian countries, together with advances in
surgical technologies and surgical skills,
now gives thousands of these patients
access to definite surgical treatment,
rendering rheumatic heart surgery the
primary reason for heart valve procedures
in Asia. Although the results of this study
cannot be generalized to all races and
pathologies requiring prolonged CPB for
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cardiac surgery, this study addresses one
of the most common worldwide causes
of heart disease and what will likely be
the most common reason globally for
prolonged CPB in cardiac surgery for the
next decades.

Compared with available published
literature on adults requiring cardiac
surgery, the relatively young age of our
patient population (mean age, 48 yr), the
absence of preoperative severe chronic
kidney disease (eGFR, <30 ml/min/1.73 m?),
and other cardiovascular comorbidities
(i.e., diabetes, obesity, and atherosclerosis)
should be considered to avoid generalization.
Future studies will evaluate whether NO
confers similar renoprotective properties
in older patients and those with more
comorbidities.

Second limitation. The trial focused
on prolonged (>90 min) CPB procedures:
Hemolysis is closely associated with the
duration of CPB (20, 22). Although oft-
pump procedures for coronary artery
bypass graft and transcatheter valve
replacement to avoid open-heart surgery
have been adopted with a certain degree of
success, most open-heart surgeries at major
heart centers in the United States require
more than 90 minutes of CPB time, as
documented in the literature (1, 44, 45).

Third limitation. This trial did not
show a decreased mortality rate or benefits
in a cost-benefit analysis: Our study was
not powered to test whether NO exposure
could reduce mortality, nevertheless, at
1 year, the rate of mortality in the NO
treatment group was 3% compared with
6% in the control group (P =0.088; Table
2). In addition, NO gas is expensive and,
to the best of our knowledge, was used
for the first time in China in this trial.
However, promising and economically
viable alternative NO delivery systems are
emerging (46-48).

Because of the current high cost of NO
gas, the renal-protective effects of NO gas
need to be reproduced in phase 3 clinical
trials before implementation in clinical
practice.

Conclusions

Among Chinese patients requiring
prolonged CPB for multiple heart valve
replacement, 80 ppm NO gas exposure
during and after prolonged CPB is safe,
decreased the incidence of AKI, and reduced
transition to stage 3 CKD at 90 days

and 1 year.
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