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Abstract

Background and 
Aims

Contrast-induced nephropathy (CIN), also known as contrast-associated acute kidney injury (CA-AKI) underlies a significant 
proportion of the morbidity and mortality following coronary angiographic procedures in high-risk patients and remains a 
significant unmet need. In pre-clinical studies inorganic nitrate, which is chemically reduced in vivo to nitric oxide, is renopro-
tective but this observation is yet to be translated clinically. In this study, the efficacy of inorganic nitrate in the prevention of 
CIN in high-risk patients presenting with acute coronary syndromes (ACS) is reported.

Methods NITRATE-CIN is a double-blind, randomized, single-centre, placebo-controlled trial assessing efficacy of inorganic nitrate in CIN 
prevention in at-risk patients presenting with ACS. Patients were randomized 1:1 to once daily potassium nitrate (12 mmol) or 
placebo (potassium chloride) capsules for 5 days. The primary endpoint was CIN (KDIGO criteria). Secondary outcomes included 
kidney function [estimated glomerular filtration rate (eGFR)] at 3 months, rates of procedural myocardial infarction, and major 
adverse cardiac events (MACE) at 12 months. This study is registered with ClinicalTrials.gov: NCT03627130.

Results Over 3 years, 640 patients were randomized with a median follow-up of 1.0 years, 319 received inorganic nitrate with 321 
received placebo. The mean age of trial participants was 71.0 years, with 73.3% male and 75.2% Caucasian; 45.9% had dia-
betes, 56.0% had chronic kidney disease (eGFR <60 mL/min) and the mean Mehran score of the population was 10. 
Inorganic nitrate treatment significantly reduced CIN rates (9.1%) vs. placebo (30.5%, P < .001). This difference persisted 
after adjustment for baseline creatinine and diabetes status (odds ratio 0.21, 95% confidence interval 0.13–0.34). 
Secondary outcomes were improved with inorganic nitrate, with lower rates of procedural myocardial infarction (2.7% 
vs. 12.5%, P = .003), improved 3-month renal function (between-group change in eGFR 5.17, 95% CI 2.94–7.39) and re-
duced 1-year MACE (9.1% vs. 18.1%, P = .001) vs. placebo.
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Conclusions In patients at risk of renal injury undergoing coronary angiography for ACS, a short (5 day) course of once-daily inorganic 
nitrate reduced CIN, improved kidney outcomes at 3 months, and MACE events at 1 year compared to placebo.

Structured Graphical Abstract

Does inorganic nitrate therapy represent a therapeutic option to reduce the incidence of contrast-induced nephropathy (CIN) following 
coronary angiography?

In this double blind randomized controlled trial of 640 patients presenting with acute coronary syndrome and undergoing angiography 
and at increased risk of CIN, treatment with inorganic nitrate significantly reduced the incidence of CIN compared to placebo.

Inorganic nitrate decreases the risk of CIN in patients undergoing angiography at risk of kidney injury following an acute cardiac event. 
This simple low-cost intervention may offer an important therapeutic option in this patient group.

Key Question

Key Finding

Take Home Message

Double blind RCT in 640 patients undergoing angiography for acute coronary syndromes at risk of CIN

Decreased contrast-induced nephropathy
9.1% vs 30.5%, p < 0.0001

Reduced cardiac events at 12 months
9.1% vs 18.1%, p < 0.0001

Improved kidney function at 3 months
Δ5.2 mL/min/1.73m2 (eGFR), p < 0.001 

Reduced kidney events at 12 months
10.7% vs 28.4%, p < 0.0001

Placebo

321

Outcomes

Inorganic nitrate

319

NITRATE-CIN was a double-blind randomized controlled trial (RCT) of 640 patients presenting with acute coronary syndrome and undergoing 
angiography and at increased risk of contrast-induced nephropathy (CIN). Treatment of patients with inorganic nitrate (12 mmol/day capsules 
on the day of surgery and for 4 days after) significantly reduced the incidence of CIN, improved kidney outcomes at 3 months, and major adverse 
cardiac events at 1 year compared to placebo. eGFR, estimated glomerular filtration rate.

Keywords Nitrate • Nitric oxide: contrast induced nephropathy • Acute coronary syndrome • Angiography • Renoprotection

Introduction
Contrast-induced nephropathy (CIN) also termed contrast-associated 
acute kidney injury (CA-AKI), defined by a deterioration in renal func-
tion after contrast exposure, is considered a serious complication of 
coronary angiography.1–3 The incidence of CIN (CA-AKI) ranges 
from <1% to >50% depending on patient characteristics and comorbid-
ities, type of procedures, and definitions used.4,5 CIN (CA-AKI) often 
occurs following coronary angiography for acute coronary syndromes 
(ACS) with a reported incidence of up to 55% in high-risk patients, such 

as those with older age, heart failure, chronic kidney disease (CKD), or 
diabetes with CKD.2,6 The clinical consequences of CIN are significant, 
being associated with increased risk for renal replacement therapy 
(RRT), longer length of hospital stay, recurrent revascularization proce-
dures, and higher mortality.6

Whilst the pathophysiology of CIN (CA-AKI) remains uncertain, one 
of the principal mechanisms thought to underlie the condition is the re-
lease of reactive oxygen species (ROS) and vasoconstrictive renal hyp-
oxic injury.3,7,8 Importantly, studies in pre-clinical models and early 
phase trials suggest that, in part, this oxidative stress decreases levels 
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of protective nitric oxide (NO).9–11 Thus, strategies that seek to re-
place this ‘lost’ NO represent an approach that may confer therapeutic 
benefit. To date approaches to deliver NO in the form of organic ni-
trate have not translated well. There is some evidence that antioxidant 
therapy, in the form of N-acetylcysteine (NAC) that would indirectly 
elevate NO, provides some benefit,12 however further trials have failed 
to reproduce these findings.13

A potential alternative and more direct solution for elevating en-
dogenous NO levels lies in targeting the non-canonical pathway for 
NO synthesis via the in vivo two-step sequential chemical reduction 
of inorganic nitrate (NO3

−) to nitrite (NO2
−) and then nitrite to NO. 

This activity is coupled with the major advantage over the organic ni-
trates and nitrites of no development of tachyphylaxis and tolerance; 
the characteristic that is the primary and major factor limiting use of 
the organic compounds in the clinical setting. Inorganic nitrate 
(NO3

−) is used to safely and effectively enhance this non-canonical 
pathway,14 and thus we assessed the potential therapeutic benefit 
that could be derived from the use of inorganic nitrate in the prevention 
of CIN (CA-AKI) in patients with ACS.

Methods
Study design and oversight
NITRATE-CIN is a prospective, randomized, single-centre, double-blind 
placebo-controlled trial designed to test the efficacy of inorganic nitrate 
in patients undergoing angiography for non-ST-elevation ACS (NSTE- 
ACS). The trial design has been described previously.15 The trial was funded 
by Heart Research UK, via the Translational Research Project scheme and 
sponsored by the Queen Mary University of London. The trial was ap-
proved by an independent ethics committee (London—Surrey Borders 
Research Ethics Committee, reference (18/LO/1132), registered in 
approved registries (NCT03627130) and performed in accordance 
with the Declaration of Helsinki (1996) and the principles of the 
International Conference on Harmonization–Good Clinical Practice 
(ICH-GCP) Guidelines. Independent trial steering and data and safety 
monitoring committees oversaw the trial. The Barts Cardiovascular 
Clinical Trials Unit (CVCTU) oversaw the management and conduct of 
the trial, including case report form design, safety reporting, coordination 
of trial committees, statistical analysis, and database management. Data 
was captured in REDCap, a web-based, electronic database for all study 
participants, and the database was held in a secure server (Barts Safe 
Haven) at Queen Mary University of London. The authors had access 
to the trial data and vouch for the completeness and accuracy of the data.

Study population
All consecutive patients meeting trial inclusion criteria (NSTE-ACS presen-
tation, at risk of CIN, age ≥18, and being able to give written informed 
consent) who were referred for invasive coronary angiography, to be con-
ducted as per current guidelines, to St Bartholomew’s Hospital, London, 
UK, were considered eligible for participation. This is the largest cardiac 
centre in the UK, serving a population of approximately 6 million people 
from Northeast and Central London and is a 24/7 centre performing 
approximately 6000 angiograms and 2000 non-primary angioplasties a 
year. Risk of CIN was defined as an estimated glomerular filtration rate 
(eGFR) < 60 mL/min or two of the following: diabetes, liver failure (cirrho-
sis), age >70 years, exposure to contrast in last 7 days, heart failure (or left 
ventricular ejection fraction <40%), and concomitant renally active drugs 
(e.g. diuretics, angiotensin receptor blockers) as per current guidelines.2

Patients with cardiac arrest, cardiogenic shock, or ST-elevation myocar-
dial infarction (STEMI) were not included in the study. Patients with chronic 
kidney failure with an eGFR <20 mL/min and women who were pregnant 
were not included. Finally, patients with a current life-threatening condition 

other than vascular disease that may prevent the subject from completing 
the study were excluded.

Randomization
Patients were randomized on a 1:1 basis to receive either inorganic nitrate 
or placebo. Block randomization was used with block size varied randomly 
and patients stratified into diabetic and non-diabetic patients. The allocation 
algorithm was written by the study statistician in Stata (Version 14) using a 
pseudorandom number generator. Treatment assignment in both the inor-
ganic nitrate and placebo groups remained blinded until after data lock and 
statistical analysis at the end of the study.

Intervention
Patients were randomized to receive two potassium nitrate capsules 
(KNO3: 6 mmol each giving 12 mmol in total equivalent to 744 mg of ni-
trate) or an equivalent dose of potassium chloride (KCl) control once daily 
for a total of 5 days with the first dose taken prior to coronary angiography. 
Previous studies have demonstrated the tolerability of KNO3 with minimal 
side effects.14 Levels of circulating NO2

− achieved with 12 mmol KNO3 are 
approximately 0.8–1.0 μmol/L 1–3 h after ingestion,14 which correspond 
well with the levels achieved following a bolus dose of sodium nitrite in 
NITRITE-AMI (0.67 ± 0.18 μM) that was associated with a reduction in 
the occurrence of CIN of 80% with nitrite treatment, identified in our post- 
hoc unpowered analysis of CIN rates in this cohort.16,17 The KNO3 and 
matching placebo (KCl) capsules were supplied by the Pharmacy 
Manufacturing Unit based at Guy’s and St Thomas’ NHS Foundation Trust.

Study procedures
Blood and urine samples were collected at baseline, 4–6 h, 48–72 h, and 3 
months after angiography. Baseline samples were taken before the admin-
istration of intravenous pre-hydration (see Supplementary data online, 
Appendix S1). Blood samples were immediately centrifuged for biochemical 
assessments. Urine was collected in Falcon tubes and stored at −80°C until 
analysis of nitrate and nitrite concentrations quantified using liquid phase 
ozone chemiluminescence as per our previous publications.18

Outcomes and follow-up
The primary endpoint was incidence of CIN (≥0.3 mg/dL or ≥26.5 μmol/L 
increase in creatinine within 48 h or ≥1.5 ×  within 1 week, as defined by the 
Kidney Disease Improving Global Outcomes (KDIGO) criteria for acute 
kidney injury19 (full criteria in Supplementary data online, Material). 
Modification of Diet in Renal Disease-derived eGFR (mL/min/1.73 m2) 
was used in keeping with national guidance. Secondary endpoints included 
rates of procedural myocardial infarction (MI), kidney function measured at 
3 months, levels of NO2

−/NO3
− at 4–6, 48–72, and 3 months, and both major 

adverse cardiac events (MACE) and major adverse kidney events (MAKE) 
measured out to 12 months. Procedural MI was defined using the SCAI def-
inition.20 MACE was defined as all-cause mortality, cardiac mortality, MI, and 
unscheduled revascularization. MAKE was defined as all-cause mortality, 
new-onset RRT, and persistent worsening kidney dysfunction (>50% in-
crease in baseline creatinine concentration) as per current gold standard 
methods.21

Statistical analysis
For our study calculations, we assumed a conservative CIN incidence of 
12% in the control group, with a proposed reduction of 60% with inorganic 
nitrate. This reduction was based on preliminary data from the 80 STEMI 
patient NITRITE-AMI trial17 where an acute intra-coronary bolus of sodium 
nitrite (10 µmol/L) was associated with an 80% reduction in CIN compared 
to patients who received placebo control. 640 patients allowed a power of 
80% and a significance level of 0.05, allowing for 27% dropout (primary 
endpoint).
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All analyses were conducted on an intention-to-treat basis. The statistical 
analysis plan (available with the protocol) was finalized before unblinding the 
trial group assignments. Data are presented as mean values with standard 
deviations or median values with interquartile ranges. The primary outcome 
of CIN was analyzed using logistic regression, with estimates made un-
adjusted, and adjusted for diabetes status and creatinine level at baseline. 
Pre-specified subgroup analyses were performed on primary outcomes 
by incorporating and testing interaction terms into the models. Analyses 
of secondary outcomes were not adjusted for multiplicity. Differences in 
secondary outcomes between trial groups were estimated using linear re-
gression for continuous outcomes, and logistic regression for binary out-
comes with and without adjustment for diabetes status and creatinine 
level at baseline. Assumptions made for each model were tested and 
deemed not to be violated. Secondary endpoints are presented with 95% 
confidence intervals (CI). For the MACE and MAKE endpoint, a Kaplan– 
Meier plot was used to show cumulative incidence in the two treatment 
groups over 1-year follow-up. All analyses were conducted with the use 
of Stata software, version 17.0 (StataCorp., College Station, TX, USA).

Role of the funding source
The funder (HRUK) of the study had no role in study design, data collection, 
data analysis, data interpretation, or writing of the report.

Results
Characteristics of the study population
Between November 2018 and July 2021, 2675 patients presenting with 
NSTE-ACS were referred for invasive coronary angiography at St 
Bartholomew’s Hospital. Among these, 1162 patients were excluded 
as CIN prophylaxis was not required (as per local policy (see 
Supplementary data online, Appendix S1) consistent with NICE guide-
lines. The remaining 1513 patients who were at risk of CIN were eval-
uated with the following excluded: unstable presentation (STEMI, 
cardiac arrest, or cardiogenic shock) (n = 50), eGFR <20 mL/min or es-
tablished on long-term RRT (n = 39), study team or investigational me-
dicinal product (IMP) being unavailable (n = 80), recruitment to other 
research studies (n = 140), unable to consent (language barrier, capacity) 
(n = 126) and 247 patients were felt to be unsuitable by the research 
team (compliance, co-morbidity, and life expectancy) so were unsuitable 
for randomization. This left 831 suitable patients, of which 191 declined. 
Data are thus presented for 640 patients (319 in the inorganic nitrate 
group and 321 in the placebo group) (Figure 1-Consort22 diagram).

Baseline demographics
The mean age of the trial participants was 71.0 years, with 73.3% male 
and 75.2% Caucasian (see Table 1 for more detailed ethnicity distribu-
tion). Rates of diabetes overall (45.9%) were high, comparatively to 
other ACS cohorts (commonly observed at ∼25%,23,24 but as expected 
in a high CIN risk cohort. Most patients recruited presented with 
non-STEMI (NSTEMI) (84.8%) with similar rates of troponin-positive 
presentation between treatment groups (Table 1).

Overall, 56.0% of patients were classified as having CKD (eGFR 
<60 mL/min) meeting criteria for CIN prophylaxis with comparable 
rates between the two groups, but again it should be acknowledged 
that this is higher than typical ACS cohorts reported in the litera-
ture24–26 due to the inclusion criteria of high risk of CIN. The remaining 
patients qualified for CIN prophylaxis based on the presence of dia-
betes (25.3%), or age over 70 (13.1%) both with accompanying nephro-
toxic medication, with the remaining qualifying due to impaired left 
ventricular ejection fraction (<40%). Mehran scores were similar 

between the two groups (10.3 ± 3.4 vs. 9.7 ± 3.6) (Table 2). The pro-
portion of patients qualifying in each criterion according to ethnicity 
is shown in Supplementary data online, Table S1. As per local policy 
(see Supplementary data online, Appendix S1) all patients underwent 
pre-hydration with intravenous fluids before angiography and Iodixanol 
was used as the contrast agent in all patients.

Angiographic information
Radial access rates were comparable between treatment groups (pla-
cebo vs. inorganic nitrate: 86% vs. 93%, P = .23) with similar quantities 
of contrast administered in the two groups (181 ± 95 vs. 169 ± 85 mL, 
P = .10, Supplementary data online, Figure S1). Most patients received 
percutaneous coronary intervention (PCI) in both groups (49.8% vs. 
46.1%) with similar rates of patients treated with coronary artery by-
pass grafting (CABG) (Table 2).

Primary endpoint
Contrast-induced nephropathy
Data for assessment of CIN were available for 556 patients of the 640 
total. Of these 556 patients, 111 experienced CIN giving an overall rate 
of 20.0%. The majority of cases were stage 1 AKI (91.9%), followed by 
stage 2 (7.2%) and then stage 3 (0.9%).

The proportion of patients with CIN was significantly reduced in 
those treated with inorganic nitrate (9.1%) compared to the placebo 
group (30.5%, P < .001). This difference persisted after adjustment 
for baseline creatinine and diabetes status (odds ratio 0.21, 95% CI 
0.13–0.34) (Table 3) and when accounting for missing outcome data 
(see Supplementary data online, Figure S2 and Supplementary data 
online, Table S4). Reductions were seen across stages of AKI (Stage 1: 
8.3% vs. 28.0%; Stage 2: 0.7% vs. 2.1%; and Stage 3: 0% vs. 0.4%).

Subgroup analysis
Higher rates of CIN were evident in patients with diabetes (24.9%) vs. 
non-diabetics (15.6%) and in those with high/very high Mehran scores 
(25.9%) vs. low/medium Mehran scores (15.6%). Positive benefits of in-
organic nitrate therapy on the incidence of CIN were seen irrespective 
of diabetes status, troponin status, or different Mehran risk group status 
(see Supplementary data online, Table S2 and also Tables S3 and S4 for 
analysis accounting for missing data). However, there is evidence of a 
potential reduction in the effect of inorganic nitrate treatment in pa-
tients already receiving organic nitrate (interaction term in logistic re-
gression model: P = .040; in patients receiving organic nitrate: odds 
ratio 0.65, 95% CI 0.20–2.08; in patients with no prior organic nitrate 
use: odds ratio 0.17, 95% CI 0.10–0.29) (see Supplementary data 
online, Table S2).

We assessed whether reduction in CIN was consistent when 
using the CIN criteria as per the Mehran model (≥25% or ≥0.5 mg/dL 
increase in creatinine concentration at 48 h). Using the Mehran model, 
the overall incidence of CIN (15.8%) was lower than that reported 
with KDIGO (20%) however the incidence of CIN in those receiving 
inorganic nitrate remained significantly attenuated [7.3% (18/274)] 
compared to the placebo group [24.8% (70/282), P < .0001].

Secondary endpoints
Tolerance and effect of intervention on plasma 
nitrate/nitrite levels
Inorganic nitrate intervention and placebo were both tolerated well, 
with a summary of the adverse and serious adverse events given in 
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the Supplementary data online, Appendix (see Supplementary data 
online, Figures S2 and S3 and Tables S5 and S6). There was a significant 
increase in the plasma nitrate concentration at both 4–6 h (349.5 ±  
193.2 μmol/L vs. 34.0 ± 22.4 μmol/L, P < .001) and 48–72 h (376.5 ±  
260.7 μmol/L vs. 32.2 ± 19.5 μmol/L, P < .001) after angiography in 
those receiving inorganic nitrate when compared to placebo (see 
Supplementary data online, Figure S5). There were also increased levels 
in plasma nitrite concentrations seen at both 4–6 h (1.40 ± 5.3 μmol/L 
vs. 0.5 ± 0.37 μmol/L, P = .038) and 48–72 h (0.9 ± 1.2 μmol/L vs. 
0.4 ± 0.3 μmol/L, P = .036) in those receiving inorganic nitrate compared 
to placebo indicating that the enterosalivary circuit of nitrate was intact in 
these patients. In contrast, there were no differences in the plasma ni-
trate (31.5 ± 16.2 μmol/L vs. 33.6 ± 18.6 μmol/L, P = .9982) or nitrite 
concentrations (0.3 ± 0.2 μmol/L vs. 0.3 ± 0.2 μmol/L, P = .999) at 

3 months between the two groups indicating washout of nitrate in 
those receiving inorganic nitrate. In addition, assessment of blood 
pressure confirmed both delivery and efficacy of inorganic nitrate 
with a reduction in systolic blood pressure and no significant difference 
between the groups in diastolic blood pressure or heart rate (HR) (see 
Supplementary data online, Figure S6).

Three-month kidney function
Kidney function measures were available for 421 patients at 3 months. 
There was no difference in the level of creatinine (109.5 ± 41.8 vs. 
108.8 ± 41.5 μmol/L, P = .855) or level of eGFR (59.9 ± 18.5 vs. 60.5 ±  
17.8 mL/min, P = .730) between the placebo and inorganic nitrate 
groups respectively. However, assessment of the change in creatinine 

Screened
N=2675 Excluded:

1162 CIN prophylaxis not required
199 Language Barrier
191 Declined to participate
140 Recruitment to other studies
80 Study team or IMP unavailable
64 Insufficient time for IMP
50 Shock or Unstable
39 eGFR<20
33 Perceived Poor Compliance
28 Unable to attend for endpoint
23 Concerns over capacity
15 Life threatening co-morbidity
11 No angiogram performed

Randomised
N=640

Inorganic Nitrate (KNO3 12mmol)
N=319

Placebo (KCl 12mmol)
N=321

319 received ICA 321 received ICA

274 included in primary endpoint
analysis

45 missing primary endpoint
33 did not attend
10 out of time window
1 death prior to endpoint
1 patient withdraw consent

282 included in primary endpoint
analysis

39 missing primary endpoint
32 did not attend
7 out of time window

299 completed 12 month follow up

17 deaths prior to 12 months
3 withdrawn /lost to follow up

281 completed 12 month follow up

35 deaths prior to 12 months
5 withdrawn /lost to follow up

Figure 1 Consort diagram
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or eGFR from baseline to 3 months demonstrated that there was a 
significant improvement in both measures with inorganic nitrate ther-
apy compared to placebo. At 3 months, a significant increase in cre-
atinine [10.42 μmol/L (95% CI 5.86–14.98), P < .001] and a decline 
in eGFR [5.17 mL/min (95% CI 2.94–7.39), P < .001] were evident 

in the placebo group when compared to those receiving inorganic ni-
trate (Table 3 and Figure 2). These effects were accompanied by signif-
icantly higher rates of persistent kidney dysfunction (20.3% in the 
placebo group vs. 6.0% in the inorganic nitrate group at 3 months; 
P < .001).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics of the NITRATE-CIN cohort

Placebo (n = 321) Inorganic Nitrate (n = 319)

Age (years), mean ± SD 71.2 ± 11.5 70.8 ± 11.8

Sex, n (%)

Female 80 (24.9) 91 (28.5)

Male 241 (75.1) 228 (71.5)

Ethnicity, n (%)

Asian 44 (13.7) 58 (18.2)

Black 31 (9.7) 22 (6.9)

White 242 (75.4) 239 (74.9)

Unknown 4 (1.3) 0

BMI (kg/m2), mean ± SD 28.6 ± 5.8 28.1 ± 5.6

Hypertension, n (%) 248 (77.3) 237 (74.3)

Hypercholesterolaemia, n (%) 190 (59.0) 196 (61.0)

Previous PCI, n (%) 105 (32.7) 107 (33.5)

Previous MI, n (%) 104 (32.4) 106 (33.2)

Diabetes, n (%) 148 (46.1) 146 (45.8)

Type I 3 (0.9) 3 (0.9)

Type II: Diet controlled, 20 (6.2) 21 (6.6)

Type II: Drug therapy, 89 (27.7) 94 (29.5)

Type II: Insulin 36 (11.2) 28 (8.8)

Presentation, n (%)

Unstable angina 47 (14.6) 50 (15.7)

NSTEMI 274 (85.4) 269 (84.3)

Smoking History, n (%)

Non- smoker 134 (41.7) 134 (42.0)

Previous smoker 144 (44.9) 141 (44.2)

Current smoker 43 (13.4) 44 (13.8)

Peripheral Vascular Disease, n (%) 9 (2.8) 17 (5.3)

Stroke, n (%) 21 (6.5) 17 (5.3)

CKD (eGFR < 60 mL/min), n (%) 167 (52.1) 191 (59.8)

LV impairment, n (%) 118 (37.0) 128 (40.0)

LV Ejection Fraction, mean ± SD 48 ± 11 48 ± 12

SBP (mmHg), mean ± SD 132.8 ± 19.5 130.9 ± 21.0

DBP (mmHg), mean ± SD 72.3 ± 10.7 71.7 ± 10.6

HR (bpm), mean ± SD 70.3 ± 12.6 69.6 ± 12.0

NSTEMI, Non-ST Elevation Myocardial Infarction; PCI, Percutaneous Coronary Intervention; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; HR, heart rate. Kidney insufficiency is defined as eGFR <90 mL/min/1.73 m2.
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Outcomes
Procedural complications
Rates of procedural MI were significantly reduced in the inorganic ni-
trate group [2.7% (4 of 147 patients with PCI)] compared to placebo 
[12.5% (20/160)] (P = .003) (see Supplementary data online, Table S6).

One-year major adverse cardiac events
At 1-year overall MACE rates were 13.6% (87/638). There was a signifi-
cant reduction in MACE rates in the inorganic nitrate group (9.1%) 

compared to the placebo group (18.1%, P = .001) over the 1-year per-
iod. This was driven by reduced rates of all-cause mortality (5.4% vs. 
10.9%, P = .011), non-fatal MI (3.8% vs. 7.8%, P = .033), and unsched-
uled revascularization (1.6% vs. 4.7%, P = .031) (Figure 3).

One-year major adverse kidney events
At 1 year, overall MAKE rates were 20.2% (129/638). There was a sig-
nificant reduction in MAKE rates in the inorganic nitrate group (11.0%) 
compared to the placebo group (29.4%, P < .001) over the 1-year per-
iod. This was driven by reduced rates of all-cause mortality (5.4% vs. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Invasive coronary angiography procedural data of the NITRATE-CIN cohort

Placebo (n = 321) Inorganic nitrate (n = 319)

Access route, n (%)

Femoral 45 (14) 22 (6.9)

Radial 276 (86) 297 (93)

Contrast (mL), median [Q1–Q3] 170 [105–235] 153 [105–225]

Contrast >300 mL, n(%) 37 (11.5) 25 (7.8)

Radiation (mGy), median [Q1-Q3] 248 [127–520] 211 [144–404]

Radiation (mGy2), median [Q1-Q3] 1335 [751–2346] 1221 [708–2061]

Syntax Score, median [Q1-Q3] 13 [8–20] 12 [7–19]

Outcome, n (%)

Medical 128 (39.9) 137 (42.9)

PCI 160 (49.8) 147 (46.1)

Surgery 33 (10.3) 35 (10.9)

Vessel treated, n (%)

LMS 5 (1.6) 7 (2.2)

LAD 84 (26) 66 (21)

LCx 48 (15) 39 (12)

RCA 52 (16) 51 (16)

Intravascular imaging, n (%)

IVUS 58 (18) 49 (15)

OCT 22 (6.9) 9 (2.8)

Pressure wire, n (%) 14 (4.4) 22 (6.9)

Adjunctive techniques, n (%)

Rotational Atherectomy 11 (6.8) 9 (6.1)

IVL 3 (2.0) 0 (0)

Mehran score, mean ± SD 9.7 ± 3.6 10.3 ± 3.4

Mehran risk group, n (%)

Low (≤5) 26 (8.1) 25 (7.8)

Medium (6–10) 183 (57.0) 153 (48.0)

High (11–15) 88 (27.4) 112 (35.1)

Very high (≥16) 24 (7.5) 29 (9.1)

Data is shown as median [Q1–Q3] or mean value ± standard deviation (SD) or a number (percentage). PCI, Percutaneous Coronary Intervention; IVL, Intravascular Lithotripsy; OCT, 
Optical Coherence Tomography; LMS, Left Main Stem; LAD, Left Anterior Descending; LCx, Left Circumflex; RCA, Right Coronary Artery.
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10.9%, P = .011; full detail in supplement Supplementary data online, 
Table S7) and persistent kidney dysfunction (6.0% vs. 20.3%, P < .001) 
(Figure 4).

Discussion
In this randomized, double-blind, placebo-controlled trial of patients 
with ACS at risk of CIN undergoing invasive coronary angiography, a 
short (5 day) once daily treatment with oral inorganic nitrate, initiated 
before angiography, led to a significant reduction in CIN meeting the 

primary endpoint of the study. This reduction was observed consistent-
ly across levels of CIN risk, diabetic status, and ACS subgroups 
(NSTEMI/unstable angina). Importantly, this reduction in CIN was 
also associated with improved kidney outcomes at 3 months and a re-
duction in both kidney and cardiac events over the following 12 months 
(Structured Graphical Abstract). These findings together support the 
concept of ‘NO’ replacement in the form of inorganic nitrate as a po-
tential solution to prevent CIN and improve both cardiovascular and 
kidney outcomes after ACS.

The prognostic significance of CIN after coronary angiography has 
been debated extensively in recent years.1–3 However, there is a 
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Table 3 Outcomes of patients enrolled in the NITRATE-CIN study

Treatment group Unadjusted Covariate adjusteda

Placebo Inorganic nitrate
CIN n = 282 n = 274 Odds Ratio  

(95% CI)
P value Odds Ratio  

(95% CI)
P value

CIN n (%) 86 (30.50) 25 (9.12) 0.23 (0.14 to 0.37) <.001 0.21 (0.13 to 0.34) <.001

Creatinine (mmol/L) 112.7 (49.6) 110.1 (43.0)

eGFR (mL/min/1.73 m2) 59.6 (21.1) 60.3 (20.8)

3 month n = 215 n = 206 Difference  
(95% CI)

P value Difference  
(95% CI)

P value

Creatinine (mmol/L) Mean ± SD

Baseline 97.3 (32.2) 107.3 (38.3)

3-month 109.6 (41.8) 108.8 (41.5) −0.74 (−8.72 to 7.24) .855 −10.42 (−14.98 to −5.86) <.001

Change 12.3 (25.8) 1.5 (20.9)

3 month n = 210 n = 205 Difference  
(95% CI)

P value Difference  
(95% CI)

P value

eGFR Mean ± SD (mL/min/1.73 m2) n = 210 n = 205

Baseline 66.4 (18.1) 60.6 (18.1)

3-month 59.9 (18.5) 60.5 (17.8) 0.62 (−2.89 to 4.12) .730 5.17 (2.94 to 7.39) <.001

Change −6.58 (12.9) −0.12 (11.1)

1 Year MACE n = 320 n = 318 Odds Ratio  
(95% CI)

P value Odds Ratio  
(95% CI)

P value

MACE 58 (18.13) 29 (9.12) 0.45 (0.28 to 0.73) .001 0.45 (0.28 to 0.73) .001

All-cause mortality 35 (10.94) 17 (5.35) 0.46 (0.25 to 0.84) .011 0.46 (0.25 to 0.84) .011

Cardiovascular mortality 12 (3.75) 8 (2.52) 0.66 (0.27 to 1.64) .374 0.66 (0.27 to 1.64) .375

Non-fatal MI 25 (7.81) 10 (3.14) 0.38 (0.18 to 0.81) .031 0.38 (0.18 to 0.81) .012

Unscheduled revascularisation 15 (4.69) 5 (1.57) 0.32 (0.12 to 0.90) .031 0.32 (0.12 to 0.90) .031

1 year MAKE n = 320 n = 318 Odds Ratio  
(95% CI)

P value Odds Ratio  
(95% CI)

P value

MAKE 91 (28.44) 34 (10.69) 0.30 (0.20 to 0.46) <.001 0.30 (0.19 to 0.46) <.001

All-cause mortality 35 (10.94) 17 (5.35) 0.46 (0.25 to 0.84) .011 0.46 (0.25 to 0.84) .011

New-onset RRT 5 (1.56) 3 (0.94) 0.60 (0.14 to 2.53) .487 0.60 (0.14 to 2.55) .490

Persistent Renal Dysfunction 62 (19.38) 18 (5.66) 0.25 (0.14 To 0.43) <.001 0.25 (0.14 To 0.43) <.001

Kidney function at 3 months and 1-year Major adverse cardiac events (MACE) [excluding procedural mis] and Major adverse kidney events (MAKE) are listed. Data is shown as odds ratio 
with 95% confidence interval (CI) or mean value ± standard deviation (SD) or a number (percentage). MI, Myocardial Infarction; RRT, Renal replacement therapy. 
aAdjusted differences are corrected for diabetes status with 3-month renal function measures also adjusting for baseline measures.
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growing consensus that CIN (CA-AKI), particularly in patients with pre- 
existing kidney dysfunction, is prognostically important. This import-
ance has been shown to be relevant for patients with low (e.g. 
KDIGO stage 1) to severe CIN (CA-AKI), with respect to outcomes.27

The reduced occurrence of CIN coupled with the reduction in 1-year 
MACE with inorganic nitrate treatment supports this previously as-
serted link. Confidence in the reduced MACE observation is provided 
by evidence of improvement in multiple other related and connected 
variables and outcomes. Indeed, there were also reductions in proced-
ural MI and improved kidney outcomes at both 3 and 12 months. In 
addition to MACE, there was a reduction of all-cause mortality too. 
Interestingly separation out of this data hints at reductions in infection 
and stroke-associated mortality in addition to cardiovascular deaths, al-
though due to the low numbers of each individually, a much larger 
phase 3 study is needed to assess this further.

The demographics of the NITRATE-CIN cohort exposed a relatively 
high number of NSTE-ACS patients with diabetes and in particular 
Type II diabetes. It is of note that approximately 25% of the patients re-
cruited were of Asian and African-Caribbean descent; a fact driven 
by the diversity of the local community that is served by The Barts 
Heart Centre. It is generally accepted that there is a higher incidence, 
particularly of Type II diabetes, in those of Asian and African- 
Caribbean descent. This likely in part underlies the high rates of CIN 
within the cohort. Recent evidence interrogating the UK Biobank co-
hort dataset has demonstrated that UK Asians have the highest propor-
tion of Type II diabetes in the UK at 17.86%. Perhaps of greater 

relevance to NITRATE-CIN is that further analysis of this group de-
monstrated a 30% prevalence of Type II diabetes in Bangladeshi people; 
the highest of all the Asian groups analysed within the dataset.28 The 
Barts Heart Centre, as mentioned, serves a very diverse community si-
tuated within the East End of London and this part of London is home 
to a very large Asian (44.4%) and particularly Bangladeshi (34.6% in the 
2021 census) community.

Analysis of the plasma indicated a clear rise in circulating nitrate and 
nitrite levels post-angiography in those receiving the KNO3. The rise in 
nitrite level was commensurate with the level measured in the 
NITRITE-AMI trial where reductions of CIN were apparent in explora-
tory assessments,17 and thus supporting the assumptions made regard-
ing dose selection in the protocol. The findings also confirm that the 
enterosalivary circuit of nitrate is intact, in these patients, and that 
the non-canonical pathway for NO delivery is an efficacious approach 
to deliver NO in ACS. This is of importance since the bioconversion of 
nitrate to nitrite occurs within the oral cavity and is due to the metabol-
ic activity of commensal oral bacteria.29 Numerous studies have sug-
gested that atherosclerotic disease is associated with alterations 
in the host gut microbiome,30 however if such changes occurred in 
the oral cavity this did not impact the efficacy of inorganic nitrate. 
Further confirmation of efficacious delivery of NO emanates from 
the lowering of systolic blood pressure evident at 4–6 h following 
IMP administration in comparison to baseline or placebo. This fits 
well with the known pharmacokinetics of oral inorganic nitrate inges-
tion.14 Both nitrate and nitrite circulate in the blood and are found 
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Figure 2 Kidney function is improved at 3 months in patients receiving inorganic nitrate. Panel A shows the change in serum creatinine concentration 
at 3 months from baseline with a significant decrease in the inorganic nitrate group compared to the placebo group (−10.42 (95% confidence interval: 
−14.98 to −5.86), P < .001; difference as estimated by linear regression adjusting for baseline creatinine and diabetes status). Panel B shows the change 
in eGFR concentration at 3 months from baseline with a significant increase in the inorganic nitrate group compared to the placebo group (5.17 (95% 
confidence interval 2.94–7.39), P < .001; difference as estimated by linear regression adjusting for baseline creatinine and diabetes status)
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sequestered in tissues,31,32 and represent a significant stable intravascu-
lar endocrine reservoir and tissue storage form of NO that exerts 
beneficial effects.29,33 Importantly, this reservoir can be supplemented 
through exogenous administration of the anion29 and our results in this 

study intimate that the intervention has worked as expected and likely 
raised tissue concentrations in addition to blood concentrations of 
both anions. This fact is particularly pertinent to patients at high risk 
of CIN due to pre-existing CKD, since this latter condition is associated 

Figure 3 Major adverse cardiac events at 12 months. The cumulative incidence (% of population) of major adverse cardiac events during the 12-month 
follow-up period was estimated by the Kaplan–Meier method. Two additional patients in the placebo arm and one in the inorganic nitrate arm experienced 
a major adverse cardiac events event between 12 and 13 months. These events happened within the 1-year follow-up window (12 month ± 30 days)

Figure 4 Major adverse kidney events at 12 months. The cumulative incidence (% of population) of major adverse kidney events during the 12-month 
follow-up period was estimated by the Kaplan–Meier method. Eight additional patients in the placebo arm and three in the Inorganic nitrate arm ex-
perienced a major adverse kidney events event between 12 and 13 months. These events happened within the 1-year follow-up window (12 month ±  
30 days)
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with increases in the levels of endogenous inhibitors of conventional 
NO synthesis thought to underlie in part the deficient NO state of 
such patients.34

The protective effect of inorganic nitrate against CIN evidenced 
herein is supported by studies suggesting renoprotective effects of in-
organic nitrate or nitrite in pre-clinical studies. Reduction of nitrite to 
NO following topical35 administration of sodium nitrite (30 nmol) 
protected rats against kidney ischaemia/reperfusion-induced injury in 
vivo, an observation supported by similar studies in mice36 and mim-
icked with dietary inorganic treatment.37 Additionally, the protection 
mechanistically related to NO delivery is supported by clinical data 
demonstrating some benefits with the direct NO donor isosorbide 
dinitrate (ISDN) against CIN. In a study of 394 patients, ISDN admin-
istration together with hydration reduced CIN rates, in patients with 
heart failure38 as also did administration of organic nitrate in a small 
study of 199 patients specifically undergoing angioplasty, demonstrat-
ing that only 15.2% developed kidney impairment with organic nitrate 
treatment compared to 29.9% in those who did not.39 Further larger 
studies have yet to be performed to confirm the observations but a 
key issue limiting the therapeutic potential of organic nitrates is that 
continuous/repeated administration is of limited benefit due to the 
development of tolerance.40 This issue is not a limiting factor with in-
organic nitrate, since there is no evidence of tolerance with either in-
organic nitrite or nitrate treatment.18 Further support for benefits 
against CIN, of NO delivery in the ACS setting, comes from a trial 
showing that inhaled NO reduced the incidence of postoperative 
acute kidney injury and improved long-term kidney outcomes after 
cardiopulmonary bypass.41 Whilst these data support the concept 
of CIN reduction and improved outcomes with NO supplementation, 
the major cost and logistical issues associated with inhaled NO ther-
apy, however, reduce enthusiasm for such an approach. In contrast, 
treatment with a nitrate salt such as KNO3 is simple-to-administer 
and likely substantially superior as a cost-effective approach to CIN 
reduction.

Interestingly, in NITRATE-CIN prior use of an organic nitrate ap-
peared to eliminate the positive effects of inorganic nitrate. One could 
speculate that the exposure to organic nitrate had already recovered 
NO levels and thus no further benefit was achievable. However, only 
72 patients in total received organic nitrate before angiography indicat-
ing that there was likely insufficient power for this analysis. It is also 
worth noting that despite the lack of statistical significance there was 
a trend for less CIN with inorganic nitrate treatment. Further study 
powered to detect differences is needed to better assess the impact 
of organic nitrate on the efficacy of inorganic nitrate.

Limitations
NITRATE-CIN was a single-centre study, so whether the results will be 
replicated in patients with different demographics and across other 
centres with different practices is uncertain. In the baseline demograph-
ics there is a trend, although not statistically significant, to slightly more 
contrast volume and radiation given to patients in the placebo group vs. 
the inorganic nitrate-treated group. Since the patients were rando-
mized and the study double-blind, we can only conclude that this oc-
curred at random. The study is also powered off rates of CIN and 
therefore the reduced clinical events to 12 months with inorganic ni-
trate should be considered as hypothesis-generating and preliminary 
in nature. Although planned, the cost-effectiveness evaluation of inor-
ganic nitrate in this setting has not been completed so no conclusions 
on this can be made currently.

Conclusion
In patients at risk of kidney injury undergoing coronary angiography for 
ACS, dietary inorganic nitrate reduces CIN compared to placebo. This 
corresponded to improved kidney outcomes at 3 months and MACE 
events at 12 months, findings which could have important implications 
for reducing the burden on the NHS. Further studies powered off 
MACE events are needed to confirm these findings.

Supplementary data
Supplementary data are available at European Heart Journal online.
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