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Teprasiran, a Small Interfering RNA, for the 
Prevention of Acute Kidney Injury in High-Risk 
Patients Undergoing Cardiac Surgery
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BACKGROUND: Acute kidney injury (AKI) affects up to 30% of patients undergoing cardiac surgery, leading to increased 
in-hospital and long-term morbidity and mortality. Teprasiran is a novel small interfering RNA that temporarily inhibits p53-
mediated cell death that underlies AKI.

METHODS: This prospective, multicenter, double-blind, randomized, controlled phase 2 trial evaluated the efficacy and safety 
of a single 10 mg/kg dose of teprasiran versus placebo (1:1), in reducing the incidence, severity, and duration of AKI after 
cardiac surgery in high-risk patients. The primary end point was the proportion of patients who developed AKI determined 
by serum creatinine by postoperative day 5. Other end points included AKI severity and duration using various prespecified 
criteria. To inform future clinical development, a composite end point of major adverse kidney events at day 90, including 
death, renal replacement therapy, and ≥25% reduction of estimated glomerular filtration rate was assessed. Both serum 
creatinine and serum cystatin-C were used for estimated glomerular filtration rate assessments.

RESULTS: A total of 360 patients were randomly assigned in 41 centers; 341 dosed patients were 73±7.5 years of age 
(mean±SD), 72% were men, and median European System for Cardiac Operative Risk Evaluation score was 2.6%. 
Demographics and surgical parameters were similar between groups. AKI incidence was 37% for teprasiran- versus 50% 
for placebo-treated patients, a 12.8% absolute risk reduction, P=0.02; odds ratio, 0.58 (95% CI, 0.37–0.92). AKI severity 
and duration were also improved with teprasiran: 2.5% of teprasiran- versus 6.7% of placebo-treated patients had grade 3 
AKI; 7% teprasiran- versus 13% placebo-treated patients had AKI lasting for 5 days. No significant difference was observed 
for the major adverse kidney events at day 90 composite in the overall population. No safety issues were identified with 
teprasiran treatment.

CONCLUSIONS: The incidence, severity, and duration of early AKI in high-risk patients undergoing cardiac surgery were 
significantly reduced after teprasiran administration. A phase 3 study with a major adverse kidney event at day 90 primary 
outcome that has recently completed enrollment was designed on the basis of these findings (NCT03510897).

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT02610283. 
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Acute kidney injury (AKI) affects up to 30% of 
all patients undergoing cardiac surgery1 despite 
recent advances in surgical techniques and post-

surgical care. Known risk factors for postoperative AKI 
include procedure type, on-pump versus off-pump sur-
gery,2 cardiopulmonary bypass (CPB) duration, comor-

bidities (eg, chronic kidney disease, congestive heart 
failure, diabetes), female sex, and advanced age.3,4

Patients who develop postoperative AKI demon-
strate increased short- and long-term mortality and 
morbidity, including progression to chronic kidney dis-
ease.5–9 At present, the standard of care includes fluid 
management and avoiding nephrotoxic drugs in high-
risk patients. However, no approved targeted therapies 
exist for the prevention or treatment of this life-threat-
ening complication.3

Various underlying mechanisms contribute to the 
development of postoperative AKI that are mainly medi-
ated by reduced renal perfusion and ischemia reperfu-
sion injury (IRI). IRI, through the opening of mitochondrial 
permeability transition pores and oxidative stress, leads 
to cell injury and death. This mechanism of renal injury is 
typically seen with CPB.3

p53, a DNA-binding transcription factor, activates 
genes responsible for growth arrest or cell death after 
exposure to IRI.10 Activation of cell death versus growth 
arrest depends on the magnitude of p53 increase.11 
The rationale for temporary inhibition of p53 to pro-
tect cells from IRI is that reducing p53 levels attenu-
ates cell death and subsequent organ failure, switching 
the downstream pathway to a damage repair mode and 
allowing cells the opportunity to recover.12 In kidney IRI, 
p53 activation occurs primarily in proximal tubular epi-
thelial cells.13,14 There is evidence suggesting that this 
activation is increased in aged kidneys.15 Animal stud-
ies indicate that p53 knockout specifically in proximal 
tubular epithelial cells is necessary and sufficient for 
injury attenuation.16 Although p53 has tumor suppres-
sor functions, tumorigenesis was not demonstrated 
with brief inhibition, similar to that caused by teprasiran 
administration, in multiple animal models.17,18

RNA interference is a biological process in which small 
double-stranded RNA molecules inhibit gene expression 
by neutralizing targeted messenger RNA molecules. 
This process can be harnessed for therapeutic purposes 
using synthetic double-stranded RNA oligonucleotides 
called small interfering RNAs (siRNAs). After systemic 
administration, such compounds specifically accumulate 
in proximal tubular epithelial cells19 and, as such, appear 
tailor-made for local and temporary p53 inhibition for the 
prevention of IRI-induced AKI. Teprasiran is a synthetic, 
chemically stabilized small interfering RNA (siRNA) act-
ing through RNA interference, which temporarily inhibits 
p53 expression for ≈48 to 72 hours. Teprasiran has a 
plasma residence time of <20 minutes. Previously pub-
lished results in multiple preclinical models show that 
temporary p53 inhibition with siRNA reduces the risk of 
AKI and organ failure.19,20

Teprasiran has been under evaluation for the prevention 
of AKI and its consequences in high-risk patients under-
going cardiac surgery21 (NCT03510897) and for the 
prevention of delayed graft function in kidney transplant 

Clinical Perspective

What Is New?
• In patients undergoing cardiac surgery, the isch-

emia reperfusion process can lead to acute kidney 
injury. Teprasiran is a small interfering RNA that 
temporarily inhibits p53-mediated cell death and 
thus may allow injured renal tubule cells an oppor-
tunity for repair.

What Are the Clinical Implications?
• Patients receiving teprasiran had a lower incidence 

of early acute kidney injury (37% for teprasiran ver-
sus 50% for placebo-treated patients, P=0.02; 
odds ratio, 0.58 [95% CI, 0.37–0.92]), and no 
safety issues were identified.

• This study suggests a possible renal protective 
effect of teprasiran and forms the basis of a larger 
phase 3 study that has recently completed enroll-
ment to explore the safety and efficacy of this agent 
to reduce major adverse kidney events at day 90 in 
this setting.

Nonstandard Abbreviations and Acronyms

AE adverse event
AKI acute kidney injury
AKIN Acute Kidney Injury Network
bSCr baseline serum creatinine
CABG coronary artery bypass grafting
CPB cardio-pulmonary bypass
eGFR estimated glomerular filtration rate
EuroSCORE  European System for Cardiac 

Operative Risk Evaluation
IRI ischemia reperfusion injury
ITT intention-to-treat analysis
KDIGO  Kidney Disease: Improving Global 

Outcomes
MAKE major adverse kidney event
mITT modified intention-to-treat analysis
RIFLE  risk, injury, failure, loss of kidney func-

tion, and end-stage kidney disease
SAE severe adverse event
sCr serum creatinine
sCys serum cystatin C
siRNA small interfering RNA
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recipients from deceased donors (NCT00802347 and 
NCT02610296).

This phase 2 study was conducted to evaluate the 
safety and short-term efficacy of teprasiran in prevent-
ing AKI in high-risk patients undergoing cardiac surgery 
(NCT02610283). It also provided the basis for a larger 
phase 3 trial to meet regulatory approval requirements 
for an expanded safety data set and demonstration of 
efficacy in terms of long-term durable outcomes of renal 
function such as significant or prolonged deterioration of 
eGFR, need for renal replacement therapy, or death.

METHODS
The authors declare that all supporting data have been provided 
within the article and its Data Supplement. The data, meth-
ods used in the analysis, and materials used to conduct the 
research will not be made available to any researcher for pur-
poses of reproducing the results or replicating the procedure.

Study Design
This was a prospective, multicenter, double-blind, randomized, 
controlled phase 2 trial designed to evaluate the safety and 
efficacy of teprasiran in patients undergoing on-pump or off-
pump cardiac surgery who were at moderate to high risk of 
developing AKI according to the presence of ≥1 risk factors.

The study was compliant with the Helsinki Declaration. 
Institutional ethical approval was obtained from each site and 
written informed consent was obtained from all participants 
before enrollment. An independent monitoring committee 
reviewed unblinded data to assess the safety and tolerabil-
ity of treatment with teprasiran. No interim efficacy analyses 
were performed.

Patients
Men and women ≥45 years of age were enrolled if they were 
scheduled for an elective cardiac surgical procedure and had 
at least one of the following AKI risk factors: age >70 years, 
eGFR <60 mL·min–1·1.73 m–2, diabetes, proteinuria, or a his-
tory of congestive heart failure. Patients undergoing a single 
procedure, that is, isolated coronary artery bypass grafting 
(CABG) or single-valve surgery, needed to have ≥2 AKI risk 
factors to be eligible. Patients must have had stable renal 
function during the 4 weeks preceding study entry. Patients 
undergoing emergent surgeries, transcatheter aortic valve 
implantation, or transcatheter aortic valve replacement pro-
cedures, or those who were hemodynamically unstable before 
surgery were excluded. The complete list of eligibility criteria 
is included in the Data Supplement.

Patients were stratified by: eGFR (eGFR: 20–60 
mL·min–1·1.73 m–2 and >60 mL·min–1·1.73 m–2), planned use of 
CPB (yes versus no), and circulatory arrest (yes versus no). A 
fixed block size of 4 was used within each stratum combination. 
Randomization to teprasiran 10 mg/kg or placebo occurred 
within the 24 hours preceding surgery in a 1:1 ratio. The study 
was designed to enroll ≈340 patients in North America and 
Germany. The sample size (n=170 per group) was based on the 
following assumptions: 50% of patients in the placebo group 

and 35% in the teprasiran group would develop AKI, with a type 
I error=0.05 (2-sided significance test), 80% power.

Trial Procedures
Study drug (teprasiran sodium 10 mg/kg; 25 mg/mL in phos-
phate-buffered saline, pH=7.0±0.5) or placebo (isotonic saline) 
was administered as a single intravenous bolus over 1 to 2 
minutes at 4 hours±30 minutes after discontinuation of CPB 
or after the last coronary anastomosis for off-pump surgery 
(n=341). A baseline visit occurred within 24 hours before sur-
gery, with daily follow-up visits up to day 7 (depending on the 
length of hospitalization); 3 additional follow-up visits occurred 
≈30, 90, and 365 days after surgery (see Data Supplement for 
additional information).

Safety
Information about vital signs, laboratory values, and adverse 
events (AEs) were collected at prespecified visits as mentioned 
earlier through day 30; serious adverse events (SAEs) were 
collected through day 90. Vital status and malignancy status 
were obtained at 1 year. AEs were classified according to organ 
system using the Medical Dictionary for Regulatory Activities 
Version 19.1. An independent Data Monitoring Committee 
monitored safety during the study.

End Points and Statistical Analysis
The primary efficacy end point was the proportion of patients 
developing AKI as defined by the AKIN (Acute Kidney Injury 
Network) criteria through postoperative day 5 using sCr only.

For the primary end point analysis, the groups were com-
pared by multivariable binary logistic regression analysis with 
treatment group and baseline stratification factors (eGFR, use 
of cardiopulmonary bypass, and circulatory arrest) included 
in the model. The null hypothesis of no treatment effect was 
tested at the ≤0.05 level (2-sided) using the Wald χ2 test on 
1 degree of freedom. The analysis was prespecified to be per-
formed on a modified intent-to-treat (mITT) population, defined 
as all patients who were randomly assigned, dosed with study 
drug (teprasiran or placebo), and who had a baseline sCr value 
available; the mITT-bsCr analysis set. No interim efficacy analy-
ses were performed.

Secondary efficacy end points included severity and dura-
tion of AKI. Additional secondary end points included alternate 
definitions of AKI using other criteria (Risk, Injury, and Failure; 
and Loss, and End-stage kidney disease [RIFLE], Kidney 
Disease Improving Global Outcomes [KDIGO]), hospital and 
intensive care unit length of stay, and health status (EQ-5D). 
A composite end point of major adverse kidney events at 90 
days (MAKE90) was included as a secondary end point to 
evaluate the effect of teprasiran on longer-term complications. 
MAKE90 was defined as the proportion of patients developing 
at least one of the following: death through day 90, need for 
renal replacement therapy through day 90, or ≥25% reduction 
in eGFR from baseline to 90 days after surgery. The eGFR 
component was analyzed separately using either sCr or sCys.

All dichotomous secondary outcomes were compared, simi-
lar to the primary outcome, using a multivariate binary logistic 
regression analysis with treatment group and the baseline strat-
ification factors included in the model. Treatment comparisons 
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for stages and duration of AKI were done by using the Wilcoxon 
nonparametric test.

Prespecified subgroup analyses were performed on the pri-
mary end point to determine whether the effect of treatment 
varied across stratification factors and other AKI prognostic 
indicators. Additional prespecified sensitivity analyses were 
done using the per-protocol and intention-to-treat populations 
and excluding patients with a rise in sCr of >0.3 mg/dL imme-
diately before dosing.

Analyses were performed with the use of the SAS System, 
Version 9.4 (SAS Institute Inc).

RESULTS
Demographics and Baseline Characteristics
From January 2016 to April 2017, a total of 360 patients 
were randomly assigned and 341 were dosed in 41 sites 
in North America and Germany (see the Data Supplement 
for list of sites and investigators). Among the 341 random-
ly assigned patients, 165 patients received teprasiran and 
176 received placebo. A total of 24 (6.7%) patients were 
discontinued after dosing for various reasons (Figure 1).

Numbers of patients per analysis set are shown in 
Table I in the Data Supplement. The intention-to-treat 

(ITT) analysis set includes all patients who were ran-
domly assigned and underwent surgery (n=360). The 
mITT analysis set includes all patients in the ITT analysis 
set who were dosed with the study drug (n=341). The 
mITT-bsCr analysis set includes all patients in the ITT 
analysis set who were dosed with study drug and had a 
baseline sCr result (n=322). mITT-bsCr was defined as 
the primary analysis population. Of those, 301 patients 
had a sCr value at baseline and at day 90. For those with 
no sCr value at day 90, values were imputed using last 
observation carried forward.

Baseline characteristics, demographics, and comorbid-
ities were comparable among patients in the 2 treatment 
groups (Table 1). Dosed patients were predominantly men 
(72.4%) and White race (96.8%). Mean age was 73.3 
years and most patients were obese with a mean body 
mass index of 30.3 kg/m2. Median Euroscore II value as 
reported by the study sites was 2.6%, 53% had evidence 
of preexisting renal dysfunction at study entry (defined as 
eGFRsCr < 60 mL·min–1·1.73 m–2) and 39% had protein-
uria, with a urine albumin/urine creatinine ratio >30 μg/
mg. The only noteworthy difference between treatment 
groups was the greater proportion of patients with diabe-
tes in the placebo group (34.7% versus 22.4%). Details 

Figure 1. Patient disposition.
Patients were assigned in a 1:1 ratio to the teprasiran or placebo groups. Of the 360 patients randomly assigned, 19 patients (6 assigned 
to placebo and 13 assigned to teprasiran) were discontinued before dosing because of events arising during or after the surgery (eg, death, 
physician decision, withdrawal by subject, or hemodynamic instability). Of those dosed, 93.2% of the placebo group and 92.7% of the teprasiran 
group completed the day 90 visit. *Two subjects (1 subject in each treatment group) died after study day 90. Both subjects experienced SAEs 
with fatal outcomes that began before study day 90.
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of the surgical procedure (Table 2) demonstrate a simi-
lar distribution of procedure type between the treatment 
groups. All but 1 patient underwent CPB, and the mean 
CPB duration was 1.79 hours. The majority of the opera-
tive procedures were CABG (39.2%) or CABG combined 
with ≥1 valve interventions (27.3%).

Primary Outcome
The number of patients in the primary analysis popula-
tion who developed AKI per the AKIN criteria determined 
by sCr was 82 (49.7%) in the placebo group and 58 
(36.9%) in the teprasiran group (absolute risk reduction, 
−12.8% [95% CI, −23.5 to −1.8]; odds ratio, 0.58 [95% 
CI, 0.37–0.92]; relative risk reduction, 25.8%; P=0.02; 
Tables 3 and 4).

Sensitivity analyses, including ITT population and also 
excluding patients who developed AKI before dosing 

(with an increase of >0.3 mg/dL sCr between random-
ization and dosing), also yielded results that were consis-
tent with the primary analysis (Tables 3 and 4). Teprasiran 
showed a consistent impact on AKI incidence across 
subgroups (Figure 2) with favorable results in multiple 
versus single procedures and patients with diabetes ver-
sus those without.

Secondary Outcomes
AKI severity according to AKIN criteria was also sig-
nificantly reduced in teprasiran-treated patients, with a 
relative risk reduction of 18% (38.2% placebo versus 
31.2% teprasiran), 33% (4.8% placebo versus 3.2% te-
prasiran), and 63% (6.7% placebo versus 2.5% tepra-
siran) for AKI stage 1, 2, and 3, respectively (Table 4). 
Similar reductions were demonstrated in AKI severity 
according to RIFLE and KDIGO criteria (Tables II and III 
in the Data Supplement). Moreover, teprasiran-treated 
patients had shorter AKI duration, with twice as many 
placebo-treated patients meeting the AKI criteria for ≥5 
days (22 [13.3%] versus 11 [7%]; Table 4). Similar re-
ductions in the incidence of prolonged AKI were shown 
by using both RIFLE and KDIGO criteria (Table IV in the 
Data Supplement).

Major Adverse Kidney Events at 90 Days 
The incidence of MAKE90 was similar in teprasiran- 
versus placebo-treated patients when using eGFRsCr 
(19.3% versus 20.9% for placebo versus teprasiran 
respectively; odds ratio, 1.1 [95% CI, 0.6–1.9], P=0.71; 
Table V in the Data Supplement). Table V in the Data 
Supplement also includes components of the MAKE90 
composite. The composite outcome when using eG-
FRsCys (43.9% versus 37% for placebo versus tepra-
siran, respectively; odds ratio, 0.8 [95% CI, 0.5–1.2], 
P=0.2065) is also shown in the Data Supplement, 
as are its individual components (Table VI in the Data 
Supplement). There was no difference in the propor-
tion of deaths through day 90 (5.7% versus 4.8% for 
placebo versus teprasiran, respectively; odds ratio, 0.8 
[95% CI, 0.3–2.2], P=0.72), or patients receiving renal 
replacement therapy (7.4% versus 4.8% for placebo 
versus teprasiran, respectively; odds ratio, 0.6 [95% CI, 
0.3–1.6], P=0.34).

Safety
The frequency and types of AEs were similar for tepra-
siran- and placebo-treated patients. Overall, 335 patients 
(98.2%) experienced at least 1 AE. AEs experienced by 
≥10% of patients in either group through day 30 are 
summarized in Table 5. The most common AEs were 
pleural effusion (36.4%) and atrial fibrillation (33.7%). 
Most events were assessed as unrelated to study drug 

Table 1. Demographic and Baseline Characteristics Sum-
mary by Treatment Group (Modified Intension-to-Treat Analy-
sis Set)

Characteristic
Placebo 
(n=176)

Teprasiran 
10 mg/kg 
(n=165)

Overall 
(n=341)

Age, y, mean (SD) 72.7 (7.53) 73.8 (7.38) 73.3 (7.47)

Sex, n (%)

 Female 44 (25.0) 50 (30.3) 94 (27.6)

 Male 132 (75.0) 115 (69.7) 247 (72.4)

EuroScoreII

 n 175 165 340

 Mean (SD) 4.66 (8.29) 3.98 (5.24) 4.33 (6.98)

 Median 2.6 2.6 2.6

 Min, Max 0.6, 50 0.7, 89 0.6, 89

History of diabetes, n (%)

 Yes 61 (34.7) 37 (22.4) 98 (28.7)

 No 115 (65.3) 128 (77.6) 243 (71.3)

Body mass index, kg/m2

 n 167 157 324

 Mean (SD) 30.8 (6.16) 29.8 (6.55) 30.3 (6.36)

Estimated glomerular filtration rate based on serum creatinine, n (%)

 <60 mL·min–1·1.73 m–2 83 (47.2) 76 (46.1) 159 (46.6)

 ≥60 mL·min–1·1.73 m–2 93 (52.8) 89 (53.9) 182 (53.4)

Proteinuria (urine albumin/urine creatinine), n (%)

 <30 μg/mg 87 (49.4) 92 (55.8) 179 (52.5)

 >30 μg/mg 75 (42.6) 59 (35.8) 134 (39.3)

 Missing 14 (8.0) 14 (8.5) 28 (8.2)

Percentages are based on the number of patients recruited in each group ac-
cording to the modified intention-to-treat analysis set. Demographic and base-
line characteristics were tested statistically for imbalance among the groups 
using Cochran-Mantel-Haenszel stratified by the baseline stratification factor for 
categorical variables and analysis of variance with factors for treatment and 
the baseline stratification factor for continuous variables. History of diabetes 
according to medical history file: “Diabetes requiring insulin.” A significant differ-
ence (P<0.05) was found for history of diabetes only.
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by investigators; the most frequently reported AEs as-
sessed as related were hypotension (1.2%), alanine 
aminotransferase increased (1.2%), and aspartate ami-
notransferase increased (0.9%). Analysis of aggregate 
data for related AEs suggested similar incidence be-
tween treatment groups.

The overall incidence of SAEs was similar between 
treatment groups, 47.3% for teprasiran and 40.9% for 
placebo. The most common SAEs, experienced by >5% 
in either group through day 90, were respiratory failure 
(4.4% overall, 6.1% in teprasiran-treated patients and 
2.8% in placebo-treated patients, P=0.19) and AKI 
(6.2% overall, 5.5% in teprasiran-treated patients and 
6.8% in placebo-treated patients).

Overall, 36 patients died through day 365. Of those, 
20 patients died of a fatal SAE with a start date before 
day 90, 9 (5.5%) in the teprasiran group and 11 (6.3%) 
in the placebo group (P=0.72). The most frequently 

reported causes of death were infections and infesta-
tions (1.8%) and respiratory, thoracic, and mediastinal 
disorders (1.5%; Table 5). In addition, 15 patients died 
between day 90 and day 365, 4 in the teprasiran group 
and 11 in the placebo group, bringing the total number 
of deaths up to day 365 to 13 (7.9%) in the teprasiran 
group and 22 (12.5%) in the placebo group (P=0.17; 
Figure III in the Data Supplement). One subject died after 
randomization but before dosing.

DISCUSSION
This study demonstrated a reduction in the incidence, 
severity, and duration of early postoperative AKI in high-
risk patients undergoing on-pump cardiac surgery after a 
single dose of teprasiran. Teprasiran appeared to be well 
tolerated and no safety signal was detected. The reduc-
tion in AKI incidence was consistent across all prespeci-

Table 2. Surgical Details Summary by Treatment Group (Modified Intention-To-Treat Analysis Set)

Surgical details Placebo (n=176) Teprasiran (n=165) Overall (n=341)

Surgical approach, n (%)

 Sternotomy 170 (96.6) 158 (95.8) 328 (96.2)

 Other 6 (3.4) 7 (4.2) 13 (3.8)

Surgical groups, n (%)

Combined coronary artery bypass graft and ≥1 valve 48 (27.3) 44 (26.7) 92 (27.0)

 >1 valve 12 (6.8) 11 (6.7) 23 (6.7)

  Aortic root or ascending aorta, combined with coronary 
artery bypass graft or valve

9 (5.1) 6 (3.6) 15 (4.4)

 Single valve only 29 (16.5) 29 (17.6) 58 (17.0)

 Coronary artery bypass graft only 69 (39.2) 64 (38.8) 133 (39.0)

 Other 9 (5.1) 11 (6.7) 20 (5.9)

Surgical duration, min, mean (SD)

 Total surgery duration* 227.6 (85.88) 229.3 (84.71) 228.4 (85.20)

Cardiopulmonary bypass, n (%)

 Yes 176 (100) 164 (99.4) 340 (99.7)

 No 0 (0.0) 1 (0.6) 1 (0.3)

Cardiopulmonary bypass details 176 164 340

 Cardiopulmonary bypass time, h, mean (SD) 1.78 (0.74) 1.79 (0.76) 1.79 (0.78)

 Duration of aortic cross-clamping, min,† mean (SD) 77.8 (31.59) 77.1 (36.69) 77.5 (34.08)

Hematocrit, mean (SD)

 Lowest hematocrit (%) recorded in the operating room 25.8 (4.43) 25.4 (4.56) 25.6 (4.49)

Mean arterial pressure, n (%)

 < 50 mm Hg for >15 consecutive minutes

 Yes 9 (5.1) 11 (6.7) 20 (5.9)

 No 166 (94.3) 154 (93.3) 320 (93.8)

Any episode of mean arterial pressure <50 mm Hg

 Yes 46 (26.1) 46 (27.9) 92 (27.0)

 No 129 (73.3) 119 (72.1) 248 (72.7)

The percentage was calculated with respect to treatment group size. 
*Surgery duration = skin incision time – skin suture time. 
†Duration of aortic cross-clamp = aortic cross-clamp time – aortic cross-declamp time.
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fied subgroup analyses and reproducible when using al-
ternative AKI definitions (ie, RIFLE and KDIGO). Of note, 
despite the observed baseline imbalance with a greater 
proportion of patients with diabetes in the placebo group 
(34.7% versus 22.4%; Table 1), the prespecified sub-
group analysis indicated that teprasiran-treated subjects, 
with or without diabetes, had lower AKI rates (Figure 2).

The different observations for eGFRsCr and 
eGFRsCys in the overall study population undergoing 
cardiac surgery are in line with the published literature. 
The suggested explanation is that sCr is produced by 
muscle and can be confounded by numerous nonrenal 
factors that are prevalent in higher-risk patient popu-
lations like the one undergoing cardiac surgery in this 
study. Examples of such factors are: reduction of the 
creatinine pool attributable to the reduction of muscle 
mass (age- and disease-related), reduced intake of pro-
tein or meat, or water retention.22,23 Conversely, sCys is 
produced by all cells in the body and as such is not dis-
proportionally affects by loss of muscle mass.22,24.

Previous publications suggest that eGFRsCys may be 
a better estimator of kidney function in populations of 
relevance to this study, such as those undergoing cardiac 
surgery,25,26 those with preexisting kidney dysfunction,27 
and those with cardiorenal syndrome 2.28 eGFRsCys was 
demonstrated to be a good predictor of overall mortal-
ity in those patients undergoing elective CABG, in some 

cases better than eGFRsCr.29,30 The different dynamics 
over time of sCr and sCysC in this study (Figure 3) show 
that, although sCr levels seem to return to near base-
line values at day 5 and remain almost entirely stable 
until day 90, sCysC values increase and remain elevated, 
potentially supporting the concept of sCysC being a 
much more sensitive marker of renal function in this spe-
cific population.

The tumor suppressor function of p53 may raise 
questions about a potential of increased risk for malig-
nancy. However, tumorigenesis was not demonstrated 
with brief p53 inhibition, similar to that caused by tepra-
siran administration, in multiple animal models.17 After 
the intravenous injection of Cy3-labeled siRNAs target-
ing p53 in a rat model, rapid elimination of fluorescence 
signal from both total and cytosolic siRNA occurred, 
and there was no residual fluorescence detected in 24 
hours in proximal tubular cells. These results were con-
firmed by using in situ hybridization. siRNA-mediated 
reduction of p53 mRNA levels was detected at 3 and 
6 hours after siRNA administration and returned to 
baseline levels between 24 and 48 hours or between 
6 and 24 hours after intravenous injection in the cor-
tex and medulla, respectively.19 The temporary nature of 
p53 inhibition in the kidney is not expected to increase 
malignancy risk.12,17 In addition to these preclinical 
observations, malignancies have been monitored for 

Table 3. Proportion of Patients Developing AKI by AKIN Criteria (Based on sCr) Through Day 5

Patients developing AKI* Placebo Teprasiran 10 mg/kg Overall P value

mITT-bsCr (primary) analysis set 

 N 165 157 322  

 n (%) 82 (49.7) 58 (36.9) 140 (43.5)  

 Risk difference (95% CI)  12.8 (23.5–1.8)†   

 Odds ratio (95% CI)  0.58 (0.37–0.92)  0.02ǂ

Intention-to-treat analysis set

 N 182 178 360  

 n (%) 99 (54.4) 79 (44.4) 178 (49.4)  

 Risk difference (95% CI)  10.0 (20.3–0.4)†   

 Odds ratio (95% CI)  0.66 (0.43–1.01)  0.05ǂ

mITT-bsCr analysis set, sensitivity analysis§ 

 N 164 149 313  

 n (%) 81 (49.4) 50 (33.6) 131 (41.9)  

 Risk difference (95% CI)  15.8 (26.6–4.8)†   

 Odds ratio (95% CI)  0.52 (0.32–0.82)  0.005ǂ

AKI indicates acute kidney injury; AKIN, Acute Kidney Injury Network; bsCr, baseline serum creatinine required; ITT, intension-
to-treat; mITT, modified ITT (all dosed); mITT-bsCr, modified ITT baseline sCr (all dosed with study drug with an available baseline 
serum creatinine value, predefined primary analysis set); and sCr, serum creatinine. Note: N refers to the number of patients in the 
analysis set contributing to the summary.

*AKI was defined by the AKIN criteria (stage 1, stage 2, or stage 3) through day 5 on the basis of sCr only. In the ITT analysis, 
patients without a baseline sCr were classified as having developed AKI.

†Risk difference was the difference in proportion between treatments (teprasiran – placebo) and the 95% CIs were derived from 
the multivariable logit model with stratification factors.

ǂOdds ratio (teprasiran/placebo) multivariable logit model with stratification factors using the Wald χ2 test.
§Excluding patients with a ≥0.3 mg/dL increase in sCr between the measurement obtained before surgery and measurement 

obtained before dosing.
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up to 1 year in all clinical trials conducted to date with 
teprasiran. No specific malignancy signal has been 
identified so far in completed studies, with malignancies 
reported in 15 of 671 (2.2%) patients exposed to tepra-

siran versus 12 of 654 (1.8%) patients given placebo 
(data on file). Of note, many of these patients were kid-
ney transplant recipients, concomitantly treated with 
immunosuppressants.

Figure 2. Subgroup analysis of the primary end point (modified intention-to-treat–baseline serum creatinine required 
analysis set).
The forest plot presents, for each subgroup, acute kidney injury odds ratio (OR) between treatments by a dot and its 95% CI by a horizontal line. 
The size of the dot varies proportionally with the total (Nteprasiran+Nplacebo) sample size of each subgroup. On the left side of the figure, the 
subgroup sample size by treatment is presented with the corresponding acute kidney injury rate. The column on the right lists the odds ratio and 
its 95% CI; the x-axis of the plot is in log scale. P values for odds ratio interaction between subgroups are as follows: age=0.17, CPB time=0.98, 
diabetes=0.34, eGFR=0.71, procedure=0.43. CPB indicates cardiopulmonary bypass; and eGFR, estimated glomerular filtration rate. *Diabetes 
requiring insulin treatment.

Table 4. Proportion of Patients Developing AKI, AKI Severity, and AKI Duration, by AKIN Criteria 
(Based on sCr) Through Day 5

Patients developing AKI*
Placebo (n=165), 
n (%)

Teprasiran 10 mg/kg 
(n=157), n (%) Relative risk reduction, % P value

AKI Severity†; mITT-bsCr (primary) analysis set

 No AKI 83 (50.3) 99 (63.1)  0.01‡

 1 63 (38.2) 49 (31.2) 18  

 2 8 (4.8) 5 (3.2) 33  

 3 11 (6.7) 4 (2.5) 63  

AKI duration (days)§; mITT-bsCr (primary) analysis set

 0 83 (50.3) 99 (63.1)   

 1 23 (13.9) 18 (11.5)   

 2 14 (8.5) 12 (7.6)  0.01‡

 3 13 (7.9) 10 (6.4)   

 4 10 (6.1) 7 (4.5)   

 ≥5 22 (13.3) 11 (7.0)   

AKI indicates acute kidney injury; AKIN, Acute Kidney Injury Network; bsCr, baseline serum creatinine required; ITT, intention-to-
treat; mITT, modified ITT (all dosed); mITT-bsCr, modified ITT baseline SCr (all dosed with study drug with an available baseline sCr 
value, predefined primary analysis set); and sCr, serum creatinine.

*AKI was defined by the AKIN criteria (stage 1, stage 2, or stage 3) through day 5 on the basis of sCr only. In the ITT analysis, 
patients without a baseline sCr were classified as having developed AKI.

†Secondary end point: AKI severity according to AKIN criteria based on sCr by stages/severity grade.
§Secondary end point: AKI duration in days according to AKIN criteria based on sCr.
‡Wilcoxon nonparametric test.
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siRNAs are a novel therapeutic class with poten-
tial utility in various disease areas. The first siRNA 
to receive Food and Drug Administration approval in 
2018 was for polyneuropathy caused by hereditary 
transthyretin-mediated amyloidosis. Additional siRNAs 
are being developed for diverse conditions. Inclisiran, 
a siRNA inhibiting hepatic synthesis of proprotein 
convertase subtilisin–kexin type 9, showed promising 
results in low-density lipoprotein reduction with a bian-
nual administration regimen.31

To our knowledge, no other therapeutic interven-
tion has demonstrated efficacy in treating or preventing 

AKI in a randomized, controlled trial setting. Because 
of the lack of robust and reproducible level 1 evidence 
from randomized, controlled trials, the standard of care 
is focused on closely monitoring patients, controlling 
recognized risk factors in the postsurgical setting, and 
avoiding nephrotoxic drugs.3

Several other preventive strategies showing early 
promise in small, noncontrolled, or retrospective stud-
ies, were not able to demonstrate reductions in post-
operative AKI incidence in large, well-controlled studies 
or formal meta-analyses.3 These include preoperative 
statins,32 remote ischemic preconditioning,33 intravenous 

Table 5. Adverse Events and Deaths

Incidence Placebo (n=176)
Teprasiran 10 mg/
kg (n=165) Overall (n=341)

Incidence of AEs (experienced by ≥10% of patients through day 30)

 Patients with at least 1 AE, n (%) 172 (97.7) 163 (98.8) 335 (98.2)

  Pleural effusion 63 (35.8) 61 (37.0) 124 (36.4)

  Atrial fibrillation 60 (34.1) 55 (33.3) 115 (33.7)

  Acute kidney injury 50 (28.4) 42 (25.5) 92 (27.0)

  Fluid overload 26 (14.8) 36 (21.8) 62 (18.2)

  Nausea 37 (21.0) 35 (21.2) 72 (21.1)

  Procedural pain 21 (11.9) 34 (20.6) 55 (16.1)

  Anemia 36 (20.5) 32 (19.4) 68 (19.9)

  Constipation 20 (11.4) 27 (16.4) 47 (13.8)

  Hypotension 23 (13.1) 25 (15.2) 48 (14.1)

  Thrombocytopenia 14 (8.0) 20 (12.1) 34 (10.0)

  Atelectasis 17 (9.7) 17 (10.3) 34 (10.0)

  Hypokalemia 14 (8.0) 17 (10.3) 31 (9.1)

  Hypocalcemia 21 (11.9) 16 (9.7) 37 (10.9)

  Edema peripheral 23 (13.1) 15 (9.1) 38 (11.1)

  Incision site pain 23 (13.1) 9 (5.5) 32 (9.4)

Incidence of SAEs (experienced by >5% of patients through day 90)

 Patients with at least 1 SAE 72 (40.9) 78 (47.3) 150 (44.0)

  Respiratory failure 5 (2.8) 10 (6.1) 15 (4.4)

  Acute kidney injury 12 (6.8) 9 (5.5) 21 (6.2)

Incidence of death (through day 90)

 System organ class, n (%)

  Cardiac disorders 1 (0.6) 2 (1.2) 3 (0.9)

  General disorders and administration site conditions 3 (1.7) 0 (0.0) 3 (0.9)

  Infections and infestations 4 (2.3) 2 (1.2) 6 (1.8)

  Metabolism and nutrition disorders 0 (0.0) 1 (0.6) 1 (0.3)

   Neoplasms: benign, malignant, and unspecified (in-
cluding cysts and polyps)

1 (0.6) 0 (0.0) 1 (0.3)

  Respiratory, thoracic, and mediastinal disorders 2 (1.1) 3 (1.8) 5 (1.5)

  Vascular disorders 0 (0.0) 1 (0.6) 1 (0.3)

AEs by preferred term are presented in descending order of frequency in the teprasiran group. AEs were coded using Medical 
Dictionary for Regulatory Activities Version 19.1. When a patient had multiple occurrences of an AE, they were counted only once. 
Two patients (1 subject in each treatment group) died after day 90. Both patients experienced SAEs with fatal outcomes that began 
before day 90; they are included in Table V in the Data Supplement and not in Figure 1. AE indicates adverse event; and SAE, 
serious adverse event.
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bicarbonate,34 fenoldopam,35 and the use of mannitol as 
the priming fluid for CPB.36 Although outcomes of clinical 
trials with the α-melanocyte–stimulating hormone ana-
logue ABT-719 were initially encouraging, a phase 2 trial 
with end points and population similar to this study, failed 
to demonstrate treatment benefit on AKI or MAKE.37 The 
CiPRICS study (Ciclosporin to Protect Renal function in 
Cardiac Surgery) assessing the potential benefit of inhib-
iting the mitochondrial permeability transition pore open-
ing during reperfusion by a single bolus of cyclosporine 
was not able to demonstrate differences between cyclo-
sporin and placebo.38 Similarly, both Swaminathan et al39 
and Himmelfarb et al40 reported negative results from 
interventional trials in a population similar to this study 
by using intra-arterial mesenchymal stem cells and THR-
184, an antiapoptotic BMP 7 (bone morphogenetic pro-
tein 7) agonist, respectively.

The multiple tested and failed preventive strategies 
described here highlight postoperative AKI as an area 
of significant unmet medical need, with the potential 
to substantially affect future morbidity and mortality in 
high-risk patients.

This study has some limitations. First, 19 (5.6%) of 
patients randomly assigned and dosed (mITT) were une-
valuable because of missing baseline creatinine values. 
However, in a sensitivity analysis counting patients with 

missing baseline creatinine values as treatment failures, 
the primary outcome of difference in AKI rates between 
treatment groups remained statistically significant. Sec-
ond, AKI in this study was predominantly grade 1 with 
few grade 2 or 3 events. Thus, although the incidence of 
grade 2 and 3 AKI was numerically lower in the tepra-
siran group versus the placebo group by 33% and 63%, 
respectively, the study was not sufficiently powered to 
statistically conclude that teprasiran reduces the inci-
dence of higher-grade AKI events. Similarly, this study 
was not adequately powered for the MAKE90 end point 
or mortality; future studies would be required to confirm 
whether or not teprasiran can improve these outcomes for 
it to receive regulatory approval. Third, the study included 
only 1 patient undergoing off-pump surgery. Because 
AKI rates, but not new renal failure requiring dialysis in 
the first 30 postoperative days, are higher for on-pump 
versus off-pump CABG,2 any extrapolation of the results 
to off-pump surgeries should be undertaken with cau-
tion. Fourth, although the rates of AEs, SAEs, and deaths 
were similar between groups, the sample size was too 
small to exclude an imbalance in rare safety events. Of 
note, in completed randomized, controlled studies using 
teprasiran in 921 patients undergoing kidney transplant 
to prevent delayed graft function, no safety signal was 
observed in up to 1 year of follow-up (data on file).

Figure 3. Serum creatinine and serum cystatin C dynamics over time.
Serum cystatin C values over time per cohort are presented as absolute (A) and change from baseline (BL; B). After a decrease in values on day 
0 (day of surgery), an increase in serum cystatin C is observed in the acute postoperative period starting on day 1 in both treatment cohorts. The 
observed increase is maintained through day 90. Serum creatinine (sCr) values over time per cohort as absolute (C) and change from baseline 
(D). A rapid increase is observed on day 0 (day of surgery), reaching peak values on days 2 to 3 and decreasing to near presurgery values by day 
5. sCr values at day 90 closely resemble baseline sCr values.
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Conclusions
The best way to mitigate the long-term implications of 
AKI is to prevent it or treat it as early as possible. In this 
randomized, double-blind, placebo-controlled phase 2 
clinical trial, teprasiran, a novel siRNA therapeutic tar-
geting p53, was well tolerated and showed reductions 
in the incidence, severity, and duration of early AKI in 
high-risk, on-pump patients undergoing cardiac surgery. 
The results of this study suggest potential renal-pro-
tective effects of teprasiran and formed the basis of a 
larger phase 3 study (NCT03510897) that has recently 
completed enrollment and follow-up in >1000 high-
risk, on-pump, patients undergoing cardiac surgery to 
explore the safety and efficacy of teprasiran to reduce 
MAKE90 in this setting.
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