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Abstract

Background: Theoretically, atrial natriuretic peptide (ANP), especially low-dose ANP, is beneficial in acute kidney
injury (AKI). In this study, we examined whether low-dose ANP is effective in preventing or treating AKI by
conducting an updated systematic review for randomized controlled trials (RCTs).

Method: We searched the Excerpta Medica database (EMBASE), PubMed, and Cochrane CENTRAL databases for
RCTs that compare the effects of low-dose ANP (≤ 50 ng/kg/min) with a placebo or conventional therapy in at-risk
patients or patients with AKI. The primary outcome was the incidence of new AKI (in prevention RCTs), while the
secondary outcomes were in-hospital mortality rate, renal replacement therapy (RRT) requirement, length of
hospital and intensive care unit (ICU) stay, incidence of hypotension, and peak serum creatinine levels. The
risk-of-bias was evaluated using the Cochrane Collaboration risk-of-bias tool. Trial sequential analysis (TSA) was
used for each outcome of interest.

Results: A total of 18 RCTs (16 prevention and two treatment trials) fulfilled our inclusion criteria. In prevention RCTs,
the incidence of new AKI was significantly low in the low-dose ANP group (relative risk [RR] = 0.51; 95% confidence
interval [CI] = 0.36–0.72; P = 0.0001) compared to the control group. In addition, the low-dose ANP group showed a
significantly reduced RRT requirement in both prevention (RR = 0.17; 95% CI = 0.04–0.64; P = 0.009) and treatment (RR
= 0.43; 95% CI = 0.20–0.93; P = 0.03) RCTs. Among secondary outcomes, in some cases, low-dose ANP was associated
with a reduction in ICU and in-hospital stay. The risk-of-bias assessment and TSA results indicated that the sample sizes
and qualities of the RCTs were insufficient to conclude the efficacy of low-dose ANP.

Conclusion: Low-dose ANP might be effective in preventing or treating AKI. However, the evidence accumulated so
far is not strong enough to demonstrate ANP’s beneficial effects. The next step is to elucidate the effects of low-dose
ANP by conducting multicenter, high-quality, large-sample RCTs.

Trial registration: PROSPERO registry CRD42017068568. Registered 20 June 2017.
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Background
Acute kidney injury (AKI), a common complication in
critically ill patients, is associated with unfavorable clin-
ical outcomes [1]. To improve prognosis in AKI patients,
an effective intervention strategy against AKI has to be
developed. However, several studies have indicated that,
so far, there are no established means to fight AKI [2, 3].
Natriuretic peptides (e.g., atrial natriuretic peptide

[ANP] and brain natriuretic peptide [BNP]) are en-
dogenous hormones that are released from the heart in
response to myocardial stretch [4]. Through guanylyl cy-
clase A receptor activation, natriuretic peptides induce
pleiotropic actions, such as natriuresis, vasodilation, and
suppression of circulating renin, angiotensin II, and al-
dosterone [4, 5]. ANP also elicits other renal actions,
such as an increase in the glomerular filtration rate and
the protection of glomerular podocytes from damage
[6–8]. Currently, in some countries, human recombinant
ANP (carperitide) is approved for acute heart failure
(AHF) treatment [9].
Furthermore, natriuretic peptides can be beneficial not

only for AHF but also for AKI [10]. Low-dose ANP, es-
pecially, may exhibit favorable renal effects without in-
ducing hypotension as indicated by previous studies
[11–14]. Therefore, we considered that, in arguing the
effect of ANP, the aspect of low-dose infusion should be
highlighted and that, theoretically, it has a potential to
work as a renoprotective drug. However, it remains elu-
sive whether low-dose ANP is effective for the preven-
tion or treatment of AKI.
In this study, we conducted an updated systematic re-

view and meta-analysis of existing randomized con-
trolled trials (RCTs) that compared low-dose ANP with
a placebo or conventional therapy for the prevention or
treatment of AKI.

Methods
Study protocol
In this study, low dose of ANP was defined as ≤ 50 ng/
kg/min in accordance with the AKI guidelines pre-
scribed by the Kidney Disease Improving Global Out-
comes (KDIGO) of 2012 [3]. Refer to Additional file 1:
Table S1 for a structured outline of our study design
using the population, intervention, comparator, and out-
come methodology. The phrase “at-risk of AKI” was also
defined according to KDIGO AKI guidelines 2012
(Chapter 2.2, “Risk Assessment”) [3]. Our study protocol
was in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis for Protocols
2015 (PRISMA-P 2015) (Additional file 1: Table S2) and
A MeaSurement Tool to Assess Systematic Reviews
(AMSTAR) guidelines (Additional file 1: Table S3).
The protocol of this study was first registered in

the PROSPERO database on July 20, 2017 (no.

CRD42017068568) [15]. Since the risk of bias of the
included studies and the event rates of some out-
comes were different from our expectation, we had to
revise the protocol on an as-needed basis. Full details
of the revised points can be found on https://
www.crd.york.ac.uk/prospero/
display_record.php?RecordID=68568.

Search strategy
A search of the US National Library of Medicine, MED-
LINE electronic reference database (PubMed), the
Excerpta Medica database (EMBASE), and the Cochrane
CENTRAL databases was performed from inception
through October 2017. Two investigators (HY and KM)
also independently performed a literature search. The
search terms used in each electronic database are de-
scribed in Additional file 1: Table S4. In addition, the
references of the identified RCTs and systematic reviews
were searched in order to identify further relevant
papers.

Study selection
Two investigators (HY and KM) independently exam-
ined the abstracts and titles of the studies identified by
literature search in order to exclude irrelevant studies.
Inclusion criteria were as follows: (i) RCTs (blinded or
unblinded) published between 1970 and October 2017
and (ii) trials comparing low-dose ANP versus a placebo
or conventional therapy for prevention or treatment of
AKI. The exclusion criteria were as follows: (i) nonhu-
man experimental studies, (ii) administration of ularitide
(a synthetic form of urodilatin excreted by the kidneys)
or nesiritide (a trade name of BNP), (iii) administration
of high-dose ANP (> 50 ng/kg/min), and (iv) a lack of
sufficient data to perform a meta-analysis of targeted
outcomes. After selection, the extracted RCTs were di-
vided into prevention and treatment studies. Any dis-
crepancy between the two investigators was
independently assessed by a third investigator (KD) and
resolved through a consensus among all three
investigators.

Outcomes
The primary outcome of prevention RCTs in this sys-
tematic review was the incidence of new AKI, as defined
in each trial. The secondary outcomes were as follows:
in-hospital mortality rate, renal replacement therapy
(RRT) requirement (whose criteria were not necessarily
predefined in the RCTs), length of intensive care unit
(ICU) stay, length of hospital stay, incidence of
hypotension (defined separately in respective RCTs), and
peak serum creatinine levels. The outcomes of interest
in treatment RCTs were the same as the secondary out-
comes of prevention RCTs.
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Data extraction
Prespecified patient and outcome data were independently
extracted by two investigators (HY and KM), and any dif-
ferences between the two were assessed by the third inves-
tigator (KD). If the outcome data were incomplete, the
original authors of those specific RCTs were contacted by
e-mail to obtain the missing information from them.

Risk-of-bias assessment
Risk-of-bias assessment was performed by two investiga-
tors (HY and KM), and disagreements, if any, were re-
solved by discussion. The Cochrane Collaboration
risk-of-bias tool was used to assess the internal validity
of the selected RCTs [16, 17].

Statistical analyses
A pooled analysis was performed using risk ratio (RR)
for dichotomous outcomes and the mean difference
(MD) for continuous outcomes, with a corresponding
95% confidence interval (CI). The random-effects model
was used to pool the results of the RCTs. If the total
event rate was ≤ 1%, Peto’s odds ratio method was ap-
plied. In addition, to statistically evaluate the effects of
confounding factors for the primary outcome, we per-
formed meta-regression analysis; the variables evaluated
were age, ANP administration time (> 24 h or < 24 h),
use of cardiopulmonary bypass (CPB), and contrast
medium. Statistical heterogeneity was assessed by the
chi-square test and the I2 statistic. P < 0.10 or I2 > 50%
was an indication of substantial heterogeneity. In the
case of considerable heterogeneity (I2 > 50% or P < 0.10),
we performed a sensitivity analysis to detect the influ-
ence of a single study on the overall estimate by omit-
ting one study in turn and pooling the remaining ones.
In other statistical analyses, P < 0.05 was considered statis-

tically significant. Any potential publication bias was assessed
by visual assessment of the funnel plots constructed.
Meta-regression analysis was performed using Comprehen-
sive Meta-Analysis version 3.0 (Biostat Inc., Englewood, CO,
USA), and other statistical analyses were performed using
Revman 5.3 (Cochrane IMS, Oxford, UK).

Trial sequential analysis
Meta-analysis may result in type I errors due to (i) an in-
creased risk of random errors when the data collected are
insufficient and (ii) repeated significance testing when a
cumulative meta-analysis is updated with new RCTs [18,
19]. To examine the effects of type I errors, we performed
trial sequential analysis (TSA) for each outcome [18, 20].
TSA combines the information of size calculation (cumu-
lated sample sizes of all included RCTs) for meta-analysis
with a threshold of statistical significance [20]. This
threshold adjusts the CIs and reduces type I errors. If the
cumulative Z-curve crosses the threshold boundaries, the

evidence obtained is sufficient to prove ANP’s beneficial
effects and no further RCTs are required. In contrast, if
the Z-curve does not cross any boundary, however, the
evidence is insufficient to reach a conclusion [18].
In this study, we conducted TSA with the aim to maintain

an overall 5% risk of a type I error and a 20% risk of a type II
error, at a power of 80%. To evidence a clinically meaningful
difference, we derived the relative risk reduction (RRR) for
each outcome from the literature. If the Sidik–Jonkman (S-J)
and DerSimonian–Laird (D-L) random-effects models pro-
duced different results, a meta-analysis with the two models
was conducted and the implications of each scenario were
considered true. TSA was conducted with the use of TSA
version 0.9 beta (http://www.ctu.dk/tsa) [21].

Subgroup analysis
Predefined subgroup analysis was conducted on the
basis of (i) the clinical setting, cardiovascular surgery
and contrast medium; (ii) the control intervention, pla-
cebo versus conventional therapy; (iii) the infusion dur-
ation, > 24 h and < 24 h; and (iv) removal of RCTs from
a single, influential group.

The GRADE approach
The Grading of Recommendations Assessment, Devel-
opment, and Evaluation (GRADE) approach was applied
to provide an overall assessment of the evidence relating
to all of the outcomes. A summary of findings was de-
veloped using the GRADEpro software (ims.cochra-
ne.org/revman/other-resources/gradepro) [22].

Results
Search results
A flowchart of our search strategy and the reasons for
RCT exclusion are shown in Fig. 1. After identification
and screening, 40 full-text studies were read for further
evaluation and, of these, 18 were excluded because they
did not report predefined outcomes or meet our inclu-
sion criteria [13, 14, 23–38]. Additionally, in order to
avoid potential overlap of the study population, we ex-
cluded some of the studies by Sezai et al. which had
been included in previous meta-analysis [39–42] (Add-
itional file 1: Table S5). Finally, the remaining 18 RCTs
(16 AKI prevention RCTs and 2 AKI treatment RCTs)
were included in the analysis [43–60]. Table 1 lists the
baseline characteristics of the included RCTs.

Risk of bias in the included RCTs
Our risk-of-bias assessment for each of the 18 RCTs is
shown in Fig. 2. Most of them presented a high or an
unclear risk of bias in three domains: allocation conceal-
ment, blinding of participants and personnel, and blind-
ing outcome assessment. Only one RCT presented a low
risk of bias in all three domains [58]. Twelve RCTs
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reported funding sources or declared no conflicts of
interest [43, 44, 46, 47, 49, 50, 52, 53, 55, 58–60], and six
RCTs did not specify their funding sources [45, 48, 51,
54, 56, 57]. No RCT reported funding from the industry.

ANP for AKI prevention
Incidence of AKI
In this study, eight prevention RCTs reported the in-
cidence of new AKI. The pooled estimate was signifi-
cantly low in the low-dose ANP group (relative risk
[RR] = 0.51; 95% CI = 0.36–0.72; P = 0.0001), compared
to the control group, although with mild heterogen-
eity (P = 0.05; I2 = 50%; Fig. 3). Therefore, we per-
formed a sensitivity analysis to detect the source of
heterogeneity. When we omitted Kurnik’s trial [43],
the heterogeneity reached an acceptable level and the
significance of the pooled estimate remained stable
(Additional file 1: Table S6).
Meta-regression analysis showed that ANP administration

time of > 24 h strengthened the positive effect of low-dose
ANP by significantly decreasing AKI incidence (P= 0.047)
(Additional file 1: Figure S1). On the other hand, we did not
find a significant correlation between AKI incidence and

other confounding factors, including age (P= 0.96), the use
of CPB (P= 0.90), or contrast medium (P= 0.60).
In TSA, the D-L random-effects model findings

showed that although the sample size did not reach
the required information size, the cumulative Z-curve
crossed both the conventional and trial sequential
monitoring boundaries for benefits (Additional file 1:
Figure S2). In contrast, the S-J random-effects model
results showed that because of the heterogeneity of
the included RCTs, the cumulative Z-curve only par-
tially crossed the conventional boundary for benefits
(Additional file 1: Figure S3). These results indicated
the necessity for future multicenter, high-quality,
large-sample RCTs.

In-hospital mortality
In-hospital mortality rates were reported in eight pre-
vention RCTs. A forest plot showed that low-dose ANP
did not have a beneficial effect on the in-hospital mortal-
ity rate (RR = 0.41; 95% CI = 0.15–1.13; P = 0.08), with
no apparent heterogeneity (P = 0.52; I2 = 0%; Fig. 4). In
TSA, the cumulative Z-curve did not cross any of the
threshold boundaries, and we did not observe any

Fig. 1 Flowchart of the systematic review and meta-analysis in this study
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significant effects on the in-hospital mortality rates
(Additional file 1: Figure S4).

Need for renal replacement therapy
Data on RRT requirement were available in eight pre-
vention RCTs. While 2.2% of the patients in the control
group received RRT during follow-up, this figure was
only 0.2% in the low-dose ANP group. A forest plot of
RRT showed a significant difference between the two
groups (RR = 0.17; 95% CI = 0.04–0.64; P = 0.009), with
no apparent heterogeneity (P = 0.94; I2 = 0%; Fig. 5). In
TSA, the cumulative Z-curve crossed only the conven-
tional boundary for benefits and the sample size did not
reach the required information size (Additional file 1:
Figure S5).

Hospital and ICU stay
The length of hospital stay was reported in six pre-
vention RCTs. It was significantly shorter in the
low-dose ANP group (MD = − 2.65 days; 95% CI = −
4.45 to − 0.86; P = 0.004), compared to the control
group, with no apparent heterogeneity (P = 0.16; I2 =
38%; Additional file 1: Figure S6). The length of ICU
stay was reported in six preventive RCTs, with no sig-
nificant difference between the two groups (MD =
0.06 days; 95% CI = − 0.31 to 0.43; P = 0.75) and with
no apparent heterogeneity (P = 0.27; I2 = 23%; Add-
itional file 1: Figure S6).
In TSA for the hospital stay period, the cumulative

Z-curve crossed only the conventional boundary for
benefits and the sample size did not reach the required
information size (Additional file 1: Figure S7). We could
not apply TSA to comparisons of the length of ICU stay
because the sample size was too small.

Incidence of hypotension
Since the total event rate in the incidence of
hypotension was < 1%, we applied Peto’s odds ratio
method. Forest plots indicated that low-dose ANP sig-
nificantly induces hypotension (odds ratio = 8.57; 95%
CI = 3.88–18.95; P < 0.001), with significant heterogen-
eity (P = 0.03; I2 = 78%; Additional file 1: Figure S8). It
was impossible to perform sensitivity analysis and apply
TSA to the comparisons because the number of RCTs
and the sample size were too small.

Peak serum creatinine levels
Forest plots showed that low-dose ANP did not
significantly reduce the peak serum creatinine levels (MD
= − 0.18mg/dL; 95% CI = − 0.38 to 0.01; P = 0.07), with
significant heterogeneity (P = 0.007; I2 = 75%; Add-
itional file 1: Figure S9). In a sensitivity analysis, whichever
study was omitted, the heterogeneity remained significant

Fig. 2 Risk-of-bias assessment. A review of investigators’ judgment about
each risk-of-bias domain for each included RCT is shown. Red circles
indicate high risk, green circles indicate low risk, and yellow circles indicate
unclear risk. RCT, randomized controlled trial
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(Additional file 1: Table S7). We could not apply TSA to
this outcome because the sample size was too small.

Subgroup analysis
Additional file 1: Table S8 shows the summary of our
subgroup analysis. Although the results were not rad-
ically different from the overall results, the original
significance was not evident in some comparisons. In
particular, when the two high-volume RCTs from
Sezai’s group were removed from the analysis, signifi-
cant reduction in the rate of new AKI by low-dose
ANP was not detected (RR = 0.60; 95% CI = 0.31–1.15;
P = 0.05) [52, 53].

ANP for AKI treatment
In this study, only two treatment RCTs met our inclu-
sion criteria. Compared to the control group, the
low-dose ANP group showed a significantly reduced
need for RRT (RR = 0.43; 95% CI = 0.20–0.93; P = 0.03;
Fig. 6) and shortened length of ICU stay (MD = − 2.41
days; 95% CI = − 3.49 to − 1.34; P < 0.0001; Add-
itional file 1: Figure S10). In addition, the incidence of
hypotension was not significantly more frequent in the

low-dose ANP group (RR = 1.27; 95% CI = 0.64–2.50; P
= 0.50) (Additional file 1: Figure S11) compared to the
control group. With regard to other outcomes, it was
impossible to calculate summary statistics because they
were not reported in both treatment RCTs. Moreover,
we could not perform subgroup analysis because of the
low number of included RCTs.
In TSA of RRT requirement, the cumulative Z-curve

crossed only the conventional boundary for benefits
(Additional file 1: Figure S12). However, in TSA of the
length of ICU stay, the cumulative Z-curve crossed both
the conventional and trial sequential monitoring bound-
aries for benefits and reached the required information
size (Additional file 1: Figure S13). The results indicated
sufficient and conclusive evidence to prove ANP’s bene-
ficial effects and showed that further RCTs are not re-
quired. Meanwhile, the cumulative Z-curve of the
incidence of hypotension did not cross any of the
threshold boundaries (Additional file 1: Figure S14).

Funnel plots
To determine publication bias, we created funnel plots
(Additional file 1: Figure S15 and S16). The shapes of

Fig. 3 Forest plot of AKI incidence in prevention RCTs. CI, confidential interval; M-H, Mantel–Haenszel; AKI, acute kidney injury; RCT, randomized
controlled trial

Fig. 4 Forest plot of in-hospital mortality rate in prevention RCTs. ANP, atrial natriuretic peptide; CI, confidential interval; M-H, Mantel–Haenszel;
RCT, randomized controlled trial
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the funnel plots did not show obvious asymmetry in
each outcome’s analysis.

GRADEpro summary of findings
Additional file 1: Table S9 and S10 show our GRADE
evidence profile. The quality of evidence was assessed as
low or very low in most of the outcomes because of high
risk of bias and limited sample size.

Discussion
In this study, we investigated the effect of low-dose ANP
on AKI prevention or treatment. Low-dose ANP signifi-
cantly reduced the incidence of new AKI and RRT re-
quirement for both at-risk patients and patients with
AKI. In addition, low-dose ANP shortened the hospital
or ICU stay, depending on the situation. However, our
findings were not conclusive, because the quality of evi-
dence for each outcome was quite low. Indeed, we had
to partially revise the protocol due to high risk of bias in
most of the included studies. In addition, the sample size
was not large enough to demonstrate significant effects,
except for the length of ICU stay in treatment RCTs.
Previous studies conducted in 2009 indicated the benefit

of ANP for AKI [11, 12]. The studies also showed a trend
toward RRT reduction and a good safety profile in the
low-dose ANP group [11, 12]. After the last study was
published, many RCTs were conducted to investigate the
protective effects of low-dose ANP [42, 48–53, 56, 58–60].

Unfortunately, however, our study, including recent RCTs,
could not firmly demonstrate a positive effect of low-dose
ANP on AKI prevention or treatment. In fact, in most of
the outcomes, TSA showed insufficiency of the sample
size. Therefore, this study re-emphasized the sheer neces-
sity of multicenter, high-quality, large-sample RCTs.
One of the strengths of this study was the revelation

of the importance of performing treatment RCTs with
low-dose ANP. Previous systematic reviews including
high-dose ANP studies have reported that the incidence
of hypotension is significantly higher in the ANP group
[11, 12]. However, our inclusion criteria limited the infu-
sion of ANP to a low-dose; therefore, our meta-analysis
of treatment RCTs did not show a significant difference
in the incidence of hypotension. Nevertheless, our study
raised the possibility of reduction in RRT requirement
and the length of ICU stay in treatment RCTs.
In our meta-analysis of prevention RCTs, on the other

hand, the incidence of hypotension was significantly
higher in the low-dose ANP group compared to the con-
trol group. Of note, Okumura et al. [55] defined
hypotension as the absolute reduction of systematic
blood pressure and reported that low-dose ANP signifi-
cantly increases the incidence of hypotension. In con-
trast, other studies referred to the apparent episodes
associated with ANP administration as hypotension. We
believe that this difference in the definition of
hypotension mainly influenced the results of this study.

Fig. 6 Forest plot of RRT in treatment RCTs. ANP, atrial natriuretic peptide; CI, confidential interval; M-H, Mantel–Haenszel; RRT, renal replacement therapy

Fig. 5 Forest plot of RRT in prevention RCTs. ANP, atrial natriuretic peptide; CI, confidential interval; M-H, Mantel–Haenszel; RRT, renal replacement therapy
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This study had a few limitations. First, the definition of
AKI was considerably heterogeneous among the included
RCTs. Some recent RCTs defined AKI on the basis of the
KDIGO 2012 guidelines, while others defined AKI as a
rise in the serum creatinine level by 0.5 mg/dL. Second,
we were unable to ignore selection bias. In fact, more than
half of the RCTs included in this study were single-center
studies [44–49, 51, 53–55, 58, 59]. In addition, a recent
retrospective cohort study with a large-sample size from
the Japanese Diagnosis Procedure Combination database
did not report a positive effect of low-dose ANP on AKI
prevention or treatment [61, 62]. Although our study de-
sign and data analysis were entirely different from the
retrospective study, we need to keep in mind that the dif-
ference in the results might be due to selection bias or
limited sample size. Third, it might be inappropriate to
directly apply these results to ICU patients. Most of the
participants in the included studies were cardiovascular
surgery patients. Additionally, as most of the included
studies in our analysis were AKI prevention trials, the se-
verity of the participants might be relatively low compared
to medical ICU patients. Therefore, our results should not
be generalized in all of the ICU patients. Fourth, we
partially revised the protocol in terms of study selection,
outcome, and subgroup analysis after starting the
meta-analysis. Therefore, we cannot completely deny the
possibility of extraction bias.

Conclusions
This study indicated that if low-dose ANP is adminis-
tered to prevent or treat AKI, it can reduce AKI inci-
dence and RRT requirement. In addition, it can shorten
the length of ICU or hospital stay in some situations.
However, in this study, the quality and sample size of
the RCTs included were not sufficient for demonstrating
the beneficial effects of low-dose ANP on AKI preven-
tion or treatment. In the future, to elucidate the effects
of low-dose ANP, it is necessary to perform multicenter,
high-quality, large-sample RCTs.
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