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Abstract 

Acute kidney injury (AKI) is an emerging public health problem worldwide and is associated with high morbid-
ity and mortality. The high mortality rate can be attributed to the lack of pharmacological therapies to prevent 
and treat AKI. Renal replacement therapy (RRT) plays a pivotal role in the treatment of patients with severe AKI. 
However, the mortality rate of patients with AKI requiring RRT exceeds 50%. Although studies on RRT for AKI have 
begun to resolve some of the associated problems, many issues remain to be addressed. Notably, the optimal timing 
of the initiation of RRT for AKI is still being debated. Recently, new therapeutic strategies for AKI have been devel-
oped. Angiotensin II and recombinant alkaline phosphatase treatment are expected to improve the clinical outcomes 
of patients with distributive and vasodilatory shock. Moreover, mitochondrial-targeted agents have been developed 
for the treatment of patients with AKI. This review is focused on the optimal timing of RRT for AKI and the new phar-
macological interventions and therapies for AKI.
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Background
Acute kidney injury (AKI) is one of the most com-
mon and serious complications that affects hospital-
ized patients, especially critically ill patients admitted 
to intensive care units (ICUs). The diagnosis of AKI is 
defined by an abrupt decline in glomerular filtration rate 
(GFR) with a retention of serum creatinine or a decrease 
in urine output. The incidence of AKI has been markedly 
increasing globally during the past few decades because 
of aging of the population; health complications such 
as hypertension, diabetes mellitus, chronic kidney dis-
ease (CKD), and cardiovascular diseases; and therapeu-
tic interventions such as major surgeries, percutaneous 

coronary intervention, and chemotherapy. Despite signif-
icant advances in renal replacement therapy (RRT) and 
basic research, the mortality and morbidity of patients 
with AKI remain unacceptably high, particularly among 
critically ill patients with symptoms severe enough to 
require RRT in ICU settings. Since 2000, recently criti-
cally ill patients requiring RRT have accounted for 1.0–
13.5% of patients in ICU settings [1–10]. The mortality 
rate of AKI patients requiring RRT is greater than 50%. 
The higher mortality rate of patients with AKI requiring 
RRT can be attributed to a lack of established pharmaco-
logical therapies for the prevention and treatment of AKI. 
Several studies have shown that AKI is strongly associ-
ated with increased long-term and short-term mortal-
ity. Moreover, patients with AKI are at a higher risk of 
progression to CKD and the development of end-stage 
kidney disease [11, 12]. New therapeutic strategies are 
currently being developed for AKI. This review focuses 
on treatment approaches for AKI including RRT. There 
is some consensus regarding RRT modality [13] (continu-
ous, intermittent), and RRT dose [14–16]. We discuss the 
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effort to determine the optimal timing for initiation of 
RRT for AKI in this review.

Epidemiology and outcomes of AKI
A recent systematic review of 312 cohort studies revealed 
that the overall incidence of AKI was 23.2% among 
154 studies (n = 3,585,911), based on the Kidney Dis-
ease: Improving Global Outcomes (KDIGO) criteria for 
AKI [17]. Approximately one in five adults (21.6%) and 
approximately one in three children (33.7%) in hospi-
tal settings had AKI. AKI-associated all-cause mortality 
was 23.0% (23.9% in adults and 13.8% in children). The 
incidence of AKI is higher among critically ill patients 
admitted to ICU. However, AKI incidence differs across 
countries, as does the definition of AKI. The Acute Kid-
ney Injury- Epidemiologic Prospective Investigation [9] 
(AKI-EPI) and Beginning and Ending Supportive Therapy 
for the Kidney [1] (BEST Kidney) studies were represent-
ative multinational trials that investigated the occur-
rence of AKI and associated mortality in ICU settings. 
The incidence of AKI was 5.7% in the BEST Kidney study 
[1] and 57.3% in the AKI-EPI study [9]. Among patients 
with AKI, the overall hospital mortality rates were 60.3% 
(BEST Kidney study) and 26.9% (AKI-EPI study). The 
difference in AKI incidence may be explained by the 

definitions of AKI in the studies. According to reports 
since 2000, the incidence of AKI in the ICU settings has 
varied between 5.2 and 67.2% [1–10, 18–23] (Table  1). 
The mortality rates of patients with AKI in the ICU were 
approximately three-fold to five-fold higher than those 
of patients in the ICU without AKI. The highest rate of 
AKI, according to the RIFLE classification for AKI, was 
reported at 67.2% in Pittsburgh, USA [18].

Timing of RRT initiation in patients with AKI
Although many studies have evaluated the optimal tim-
ing of RRT for patients with AKI, no ideal timing has 
been established. It is widely recognized that emergent 
RRT should be initiated if life-threatening complications-
such as fluid overload unresponsive to diuretics, rapid 
hyperkalemia, severe metabolic acidosis, or uremic mani-
festations such as pericarditis and encephalopathy-occur 
in patients with AKI. However, the optimal timing for 
initiation of RRT in the absence of such emergent indica-
tions of RRT remains poorly understood. Whether early 
initiation of RRT improves mortality in patients with AKI 
compared with late initiation of RRT is still up for debate. 
Early initiation of RRT is supposed to provide better 
control of fluid and electrolyte balance, but may need-
lessly expose patients with AKI to complications such as 

Table 1 the incidence of AKI in selected studies

AKIN acute kidney injury network, RIFLE risk, injury, failure, loss, ESRD, ICD-9 international classification of diseases, ninth revision, KDIGO kidney disease improving 
global outcomes, UO urine output

References No. of subjects Country Center AKI definition AKI incidence (%) Mortality (%)

Uchino et al. [1] 29,269 Multinational Multiple UO ≦ 200 mL/12 h 
and/or BUN ≧ 84 mg/
dL

5.7 60.3 (Hospital)

Ostermann et al. [2] 41,972 UK, Germany Multiple RIFLE 35.8 28.4 (ICU), 36.1 (Hospital)

Andrikos et al. [3] 1076 Greece Multiple RIFLE 15.8 64.7 (Hospital)

Thakar et al. [4] 3,25,395 USA Multiple Cr > 0.3 mg/dL 
from baseline Cr values

22 49.8 (ICU)

Clec’h et al. [5] 8639 France Multiple RIFLE 32.9 27.6 (Hospital)

Piccinni et al. [6] 576 Italy Multiple RIFLE 65.8 28.8 (ICU)

Vaara et al. [7] 24,904 Finland Multiple RIFLE 26.6 35 (Hospital)

Gammelager et al. [8] 30,762 Denmark Multiple RIFLE 15.6 39.6 (30 day)

Hoste et al. [9] 1802 Multinational Multiple KDIGO 57.3 24.0 (ICU), 26.9 (Hospital)

Korula et al. [10] 715 India Single Cr > 1.6 mg/dL or 25% 
increase from baseline 
Cr values

16.1 49.5 (28 day)

Hoste et al. [18] 5383 USA Single RIFLE 67.2 17.1 (Hospital)

Bagshaw et al. [19] 91,254 Australia, New Zealand Multiple Cr ≧ 133 μmol/L 
or UO/24 h < 410 mL

5.2 42.7 (Hospital)

Bagshaw et al. [20] 1,20,123 Australia, New Zealand Multiple RIFLE 36.1 24.2 (Hospital)

Joannidis et al. [21] 14,356 Multinational Multiple RIFLE, AKIN 35.5 (RIFLE), 28.5 (AKIN) 36.5 (RIFLE), 36.4 (AKIN) 
(Hospital)

Medve et al. [22] 459 Hungary Multiple AKIN 24.4 39.3 (ICU), 49.1 (Hospital)

Kashani et al. [23] 10,283 USA Single ICD-9 16.9 15 (ICU), 24 (Hospital)
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hypotension, bleeding due to anticoagulants, catheter-
related infection, and hypophosphatemia. Moreover, 
early initiation of RRT may result in the administration of 
unnecessary RRT to AKI patients who would have recov-
ered renal function.

To date, several randomized controlled trials (RCTs) 
have examined the effects of early initiation of RRT over 
late initiation in patients with AKI [24–37]. The four 
latest RCTs have revealed conflicting results [34–37] 
(Table 2). Only the Early versus Late Initiation of Renal 
Replacement Therapy In Critically Ill Patients With 
Acute Kidney Injury (ELAIN) trial demonstrated that the 
early initiation of RRT significantly reduced the mortality 
of patients with AKI requiring RRT compared with the 
mortality of those treated with late-initiation RRT [33]. 
However, there were several differences among the other 
three RCTs in the definitions of the early and late ini-
tiation, patient characteristics, and the modality of RRT. 
The ELAIN trial was conducted with the target patients 
in KDIGO stage 2. Therefore, the levels of serum cre-
atinine and BUN at the time of the initiation of RRT in 
the ELAIN trial were lower than those in the other tri-
als (Table 3). The largest multinational RCT, the Standard 
versus Accelerated Initiation of Renal Replacement Ther-
apy in Acute Kidney Injury (STARRT-AKI) trial, failed 
to show lower 90-day mortality in patients with AKI 
treated with accelerated RRT [37]. STARRT-AKI was 
conducted in 168 hospitals in 15 countries, with patients 
requiring RRT randomly assigned to accelerated initia-
tion or standard initiation. In the accelerated-initiation 
group, patients were started on RRT as soon as possible 

and within 12  h after randomization. On the contrary, 
patients in the standard-initiation group were started on 
RRT at the time of emergent indications of RRT or at 72 h 
after randomization. No significant difference in 90-day 
mortality was observed between the accelerated-initia-
tion and standard-initiation groups (accelerated group: 
43.9% and standard group: 43.7%). Moreover, among sur-
vivors at 90 days, there were no significant differences in 
RRT dependence between the two groups.

The latest RCT, the Artificial Kidney Initiation for Kid-
ney Injury 2 (AKIKI 2) trial, was conducted in 39 ICUs in 
France to investigate whether more delayed initiation of 
RRT would reduce the number of patients who received 
RRT [38]. In particular, this trial examined the benefit 
of initiating RRT even later than in the late or standard 
groups in the previous trials. The patients with severe 
AKI (defined as KDIGO stage3) who had oliguria for 
more than 72 h or a serum urea concentration ≧ 112 mg/
dL were randomly assigned to either the delayed RRT 
strategy group or the more-delayed group. In the delayed 
RRT group (n = 137), RRT was started within 12  h 
after randomization. In the more-delayed RRT group 
(n = 141), RRT was not initiated until the urea concen-
tration reached 140  mg/dL or the emergent indications 
of RRT were observed. AKIKI 2 revealed no significant 
difference in RRT-free days between the delayed group 
(12 days, interquartile range [IQR]: 0–25) and the more-
delayed strategy group (10  days, IQR: 0–24). Moreover, 
60-day mortality did not significantly differ between the 
two groups (delayed group: 44% and more-delayed group: 
55%). However, multivariable analysis indicated that the 

Table 2 Four latest RCTs

eRRT  early renal replacement therapy, dRRT  delayed renal replacement therapy

Study Country Design and setting No of patients Primary outcome Result p value

ELAIN Germany Single-center surgical population 231 60-day mortality eRRT:dRRT = 39.3%:54.7% 0.03

AKIKI France Multicenter mixed population 619 90-day mortality eRRT:dRRT = 48.5%:49.7% 0.79

IDEAL-ICU France Multicenter mixed population 488 90-day mortality eRRT:dRRT = 58%:54% 0.38

STARRT-AKI Multinational Multicenter mixed population 2927 90-day mortality eRRT:dRRT = 43.9%:43.7% 0.92

Table 3 Serum Cr values and BUN values at the initiation of RRT 

Data are described as means ± standard deviations

Studies Year Serum Cr values (mg/dL) p value BUN values (mg/dL) p value

Early initiation Late initiation Early initiation Late initiation

ELAIN 2016 1.9 ± 0.6 2.4 ± 1.0 < 0.001 38.5 ± 15.5 47.5 ± 21.6 0.001

AKIKI 2016 3.27 ± 1.37 5.33 ± 2.33 < 0.001 52 ± 24 90 ± 34 0.001

IDEAL-ICU 2018 3.21 ± 1.51 4.56 ± 1.72 < 0.001 58.9 ± 27.7 87.1 ± 35 0.001

STARRT-AKI 2020 3.7 ± 1.7 4.9 ± 2.1 NA 63.7 ± 49.8 85.3 ± 51.3 NA
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more-delayed strategy was statistically significantly asso-
ciated with 60-day mortality (hazard ratio [HR] 1.65, 95% 
CI 1.09–2.50). However, the reasons for this discrepancy 
are unclear.

Several meta-analyses of RCTs have compared early 
RRT initiation with late RRT initiation. Three recent 
meta-analyses that include the latest RCTs have shown 
that early RRT initiation has no significant beneficial 
effect on patient survival compared with late initiation 
of RRT [39–41]. In the Japanese clinical practice guide-
lines for AKI, early initiation of RRT is not recommended 
[42]. The appropriate time to start RRT for AKI should be 
decided after consideration of individual clinical symp-
toms and disease conditions, as no optimal timing for 
RRT for patients with severe AKI has been established. 
There is insufficient evidence to recommend the early ini-
tiation of RRT. However, excessive delay of RRT initiation 
may lead to high mortality.

Angiotensin II
Sepsis is one of the most common contributing factors to 
AKI in critically ill patients. AKI related to septic shock is 
associated with higher mortality than that without septic 
shock. However, despite advances in our understanding 
of AKI, we only incompletely understand the pathophysi-
ological mechanism of sepsis-associated AKI (S-AKI). 
The hypodynamic hypotensive animal model of sepsis 
revealed that renal ischemia together with a decrease in 
renal blood flow (RBF) leads to AKI in sepsis. However, 
several studies have shown that RBF is preserved and 
increased, not decreased, in animal models of hyper-
dynamic sepsis, which is typically seen in critically ill 
patients with sepsis [43, 44]. Efferent arteriolar vasodila-
tion is assumed to result in a decline in GFR in S-AKI. 
Angiotensin II has a powerful effect on renal microcircu-
lation, causing more constriction of the efferent arteriole 
than the afferent arteriole. Wan et al. showed that angi-
otensin II infusion increased creatinine clearance and 
urine output in experimental hypotensive hyperdynamic 
sepsis using adult ewes [45]. These effects were attributed 
to greater constriction of the efferent arteriole than the 
afferent arteriole of the nephron.

Two recent RCTs have shown a clinical benefit of angi-
otensin II in patients with vasodilatory shock [46, 47]. 
The phase 3 Angiotensin II for the Treatment of High-
Output Shock (ATHOS-3) trial examined the effect of 
angiotensin II on the mean arterial pressure (MAP) of 
patients with vasodilatory shock [47]. ATHOS-3 enrolled 
321 patients with vasodilatory shock, who were then 
randomly assigned to either the angiotensin II group 
(n = 163) or the placebo group (n = 158); in these patients, 
angiotensin II treatment significantly increased MAP. No 
significant difference in 28-day mortality was observed 

between the two groups. However, a responder analysis 
showed that the 28-day mortality rate of responders to 
angiotensin II was significantly lower than that of non-
responders [48] (p < 0.0001). A multicenter, retrospective 
trial demonstrated that two-thirds of patients with refrac-
tory vasodilatory shock who were treated with angioten-
sin II exhibited a favorable hemodynamic response [49]. 
Moreover, patients who responded to angiotensin II had 
a lower rate of 30-day mortality.

A post hoc analysis of ATHOS-3 was conducted for 
patients with AKI severe enough to require RRT (n = 105) 
at the time of drug initiation [50]. Angiotensin II treat-
ment (n = 45) was associated with a significant improve-
ment in 28-day survival rate compared with placebo 
treatment (n = 60) (53% vs. 30%, respectively; unadjusted 
HR 0.52, 95% CI 0.30–0.87; p = 0.012). With respect to 
renal function, patients treated with angiotensin II had 
greater RRT independence within 7  days (adjusted HR 
2.90, 95% CI 1.29–6.52; p = 0.007), and angiotensin II 
treatment improved 28-day mortality (unadjusted HR 
0.52, 95% CI 0.30–0.87; p = 0.012). Angiotensin II was 
approved by the US Food and Drug Administration in 
2017 and the European Medicines Agency in 2019 for the 
treatment of hypotension in patients with septic or other 
distributive shock.

Alkaline phosphatase for patients with S‑AKI
Alkaline phosphatase (AP) is an endogenous, mem-
brane-bound enzyme found in multiple cells and organs. 
AP mediates detoxification through the dephospho-
rylation of various compounds, including lipopolysac-
charide endotoxins and pro-inflammatory mediators 
such as extracellular adenosine triphosphate (ATP); it is 
thought to play a pivotal role in sepsis. However, the pre-
cise mechanism through which AP treatment improves 
S-AKI remains unclear.

ATP is released from damaged cells into the extracel-
lular space during sepsis, where it causes inflammation 
and tubular damage. The two small RCTs that evaluated 
bovine intestinal AP treatment for patients with S-AKI 
demonstrated significantly improved kidney function 
[51, 52]. Following these trials, the therapeutic efficacy 
of human recombinant AP was investigated in a rand-
omized phase 2a/2b clinical trial (STOP-AKI trial) [53]. 
This RCT examined the optimal dose, the effect on kid-
ney function, and the adverse effects of a recombinant 
human AP in critically ill patients with S-AKI. The opti-
mal dose was determined as 1.6  mg/kg of recombinant 
human AP. Although the STOP-AKI trial showed that 
recombinant human AP did not significantly improve 
short-term kidney function, it found that endogenous 
creatinine clearance was higher in the treatment group 
than in the placebo group on days 21–28 of treatment. 
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All-cause mortality at day 28 was significantly differ-
ent in the two groups (treatment group: 14.4% and pla-
cebo group: 26.7%, p = 0.02). To date, there is insufficient 
evidence to recommend the use of AP in patients with 
S-AKI. Further well-designed, large RCTs are needed 
to confirm the utility of AP treatment for patients with 
S-AKI. Currently, a larger phase 3 clinical trial (REVIVAL 
TRIAL) is evaluating the effect of AP treatment in 
patients with S-AKI. This study may provide new evi-
dence to guide clinicians in the treatment of S-AKI.

Other new therapies for AKI
The role of mitochondria in AKI
The kidney is among the most energy-demanding organs 
because of its tubular sodium reabsorption function. The 
renal tubules, especially proximal tubules in the cortex 
and the thick ascending limb in the outer medulla, are 
rich in mitochondria and vulnerable to ischemic injury 
because of the low blood flow in these segments. Emerg-
ing evidence has suggested that mitochondrial dysfunc-
tion is associated with the development and progression 
of AKI and the AKI-to-CKD transition [54, 55]. Mito-
chondria are multifunctional organelles that not only 
produce cellular energy, but also affect numerous cel-
lular functions. Mitochondrial dysfunction includes the 
alterations of mitochondrial structure, dynamics, biogen-
esis, mitophagy, and reactive oxygen species production. 
Structural changes, such as mitochondrial swelling and 
disruption of cristae, have been observed during the early 
stages of AKI [56]. The opening of mitochondrial perme-
ability transition pores (mPTPs) caused by mitochondrial 
swelling leads to the release of cytochrome c and other 
mediators that induce apoptotic cell death. Mitochon-
dria are highly dynamic organelles regulated by the bal-
ance between fission and fusion. The disruption of this 
balance is associated with AKI progression. During AKI, 
dynamin-related protein 1, which regulates mitochon-
drial fission, is activated [57], and mitofusin 1 and 2 (Mfn 
1/2) and optic atrophy 1 are suppressed. These changes 
cause mitochondrial fragmentation due to excessive fis-
sion and the inhibition of fusion. Fragmentation has been 
shown to release cytochrome c and other mediators of 
apoptotic cell death. Moreover, decreased mitochon-
drial biogenesis has been observed in AKI. Peroxisome 
proliferator-activated receptor γ (PPARγ) coactivaor-1α 
(PGC1α) is a master regulator of mitochondrial biogen-
esis. In a mouse model of AKI in sepsis, PGC-1α expres-
sion in tubular cells was suppressed proportionally to the 
degree of renal injury [58]. PGC-1α may be necessary for 
recovery from AKI through mitochondrial biogenesis.

Mitochondria-targeting agents are being developed, 
some of which are expected to prevent the development 
and progression of AKI in the future. These drugs are 

classified as cardiolipin-protective compounds, mito-
chondrial biogenesis activators, mPTPs inhibitors, fission 
inhibitors, and antioxidants [59]. Cardiolipin is a phos-
pholipid that is localized and synthesized in the inner 
mitochondrial membrane. Its deficiency is associated 
with mitochondrial dysfunction.

Vagus nerve stimulation
Vagus nerve stimulation (VNS) is a treatment option for 
patients with refractory epilepsy and depression. Accu-
mulating evidence suggests that VNS exerts a protec-
tive effect against rheumatoid arthritis, Crohn’s disease, 
and sepsis. This neuroimmune system-mediated sup-
pression of inflammation is regulated by the choliner-
gic anti-inflammatory pathway through the α7 nicotinic 
acetylcholine receptor (α7nAChR). Recently, researchers 
have discovered renal protective effects of VNS. Inoue 
et  al. showed that VNS attenuated kidney injury in an 
ischemia/reperfusion injury-induced AKI model [60]. 
This renal protective effect required α7nAChR-positive 
splenocytes [61, 62]. However, it is still unclear how the 
kidney receives VNS and the signals from splenic mac-
rophages. VNS is expected to develop as a new treatment 
for AKI in clinical practice.

Conclusions
The clinical outcomes of AKI remain poor despite 
important advances in management. Although no spe-
cific pharmacological interventions for AKI have been 
established, several new treatment options, including 
angiotensin II and AP, are being developed and applied in 
clinical practice. The standard treatment for AKI is cur-
rently RRT, but there are still several issues to be resolved 
around its use. Accumulating evidence suggests that early 
initiation of RRT does not reduce AKI-associated mor-
tality compared with late initiation. The optimal timing 
for RRT for patients with severe AKI remains controver-
sial. New pharmacological interventions and therapies 
for AKI are expected to prevent its development and 
improve the clinical outcomes of patients with AKI.
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 5. Clećh C, Gonzalez F, Lautrette A, Nguile-Makao M, Garrouste-Orgeas M, 
Jamali S, et al. Multiple-center evaluation of mortality associated with 
acute kidney injury in critically ill patients: a competing risks analysis. Crit 
Care. 2011;15:R128.

 6. Piccinni P, Cruz DN, Gramaticopolo S, Garzotto F, Santo MD, Aneloni G, 
et al. Prospective multicenter study on epidemiology of acute kidney 
injury in the ICU: a critical care nephrology Italian collaborative effort 
(NEFROINT). Minerva Anestesiol. 2011;77:1072–83.

 7. Vaara ST, Pettilä V, Reinikainen M, Kaukonen KM. Population-based 
incidence, mortality and quality of life in critically ill patients treated with 

renal replacement therapy: nationwide retrospective cohort study in 
finish intensive care units. Crit Care. 2012;16:R13.

 8. Gammelager H, Christiansen CF, Johansen MB, Tønnesen E, Jespersen 
B, Sørensen HT, et al. One-year mortality among Danish intensive care 
patients with acute kidney injury: a cohort study. Crit Care. 2012;16:R124.

 9. Hoste EA, Bagshaw SM, Bellomo R, Cely CM, Colman R, Cruz DN, et al. Epi-
demiology of acute kidney injury in critically ill patients: the multinational 
AKI-EPI study. Intensive Care Med. 2015;41:1411–23.

 10. Korula S, Balakishnan S, Sundar S, Paul V, Balagopal A. Acute kidney injury-
incidence, prognostic factors, and outcome of patients in an intensive 
care unit in a tertiary center: a prospective observational study. Indian J 
Crit Care Med. 2016;20:332–6.

 11. Ishani A, Xue JL, Himmelfarb J, Eggers PW, Kimmel PL, Molitoris BA, et al. 
Acute kidney injury increases risk of ESRD among elderly. J Am Soc Neph-
rol. 2009;20:223–8.

 12. Lo LJ, Go AS, Chertow GM, McCulloch CE, Fan D, Ordonez JD. Dialysis-
requiring acute renal failure increases the risk of progressive chronic 
kidney disease. Kidney Int. 2009;76:893–9.

 13. Rabindranath K, Adams J, MacLeod AM, Muirhead N. Intermittent versus 
continuous renal replacement therapy for acute renal failure in adults. 
Cochrane Database Syst Rev. 2007;3:CD003773.

 14. VA/NIH Acute Renal Failure Trial Network, Palevsky PM, Zhang JH, 
O’Connor TZ, Chertow GM, Crowley ST, Choudhury D, et al. Intensity of 
renal support in critically ill patients with acute kidney injury. N Engl J 
Med. 2008;359:7–20.

 15. The RENAL Replacement Therapy Study Investigators, Bellomo R, 
Cass A, Cole L, Finfer S, Gallagher M, Lo S, et al. Intensity of continu-
ous renal-replacement therapy in critically ill patients. N Engl J Med. 
2009;361:1627–38.

 16. The Kidney Disease Improving Global Outcomes (KDIG0) Working Group: 
Dialysis interventions for treatment of AKI. Kidney Int 2012;2(Supple-
ments 2):89–115.

 17. Susantitaphong P, Cruz DN, Cerda J, Abulfaraj M, Alqahtani F, Koulouridis 
I, et al. World incidence of AKI: a meta-analysis. Clin J Am Soc Nephrol. 
2013;8:1482–93.

 18. Hoste EAJ, Clermont G, Kersten A, Venkatarman R, Angus DC, Bacquer 
DD, et al. RIFLE criteria for acute kidney injury are associated with hospital 
mortality in critically ill patients: a cohort analysis. Crit Care. 2006;10:R73.

 19. Bagshaw SM, George C, Bellomo R. Changes in the incidence and out-
come for early acute kidney injury in a cohort of Australian intensive care 
units. Crit Care. 2007;11:R68.

 20. Bagshaw SM, George C, Dinu I, Bellomo R. A multi-centre evaluation 
of the RIFLE criteria for early acute kidney injury in critically ill patients. 
Nephrol Dial Transplant. 2008;23:1203–10.

 21. Joannidis M, Metnitz B, Bauer P, Schusterschitz N, Moreno R, Druml W, 
et al. Acute kidney injury in critically ill patients classified by AKIN versus 
RIFLE using the SAPS 3 database. Intensive Care Med. 2009;35:1692–702.

 22. Medve L, Antek C, Paloczi B, Kocsi S, Gartner B, Marjanek Z, Bencsik G, 
et al. Epidemiology of acute kidney injury in Hungarian intensive care 
units: a multicenter, prospective, observational study. BMC Nephrol. 
2011;12:43.

 23. Kashani K, Shao M, Li G, Wiliiams AW, Rule AD, Kremers WK, et al. No 
increase in the incidence of acute kidney injury in a population-based 
annual temporal trends epidemiology study. Kidney Int. 2017;92:721–8.

 24. Pursnani ML, Hazra DK, Singh B, Pandey DN. Early haemodialysis in acute 
tubular necrosis. J Assoc Physicians India. 1997;45:850–2.

 25. Bouman CS, Oudemans-Van Straaten HM, Tijssen JG, Zandstra DF, 
Kesescioglu J. Effects of early high-volume continuous venovenous 
hemofiltration on survival and recovery of renal function in intensive care 
patients with acute renal failure: a prospective, randomized trial. Crit Care 
Med. 2002;30:2205–11.

 26. Durmaz I, Yagdi T, Calkavur T, Mahmudov R, Apaydin AZ, Posacioglu H, 
et al. Prophylactic dialysis in patients with renal dysfunction under-
going on-pump coronary artery bypass surgery. Ann Thorac Surg. 
2003;75:859–64.

 27. Sugahara S, Suzuki H. Early start on continuous hemodialysis therapy 
improves survival rate in patients with acute renal failure following coro-
nary bypass surgery. Hemodial Int. 2004;8:320–5.

 28. Payen D, Mateo J, Cavaillon JM, Fraisse F, Floriot C, Vicaut E, et al. Impact 
of continuous venovenous hemofiltration on organ failure during the 

https://jp.edanz.com/ac


Page 7 of 7Negi et al. Renal Replacement Therapy            (2023) 9:45  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

early phase of severe sepsis: a randomized controlled trial. Crit Care Med. 
2009;37:803–10.

 29. Jamale TE, Hase NK, Kulkarni M, Pradeep KJ, Keskar V, Jawale S, et al. 
Earlier-start versus usual-start dialysis in patients with community-
acquired acute kidney injury: a randomized controlled trial. Am J Kidney 
Dis. 2013;62:1116–21.

 30. Combes A, Bréchot N, Amour J, Cozic N, Lebreton G, Guidon C, et al. Early 
high-volume hemofiltration versus standard care for postcardiac surgery 
shock (The HEROICS study). Am J Respir Crit Care Med. 2015;192:1179–90.

 31. Wald R, Adhikari NK, Smith OM, Weir MA, Pope K, Cohen A, et al. Compari-
son of standard and accelerated initiation of renal replacement therapy 
in acute kidney injury. Kidney Int. 2015;88:897–904.

 32. Gaudry S, Hajage D, Schortgen F, Martin-Lefevre L, Pons B, Boulet E, et al. 
Initiation strategies for renal replacement therapy in the intensive care 
unit. N Engl J Med. 2016;375:122–33.

 33. Zarbock A, Kellum JA, Schmidt C, Aken HV, Wempe C, Pavenstädt H, 
et al. Effect of early vs delayed initiation of renal replacement therapy 
on mortality in critically ill patients with acute kidney injury. The ELAIN 
randomized clinical trial. JAMA. 2016;315:2190–9.

 34. Barbar SD, Clere-Jehl R, Bourredjem A, Herno R, Bruyère MR, Lebert C, 
et al. Timing do renal-replacement therapy in patients with acute kidney 
injury and sepsis. N Engl J Med. 2018;379:1431–42.

 35. Lumlertgul N, Peerapornratana S, Trakarnvanich T, Pongsittisak W, Surasit 
K, Chuasuwan A, et al. Early versus standard initiation of renal replace-
ment therapy in furosemide stress test non-responsive acute kidney 
injury patients (the FST trial). Crit Care. 2018;22:101.

 36. Xia Y, Shi H, Wu W, Wang X. Effect of urinary NGAL on the timing of renal 
replacement therapy in patients with acute kidney injury associated with 
sepsis. Med J Chin PLA. 2019;44:605–70.

 37. The STARRT-AKI Investegators. Accelerated versus standard initiation 
of renal-replacement therapy in critically ill patients with acute kidney 
injury. N Engl J Med. 2020;383:240–51.

 38. Gaudry S, Hajage D, Martin-Lefevre L, Lebbah S, Louis G, Moschietto S, 
et al. Comparison of two delayed strategies for renal replacement therapy 
initiation for severe acute kidney injury(AKIKI 2): a multicentre, open-label, 
randomised, controlled trial. Lancet. 2021;397:1293–300.

 39. Pan HC, Chen YY, Tsai IJ, Shiao CC, Huang TM, et al. Accelerated versus 
standard initiation of renal replacement therapy in critically ill patients 
with acute kidney injury: a systematic review and meta-analysis of RCT 
studies. Crit Care. 2021;25:5.

 40. Li X, Liu C, Mao Z, Li Q, Zhou F. Timing of renal replacement therapy initia-
tion for acute kidney injury in critically ill patients: a systematic review of 
randomized clinical trials with meta-analysis and trial sequential analysis. 
Crit Care. 2021;25:15.

 41. Xiao C, Xiao J, Cheng Y, Li Q, Li W, He T, et al. The efficacy and safety of 
early renal replacement therapy in critically ill patients with acute kidney 
injury: a meta-analysis with trial sequential analysis of randomized con-
trolled trials. Front Med. 2022;9:820624.

 42. Doi K, Nishida O, Shigematsu T, Sadahiro T, Itami N, Iseki K, et al. The 
Japanese clinical practice guideline for acute kidney injury 2016. Clin Exp 
Nephrol. 2018;22:985–1045.

 43. Di Giantomasso D, Bellomo R, May CN. The haemodynamic and meta-
bolic effects of epinephrine in experimental hyperdynamic sepsis shock. 
Intensive Care Med. 2005;31:454–62.

 44. Langenberg C, Wan L, Egi M, May CN, Bellomo R. Renal blood flow in 
experimental septic acute renal failure. Kidney Int. 2006;69:1996–2002.

 45. Wan L, Langenberg C, Bellomo R, May CN. Angiotensin II in experimental 
hyperdynamic sepsis. Crit Care. 2009;13:R190.

 46. Khanna A, English SW, Wang XS, Ham K, Tumlin J, Szerlip H, et al. 
Angiotensin II for the treatment of vasodilatory shock. N Engl J Med. 
2017;377:419–30.

 47. Chawla LS, Busse L, Brasha-Mitchell E, Davison D, Honiq J, Alotaibi Z, 
et al. Intravenous angiotensin II for the treatment of high-output shock 
(ATHOS trial ): a pilot study. Crit Care. 2014;18:534.

 48. Chawla LS, Ostermann M, Forni L, Tidmarsh GF. Broad spectrum vaso-
puressors: a new approach to the initial management of septic shock. 
Crit Care. 2019;23:124.

 49. Wieruszewski PM, Wittwer ED, Kashani KB, Brown DR, Butler SO, Clark AM, 
et al. Angiotensin II infusion for shock. A multicenter study of postmarket-
ing use. Chest. 2021;159:596–605.

 50. Ham KR, Boldt D, McCurdy MT, Busse LW, Favory R, Gong MN, et al. 
Sensitivity to angiotensin II dose in patients with vasodilatory shock: a 
prespecified analysis of the ATHOS-3 trial. Ann Intensive Care. 2019;9:63.

 51. Heemskerk S, Masereeuw R, Moesker O, Bouw MP, van der Hoeven JG, 
Peters WH, et al. Alkaline phosphatase treatment improves renal function 
in severe sepsis or septic shock patients. Crit Care Med. 2009;37:417–23.

 52. Pickkers P, Heemskerk S, Schouten J, Laterre PF, Vincent JL, Beishuizen A, 
et al. Alkaline phosphatase for treatment of sepsis-induced acute kidney 
injury: a prospective randomized double-blind placebo-controlled trial. 
Crit Care. 2012;16:R14.

 53. Pickkers P, Mehta RL, Murray PT, Joannidis M, Molitoris BA, Kellum JA, et al. 
Effect of human recombinant alkaline phosphatase on 7-day creatinine 
clearance in patients with sepsis-associated acute kidney injury: a rand-
omized clinical trial. JAMA. 2018;320:1998–2009.

 54. Funk JA, Schnellmann RG. Persistent disruption of mitochondrial 
homeostasis after acute kidney injury. Am J Physiol Renal Physiol. 
2012;302:F853–64.

 55. Szeto HH, Liu S, Soong Y, Seshan SV, Cohen-Gould L, Manichev V, et al. 
Mitochondria protection after acute ischemia prevents prolonged 
upregulation of IL-1 beta and IL-18 and arrests CKD. J Am Soc Nephrol. 
2017;28:1437–49.

 56. Lan R, Geng H, Singha PK, Saikumar P, Bottinger EP, Weinberg JM, et al. 
Mitochondrial pathology and glycolytic shift during proximal tubule 
atrophy after ischemic AKI. J Am Soc Nephrol. 2016;27:3356–67.

 57. Brooks C, Wei Q, Cho SG, Dong Z. Regulation of mitochondrial dynam-
ics in acute kidney injury I cell and rodent models. J Clin Investig. 
2009;119:1275–85.

 58. Tran M, Tam D, Bardia A, Bhasin M, Rowe GC, Kher A, et al. PGC-1α pro-
motes recovery after acute kidney injury during systemic inflammation in 
mice. J Clin Investig. 2011;121:4003–14.

 59. Zhang X, Agborbesong E, Li X. The role of mitochondria in acute kidney 
injury and chronic kidney disease and its therapeutic potential. Int J Mol 
Sci. 2021;22:11253.

 60. Inoue T. Neuroimmune system-mediated renal protection mechanisms. 
Clin Exp Nephrol. 2021;25:915–24.

 61. Inoue T, Abe C, Sung SS, Moscalu S, Jankowski J, Huang L, et al. Vagus 
nerve stimulation mediates protection from kidney ischemia-reperfusion 
injury through α7nAChR+ splenocytes. J Clin Investig. 2016;126:1939–52.

 62. Inoue T, Abe C, Kohro T, Tanaka S, Huang L, Yao J, et al. Non-canonical 
cholinergic anti-inflammatory pathway-mediated activation of peritoneal 
macrophages induces Hes1 and blocks ischemia/reperfusion injury in the 
kidney. Kidney Int. 2019;95:563–76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Current therapeutic strategies for acute kidney injury
	Abstract 
	Background
	Epidemiology and outcomes of AKI
	Timing of RRT initiation in patients with AKI
	Angiotensin II
	Alkaline phosphatase for patients with S-AKI
	Other new therapies for AKI
	The role of mitochondria in AKI
	Vagus nerve stimulation

	Conclusions
	Acknowledgements
	References


