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Combined use of GM2AP 
and TCP1‑eta urinary levels 
predicts recovery from intrinsic 
acute kidney injury
Víctor Blanco‑Gozalo1,2,5,7, Alfredo G. Casanova1,2,3,5, Sandra M. Sancho‑Martínez1,2,5,7, 
Marta Prieto1,2,5,7, Yaremi Quiros1,2,3,5, Ana I. Morales1,2,5,6,7, Carlos Martínez‑Salgado1,2,3,5, 
Consuelo Agüeros‑Blanco4, Adalberto Benito‑Hernández4, María A. Ramos‑Barron4, 
Carlos Gómez‑Alamillo4, Manuel Arias4 & Francisco J. López‑Hernández1,2,3,5,6,7*

Deficient recovery from acute kidney injury (AKI) has immediate and long-term health, clinical and 
economic consequences. Pre-emptive recovery estimation may improve nephrology referral, optimize 
decision making, enrollment in trials, and provide key information for subsequent clinical handling and 
follow-up. For this purpose, new biomarkers are needed that predict outcome during the AKI episode. 
We hypothesized that damage pattern-specific biomarkers are expected to more closely associate 
to outcome within distinct subpopulations (i.e. those affected by specific pathological processes 
determining a specific outcome), as biomarker pleiotropy (i.e. associated to phenomena unrelated 
to AKI) introduced by unselected, heterogeneous populations may blur statistics. A panel of urinary 
biomarkers was measured in patients with AKI and their capacity to associate to normal or abnormal 
recovery was studied in the whole cohort or after sub-classification by AKI etiology, namely pre-renal 
and intrinsic AKI. A combination of urinary GM2AP and TCP1-eta best associates with recovery from 
AKI, specifically within the sub-population of renal AKI patients. This two-step strategy generates 
a multidimensional space in which patients with specific characteristics (i.e. renal AKI patients with 
good or bad prognosis) can be identified based on a collection of biomarkers working serially, applying 
pathophysiology-driven criteria to estimate AKI recovery, to facilitate pre-emptive and personalized 
handling.

Acute kidney injury (AKI) has a considerable and variable repercussion on patient’s health and health expendi-
ture. AKI impact varies substantially, depending on the pathological scenario, patient characteristics, severity 
and type, but even mild1–8 and subclinical9–14 AKI have immediate and mediate consequences that increase 
general, cardiovascular and renal morbidity, and mortality, and the odds of progressing to chronic kidney disease 
(CKD)15–17. A distinctive case has to be made for critical patients, among whom AKI wreaks havoc, especially 
in the context of multiorgan failure. In the whole, AKI incidence within hospitalized patients ranges from 1 to 
7%, and mortality reaches 23.9% in adults, and 13.8% in children18. Whilst in the intensive setting, incidence 
and mortality skyrocket, respectively, up to 30–50%19,20 and 40–80%21–25. Regardless of etiology, very severe AKI 
cases (i.e. those needing dialysis, AKI-D) hold worse prognosis26, which occur in 1–2% of hospitalized and 6–7% 
of critically ill patients27. The worst horizon is thus for critical patients with renal failure.
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Defective recovery from AKI has critical repercussion on, and is thus a predictor of, short- and long-term 
morbidity and mortality28. Compared to non-AKI patients, AKI is associated to a higher mortality in the first 
7 days, even after renal function normalization29. On the contrary, effective recovery is associated to lower risk of 
long term mortality and adverse renal complications28,30, which holds also true for AKI-D patients31,32. Defective 
recovery has been reported in the range of 11–53%2,4,33,34, depending on the study population and the definition 
of recovery. Persistent AKI may evolve to acute kidney disease (AKD) eventually leading to CKD35,36 in 19–31% 
of cases15, or even to sustained renal incompetence. For instance, 12.5% (1–64%, depending on the population) 
of patients require permanent dialysis after AKI15, a number that grows to 10–30% among AKI-D survivors26, 
and to 40–60% among those with prior CKD37. End stage renal disease caused by unsolved AKI increased from 
1.2% of AKI cases by 1998 to 1.7% by 2003, and will continue to rise with the aging population and increase in 
comorbidities15. Recovery also impacts on expenditure. While AKI consumes 1% of total health budget38 and 5% 
of hospital expenditure39,40, slow recovery results in cost amplification ($2,600–7,933), derived from extended 
hospitalization (i.e. 3.9–5 extra days)41–44, additional monitoring and interventional procedures39,45.

Anticipating AKI outcome is a yet unmet challenge of clinical relevance, which would enable a closer moni-
toring and a personalized handling of patients with worse prognosis and slow or no recovery45–47, following 
international consensus protocols36. Outcome anticipation will also serve to better design clinical trials in order 
to target patients with poor prognosis46. Accordingly, identification of clinical predictors and biomarkers of 
recovery from AKI has been recognized among the key actions to reduce morbidity and mortality and to improve 
the quality of life of patients with more severe AKI26; and also among the top ten questions in the field of AKI 
research46. Unfortunately, current general severity scores (e.g. APACHE, SOFA) and AKI-specific severity scores 
are not good predictors of renal recovery46. Some studies have explored the association of biomarkers with longer-
run outcomes [reviewed in48]. Specifically, urinary NGAL and HGF, and plasma IL18 and TNF receptor-1 were 
associated to 60-day, dialysis-free survival in dialysis-needing AKI patients. The TRIBE-AKI study examined the 
relation of urinary neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), inter-
leukin-18 (IL-18), liver-type fatty acid binding protein (L-FABP) and albumin with 3-year mortality after AKI, 
with uncertain conclusions. In the SAPPHIRE study, urinary tissue inhibitor of metalloproteinases-2 (TIMP-2) 
and insulin-like growth factor-binding protein 7 (IGFBP7) at intensive care unit admission were associated with 
death or dialysis at 9 months.

Prognosis and recovery are probably dictated by the underlying pathophysiological pattern resulting from 
each individual mixture of AKI etiologies (i.e. cause, type), and genetic and acquired determinants and comor-
bidities. Accordingly, new prognostic biomarkers are needed with defined pathophysiological meaning. In this 
article we hypothesized that damage pattern-specific biomarkers are expected to more closely associate to out-
come within the subpopulation affected by such a pathological process. We found that a combination of the 
urinary levels of ganglioside GM2 activator protein (GM2AP) and chaperonin containing TCP-1, subunit eta 
(TCP1-eta) best associates to recovery from AKI, specifically within the sub-population of renal AKI patients.

Results
Recovery from AKI was studied in a heterogeneous cohort of patients referred to the Nephrology Department 
(Hospital Universitario Marqués de Valdecilla, Santander, Spain) with AKI at call, and then followed for 30 days. 
As expected, individual evolution was very heterogeneous, ranging from patients recovering rapidly to others 
never reaching previous levels of renal function (i.e. Crpl) within the study timeframe. Urinary biomarkers of 
AKI were measured during the episode (early upon admission), and patients were associated to good or bad 
prognosis (i.e. complete or incomplete recovery within the following 30 days, respectively), regardless of AKI 
etiology. Controls were also included to provide the normal level range for each biomarker.

Characteristics of control and AKI patients and urinary excretion of biomarkers.  Patient anthro-
pometric and risk factor data are shown in Table 1. Plasma creatinine (Crp), proteinuria and most of the urinary 
biomarkers (i.e. NAG, NGAL, KIM-1, TCP1-eta, Reg3A and GM2AP), except for t-gelsolin and FABP1, were 
significantly higher in patients with AKI (Fig. 1).

Ability of the urinary biomarkers to predict recovery after an AKI episode.  For further analysis, 
AKI patients were divided in two groups, namely those who subsequently recovered from AKI satisfactorily (i.e. 
Recovery), and those who did not (i.e. Non-recovery) during the following 30 days. Biomarkers measured at call 
to the Nephrology Department were then represented for Recovery and Non-recovery patients (Table 2a). Of 
note, the gold standard biomarker of AKI (i.e. Crp) was not different between groups, which shows that Crp is 
neither informative nor related to recovery performance. However, significantly lower levels of GM2AP, FABP1, 
NGAL, t-gelsolin and REG3A were detected in the individuals who successfully recovered, compared to those 
individuals who did not recover. Among them, GM2AP showed the most statistically robust difference between 
groups. Similarly, a logistic regression analysis (Table 2b) confirmed that GM2AP hoards the greatest predictive 
capacity, being individually able to correctly discriminate the recovery pattern of 64.8% of patients. This analy-
sis also showed that addition of TCP1-eta to the model increased the model’s success by 11.3%, to an overall 
76.1%. TCP1-eta was revealed by the model as the biomarker best complementing GM2AP (Table 2c), despite 
showing no discrimination capability individually (Table 2a). Additional markers did not substantially improve 
prediction. Of note, NGAL performed very similarly to, but slightly less efficiently than TCP1-eta, when added 
to GM2AP.

Sub‑stratification by parameters related to AKI etiology improves biomarker‑mediated pre‑
diction of recovery.  Previous studies had shown that the urinary biomarkers tested in this study were 
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related to renal AKI [i.e. acute tubular necrosis (ATN)] [GM2AP49, TCP1-eta50, NGAL6,51–53, FABP153, NAG54,55, 
t-gelsolin56 and REG3A56]. Accordingly, their capacity to predict AKI outcome (i.e. Recovery vs. Non-recovery) 
was further studied in the same cohort, now divided by markers associated with AKI etiology, specifically renal 
and pre-renal AKI. Sub-classification was made according to three criteria (namely Cru/Crp, FENa and the Renal 
Failure Index (RFI); see Material and Methods), considered individually and in double and triple combinations. 
The distribution of AKI patients into these sub-groups is shown in Fig. 2a, and their etiological description in 
Fig. 2b. Further etiological description of AKI patients who recovered from AKI and those who did not, within 
the pre-renal and renal AKI subpopulations is provided in Supplementary Figure 1. The number of renal AKI 
patients was very similar with all criteria. And most of these patients were captured by double and triple criteria. 
In fact, 54 patients of a total of 85 (63.53%) were considered to have had a renal AKI when the three criteria were 
used simultaneously. Furthermore, the % of patients recovering from the AKI was very similar regardless of the 
sub-classification criterion. Then, biomarker levels were redistributed according to the sub-classification groups 
(Tables 3, 4, 5). Importantly, in patients with biochemical characteristics of pre-renal AKI no biomarker showed 
a significant difference between Recovery and Non-recovery patients, with any of the sub-classification criteria. 
In contrast, within patients with biochemical characteristics of renal AKI (regardless of the classification criteria 
applied), significant higher levels of GM2AP (p < 0.001), NGAL, t-gelsolin (p < 0.01) and TCP1-eta (p < 0.05) 
were detected in the fraction of patients not recovering from AKI (i.e. Non-recovery). Based on these results, 
ROC curve analysis (Figs. 3, 4, 5, 6) and a logistic regression between biomarker level and outcome (Table 6) was 
performed in renal AKI patients. ROC curves showed that GM2AP had the highest AUC (p < 0.001), both when 
triple and double criteria combinations were used, although the AUC of NGAL, t-gelsolin and TCP1-eta are also 
noteworthy. Finally, logistic regression confirms that a combination of GM2AP and TCP1-eta generated the best 
predictive model with a success rate of around 80% regardless of the classification criteria used. In combination 
with GM2AP, NGAL substitutes TCP1-eta with very similar results, although again with slightly inferior perfor-
mance. No association of outcome with etiology was evident in any of the cases (Supplementary Figure 1), which 
reinforces the utility of the new pathophysiological biomarkers.

Discussion
The present study reveals that an algorithm combining the urinary levels of GM2AP and TCP1-eta during an AKI 
episode associates to subsequent prognosis, specifically to whether the patient will satisfactorily recover previous 
renal function or not. Prognosis works for the whole population of AKI patients in this study but, interestingly, 
its efficacy is strengthened for patients with biochemical characteristics of renal AKI, whereas it is lost among 
pre-renal AKI patients. This indicates that these biomarkers associate to specific pathophysiological events of 
renal AKI, and provide a potential diagnostic tool linking pathophysiology with outcome. This relation was 
previously observed in animal models, in which increased urinary excretion of these biomarkers was shown to 
be related to renal AKI49,50. GM2AP49 and TCP1-eta50 are urinary biomarkers associated to tubular damage, and 
to cortical tubular damage, respectively. GM2AP is an 18–24 kDa cofactor for the lysosomal β-hexosaminidase 
A implicated in GM2 ganglioside metabolism57, and in intercellular glycosphingolipid transport58. In the con-
text of AKI, GM2AP increases in the urine as a result of defective tubular reabsorption of the filtered protein, 

Table 1.   Characteristics of the patients included in the study at call to Nephrology. Data are expressed as the 
absolute value (qualitative variables) or the mean (quantitative variables) ± standard error of the mean (SEM). 
AKI acute kidney injury, KDIGO Kidney Disease: Improving Global Outcomes AKI classification. *p < 0.05; 
**p < 0.01 versus the “recovery” group.

Patients included AKI recovery (n = 43) AKI non-recovery (n = 42)

Gender (male/female)
26/17 36/6**

60.5%/39.5% 85.7%/14.3%

Age (years) 63.3 ± 2.3 63.9 ± 2.3

Weight (kg) 78.5 ± 2.4 77.5 ± 2.3

Height (cm) 167.4 ± 1.4 168.6 ± 1.6

Diabetes mellitus (no/yes)
33/10 25/17

76.7%/23.3% 59.5%/40.5%

Hypertension (no/yes)
14/29 9/33

32.6%/67.4% 21.4%/78.6%

Chronic kidney disease (no/yes)
32/11 22/20*

74.4%/25.6% 52.4%/47.6%

Cardiovascular disease (no/yes)
21/22 16/26

48.8% /51.2% 38.1%/61.9%

KDIGO

0 1 (2.3%) 1 (2.5%)

1 7 (16.3%) 6 (15%)

2 6 (14%) 7 (17.5%)

3 29 (67.4%) 26 (65%)
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subsequently to proximal tubular damage56 or sublethal alterations in proximal tubule transport49. TCP1-eta is a 
subunit forming a chaperonin-containing, hetero-oligomeric complex known to contribute to actin and tubulin 
folding, and thus to cytoskeleton conformation, cell shape59 and cell division60. As endoplasmic reticulum (ER) 
protein-folding chaperones, all TCP1 subunits are upregulated upon ER stress61, which links TCP1-eta to tubular 
damage. In fact, TCP1-eta is secreted by damaged cells, which contributes to its increased urinary excretion dur-
ing AKI. Reduced tubular reclamation of the filtered TCP1-eta, associated to tubular damage, also contributes 
to its increased urinary level50. Interestingly, TCP1-eta urinary levels correlate with cortical damage level50.

AKI has been traditionally classified into three types, namely pre-renal, renal (or intrinsic) and post-
renal4,62–64, with distinct etiopathology. In pre-renal AKI, kidney structures are preserved and, consequently, it 
is associated to a better clinical outcome than intrinsic AKI, which involves renal parenchymal damage62,65–69. The 
commonest pattern of intrinsic AKI is ATN, a rather ambiguous term comprising primary and heterogeneous 
damage forms to the renal tubular compartment19,70, including sublethal alterations in tubule cells compromising 
tubular function71,72. Prognosis of patients with no, mild or sub-lethal alterations may differ substantially from 
that of patients with extensive tissue destruction70. But this cannot be stablished until new diagnostic criteria 

Figure 1.   Biomarker levels in Control (n = 18) and AKI (n = 85) patients. *p < 0.05; **p < 0.01; ***p < 0.001 versus 
“Control” group. AU, arbitrary units; Cru, urinary creatinine; FABP1: fatty acid binding protein 1; GM2AP, 
GM2-activator protein; KIM-1, kidney injury molecule 1; NAG, N-acetyl-β-d-glucosaminidase; NGAL, 
neutrophil gelatinase-associated lipocalin; REG3A, regenerating islet-derived 3 alpha; SD, Standard deviation; 
TCP1-eta, T-complex protein 1 eta.
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and biomarkers become available to achieve the necessary degree of pathophysiological sub-classification. For 
example, despite pre-renal AKI being considered a mild form of AKI, our study reveals that Non-recovery 
patients split similarly between pre-renal and renal AKI patients, when they are etiologically triaged according 
to objective criteria.

In practice, etiopathological diagnosis of AKI and patient stratification have traditionally been poorly per-
formed retrospectively, based on the duration of the episode and the response to fluid therapy4,6,64,68,69, rather 
than on unambiguous parameters. The gold standard biomarker (i.e. Crp) conveys no etiological information as 
it increases in all forms of AKI19,70. In agreement, the present study shows that Crp has no association with the 
subsequent recovery pattern. Determining etiology is often further complicated by multi causality, as several 
potential causes of AKI frequently coexist and give rise to a variety of pathological combinations and damage 
patterns. In a number of pre-renal AKI cases damage evolves to a variable degree of intrinsic renal damage, as a 
complex continuum that further complicates diagnosis6 and patient triage. As such, outcome is not determined 
by ambiguous etiology, but by the resulting composite pathophysiological scenario. It is thus critical to sub 
stratify patients by AKI type, according to objective criteria before using pathophysiological biomarkers (e.g. 
GM2AP and TCP1-eta) for prognosis estimation. Our study utilizes a pathophysiology-driven and two-step 
strategy to further discriminate the prognostic utility of several AKI biomarkers to anticipate recovery. In a first, 
stratifying step the study population (i.e. all AKI patients) is narrowed to a more specific sub-population (renal 
AKI patients). In a second step, pathophysiological biomarkers are applied to this sub-population, through a 
combined algorithm, to estimate individual prognosis.

The prognostic capacity of other biomarkers, including KIM-1, L-FABP, IL-18, angiotensinogen, and TIMP-2/
IGFBP7, has also been reported in the literature (reviewed in73), with individual prognostic AUCs around 0.8. 
However, comparisons with our study are difficult, as different outcome criteria, different populations and dif-
ferent methodology were used. Our best comparative opportunity is provided by our internal control, NGAL. 
NGAL has been shown to predict recovery, with higher urinary levels of NGAL associating to deficient or no 
recovery74. Interestingly, the composite prognostic capacity of GM2AP and TCP1-eta (as well as that of GM2AP 
alone) outperforms the predictive capacity of NGAL in our study. Because of biomarker pleiotropy and non-
specificity, an appropriate algorithmic combination of several biomarkers related to the same phenomenon is 
more likely to discern populations than single biomarkers on their own, as the noise-to-signal ratio is expected 
to be lower75,76. This concept is supported by and congruent with our results. For instance, TCP1-eta and NGAL 
are not completely redundant with GM2AP, despite all being biomarkers of tubular damage49,50,77, because both 

Table 2.   Biomarker levels in AKI patients (a) Concentrations of the different biomarkers according to 
subsequent recovery pattern. Data are expressed as the mean ± SEM. *p < 0.05; **p < 0.01; versus “Recovery—
Yes” group. (b) Results of the logistic regression performed with GM2AP. c) Results of the logistic regression 
performed with GM2AP + TCP1-eta. AU: arbitrary units; Cru: urinary creatinine; B: logistic regression 
coefficient; FABP1: fatty acid binding protein 1; GM2AP: GM2-activator protein; KIM-1: kidney injury 
molecule 1; NAG: N-acetyl-β-d-glucosaminidase; NGAL: Neutrophil gelatinase-associated lipocalin; REG3A: 
regenerating islet-derived 3 alpha; SD: Standard deviation; TCP1-eta: T-complex protein 1 eta; Wald: Wald 
statistic.

Recovery

Plasma 
creatinine (mg/
dL)

Proteinuria (mg/
mg Cru)

Urinary NAG 
(IU/mg Cru)

Urinary NGAL 
(mg/mg Cru)

Urinary 
t-Gelsolin (AU/
mg Cru)

Urinary KIM-1 
(AU/mg Cru)

Urinary TCP1-
eta (AU/mg Cru)

Urinary REG3A 
(AU/mg Cru)

Urinary 
FABP1 (AU/
mg Cru)

Urinary 
GM2AP 
(AU/mg 
Cru)

(a) Comparison between groups

Yes  
(n = 43) 5.64 ± 0.56 11.43 ± 1.63 18.27 ± 4.98 480.67 ± 131.11 0.03 ± 0.01 0.44 ± 0.11 2.23 ± 0.61 0.09 ± 0.05 0.07 ± 0.02 0.15 ± 0.06

No  
(n = 42) 6.39 ± 0.74 13.19 ± 2.04 21.43 ± 3.32 871.29 ± 156.91* 0.06 ± 0.02* 0.49 ± 0.11 2.89 ± 0.50 0.15 ± 0.04* 0.35 ± 0.13* 0.24 ± 0.06**

Parameter B SD Wald p value

(b) Logistic regression analysis (only GM2AP)

GM2AP 0.734 0.233 9.953 0.002

Constant − 1.747 0.600 8.482 0.004

Total percentage of success: 64.8%

Specificity: 69,4%

Sensitivity: 60,0%

(c) Logistic regression analysis (GM2AP + TCP1-eta)

GM2AP 0.757 0.244 9.663 0.002

TCP1-eta 0.559 0.243 5.307 0.021

Constant − 3.132 0.911 11.827 0.001

Total percentage of success: 76.1%

Specificity: 75.0%

Sensitivity: 77.1%
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markers increase the predictive capacity of GM2AP. Certainly, future studies will identify additional biomarkers 
that will further complement the algorithm to optimize prognosis.

In summary, the two-step strategy used in this study generates a multidimensional space in which patients 
with specific characteristics (in this case, renal AKI patients with good or bad prognosis) can be appropriately 
distinguished based on a collection of biomarkers that, working serially, focus the population (i.e. diagnostic 

Figure 2.   (a) Patient statistics according to the sub-classification criteria for pre-renal and renal AKI. Crp, 
plasma creatinine; Cru, urinary creatinine; FENa, fractional excretion of sodium; RFI, renal failure index. (b) 
AKI etiologies in the whole AKI population and in the subpopulation of patients who recovered from AKI and 
in the subpopulation of patients who did not recover.

Table 3.   Urinary biomarker levels in pre-renal and renal-type AKI patients based on the Cru/Crp criterion. 
Data are expressed as the mean ± SEM. AU: arbitrary units; Crp: plasma creatinine; Cru: urinary creatinine; 
FABP1: fatty acid binding protein 1; GM2AP: GM2-activator protein; KIM-1: kidney injury molecule 1; NAG: 
N-acetyl-β-d-glucosaminidase; NGAL: Neutrophil gelatinase-associated lipocalin; REG3A: regenerating islet-
derived 3 alpha; RFI: renal failure index; TCP1-eta: T-complex protein 1 eta. *p < 0.05; **p < 0.01; ***p < 0.001 
versus “Recovery: Yes” group.

Recovery
Proteinuria 
(mg/mg Cru)

Urinary NAG 
(IU/mg Cru)

Urinary NGAL 
(mg/mg Cru)

Urinary 
t-Gelsolin (AU/
mg Cru)

Urinary KIM-1 
(AU/mg Cru)

Urinary TCP1-
eta (AU/mg 
Cru)

Urinary 
REG3A (AU/
mg Cru)

Urinary 
FABP1 (AU/
mg Cru)

Urinary 
GM2AP (AU/
mg Cru)

Pre-renal AKI patients: biomarker data as a function of recovery from AKI

Yes (n = 7) 10.23 ± 2.93 24.99 ± 15.06 197.54 ± 98.33 0.11 ± 0.07 0.44 ± 0.15 1.65 ± 1.38 0.00 ± 0.00 0.11 ± 0.05 0.08 ± 0.04

No (n = 10) 8.00 ± 1.66 16.61 ± 4.62 210.67 ± 99.91 0.07 ± 0.06 0.37 ± 0.15 1.97 ± 3.54 0.01 ± 0.01 0.02 ± 0.01 0.32 ± 0.16

Renal AKI patients: biomarker data as a function of recovery from AKI

Yes (n = 33) 11.68 ± 1.89 17.05 ± 5.30 532.15 ± 152.68 0.00 ± 0.00 0.42 ± 0.13 2.42 ± 4.26 0.11 ± 0.06 0.06 ± 0.03 0.15 ± 0.08

No (n = 31) 14.92 ± 2.61 22.88 ± 4.09* 1,076.31 ± 188.17** 0.06 ± 0.02** 0.55 ± 0.14 3.30 ± 3.06* 0.20 ± 0.06* 0.42 ± 0.17* 0.21 ± 0.06*
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stratification) and apply pathophysiology-driven criteria to estimate AKI recovery19, which will enable pre-
emptive and personalized handling. In particular, the recovery pattern can be individually anticipated during 
AKI, by a model computing at least two criteria among Cru/Crp, RFI and FENa, plus the urinary level of both 
GM2AP and TCP1-eta at the moment of diagnosis.

Materials and methods
Where not otherwise indicated, reagents were purchased from Sigma (Madrid, Spain).

Patients and protocol.  Urine samples were collected from 103 volunteers from the Nephrology Depart-
ment (Hospital Universitario Marqués de Valdecilla, Santander, Spain), who provided written consent: 85 con-
sultation patients referred to Nephrology had AKI at admission; and 18 controls, of whom 6 were disease controls 
(i.e. consultation patients without evidence of AKI), and 12 healthy individuals. All protocols were approved by 
the local Ethics Committee and were conducted according to the principles established in the Declaration of 
Helsinki (World Medical Assembly), the Council of Europe Convention on Human Rights and Biomedicine, 
the UNESCO Universal Declaration on the Human Genome and Human Rights, the requirements established 
in the Spanish legislation in the field of biomedical research, personal data protection and bioethics; as well as 
the provisions of the Law 14/2007, of July 3rd, of Biomedical Research; and RD 53/2013, of February1st.. Renal 
function and diagnosis data were obtained from the patients’ medical records. Renal function was monitored 
by means of Crp, and AKI was defined and classified according to Kidney Disease: Improving Global Outcomes 
(KDIGO) criteria78. Urine was collected upon admission to the Nephrology Department, and was used to meas-
ure protein content (with a commercial kit from Bio-Rad, Madrid, Spain), and eight AKI-related biomarkers (as 
described below), namely NAG, NGAL, KIM-1, TCP1-eta, Reg3A, GM2AP, FABP1, and t-gelsolin. Patients were 
then followed for 30 days, and were then classified as Recovery or Non-recovery patients, depending on whether 
Crp had returned to basal levels ± 10% (i.e. the closest determination of Crp available in the medical record prior 
to the AKI episode) or not, respectively, in that period. Independently, patients were also classified as pre-renal 
and renal AKI based on three different criteria: (1) urinary creatinine/plasma creatinine ratio (Cru/Crp), (2) 
fractional excretion of sodium [FENa = (Nau × Crp)/(Nap × Cru) × 100] and (3) RFI = (Nau × Crp)/Cru. Individuals 
with a value > 20, < 1 or < 1, respectively, were classified as pre-renal66,79–82.

Table 4.   Urinary biomarker levels in pre-renal and renal-type AKI patients based on the FENa criterion. 
Data are expressed as the mean ± SEM. AU: arbitrary units; Crp: plasma creatinine; Cru: urinary creatinine; 
FABP1: fatty acid binding protein 1; GM2AP: GM2-activator protein; KIM-1: kidney injury molecule 1; NAG: 
N-acetyl-β-d-glucosaminidase; NGAL: Neutrophil gelatinase-associated lipocalin; REG3A: regenerating islet-
derived 3 alpha; RFI: renal failure index; TCP1-eta: T-complex protein 1 eta. *p < 0.05 **p < 0.01 ***p < 0.001 
versus “Recovery: Yes” group.

Recovery
Proteinuria 
(mg/mg Cru)

Urinary NAG 
(IU/mg Cru)

Urinary NGAL 
(mg/mg Cru)

Urinary 
t-Gelsolin (AU/
mg Cru)

Urinary KIM-1 
(AU/mg Cru)

Urinary TCP1-
eta (AU/mg 
Cru)

Urinary 
REG3A (AU/
mg Cru)

Urinary FABP1 
(AU/mg Cru)

Urinary 
GM2AP (AU/
mg Cru)

Pre-renal AKI patients: biomarker data as a function of recovery from AKI

Yes (n = 8) 12.58 ± 2.47 24.37 ± 11.61 309.79 ± 136.34 0.08 ± 0.07 0.59 ± 0.19 4.75 ± 6.76 0.10 ± 0.10 0.02 ± 0.02 0.13 ± 0.05

No (n = 7) 12.80 ± 6.05 41.30 ± 13.05 193.62 ± 137.87 0.02 ± 0.01 0.20 ± 0.10 3.56 ± 5.08 0.15 ± 0.14 0.66 ± 0.64 0.16 ± 0.11

Renal AKI patients: biomarker data as a function of recovery from AKI

Yes (n = 32) 11.14 ± 1.96 16.70 ± 5.57 524.78 ± 161.11 0.01 ± 0.01 0.38 ± 0.13 1.67 ± 2.64 0.09 ± 0.06 0.08 ± 0.03 0.14 ± 0.08

No (n = 34) 13.26 ± 2.20 18.51 ± 3.09 973.96 ± 172.96** 0.08 ± 0.03** 0.57 ± 0.13 2.83 ± 2.73* 0.15 ± 0.04 0.26 ± 0.10 0.25 ± 0.07***

Table 5.   Urinary biomarker levels in pre-renal and renal-type AKI patients based on the RFI criterion. 
Data are expressed as the mean ± SEM. AU: arbitrary units; Crp: plasma creatinine; Cru: urinary creatinine; 
FABP1: fatty acid binding protein 1; GM2AP: GM2-activator protein; KIM-1: kidney injury molecule 1; NAG: 
N-acetyl-β-d-glucosaminidase; NGAL: Neutrophil gelatinase-associated lipocalin; REG3A: regenerating islet-
derived 3 alpha; RFI: renal failure index; TCP1-eta: T-complex protein 1 eta. *p < 0.05; **p < 0.01; ***p < 0.001 
versus “Recovery: Yes” group.

Recovery
Proteinuria 
(mg/mg Cru)

Urinary NAG 
(IU/mg Cru)

Urinary NGAL 
(mg/mg Cru)

Urinary 
t-Gelsolin (AU/
mg Cru)

Urinary KIM-1 
(AU/mg Cru)

Urinary TCP1-
eta (AU/mg 
Cru)

Urinary 
REG3A (AU/
mg Cru)

Urinary FABP1 
(AU/mg Cru)

Urinary 
GM2AP (AU/
mg Cru)

Pre-renal AKI patients: biomarker data as a function of recovery from AKI

Yes (n = 8) 11.05 ± 1.75 15.11 ± 4.87 360.87 ± 141.56 0.02 ± 0.02 0.46 ± 0.19 4.81 ± 6.76 0.10 ± 0.10 0.10 ± 0.08 0.14 ± 0.05

No (n = 6) 12.80 ± 6.05 41.30 ± 13.05 193.62 ± 137.87 0.02 ± 0.01 0.24 ± 0.11 4.12 ± 5.32 0.18 ± 0.17 0.77 ± 0.75 0.18 ± 0.13

Renal AKI patients: biomarker data as a function of recovery from AKI

Yes (n = 32) 11.52 ± 2.01 19.09 ± 6.17 511.59 ± 161.34 0.02 ± 0.02 0.41 ± 0.13 1.66 ± 2.62 0.09 ± 0.06 0.06 ± 0.03 0.14 ± 0.08

No (n = 35) 13.26 ± 2.20 18.51 ± 3.09 973.96 ± 172.96** 0.07 ± 0.03** 0.55 ± 0.12 2.75 ± 2.72* 0.15 ± 0.04* 0.25 ± 0.10 0.25 ± 0.07***
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Figure 3.   ROC curves of urinary biomarkers for intrinsic AKI patients sub stratified according to the double 
Cru/Crp and FENa criteria (i.e. patients catalogued positive for intrinsic AKI complied with both criteria, n = 55). 
AUC: area under the curve; CI: confidence interval; Crp: plasma creatinine; Cru: urinary creatinine; FABP1: 
fatty acid binding protein 1; FENa, fractional excretion of sodium; GM2AP, GM2-activator protein; KIM-
1, kidney injury molecule 1; NAG, N-acetyl-β-d-glucosaminidase; NGAL, neutrophil gelatinase-associated 
lipocalin; REG3A, regenerating islet-derived 3 alpha; RFI, renal failure index; SD, Standard deviation; TCP1-eta, 
T-complex protein 1 eta.



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11599  | https://doi.org/10.1038/s41598-020-68398-0

www.nature.com/scientificreports/

Figure 4.   ROC curves of urinary biomarkers for intrinsic AKI patients sub stratified according to the double 
Cru/Crp and RFI criteria (i.e. patients catalogued positive for intrinsic AKI complied with both criteria, n = 55). 
AUC: area under the curve; CI: confidence interval; Crp: plasma creatinine; Cru: urinary creatinine; FABP1: fatty 
acid binding protein 1; GM2AP, GM2-activator protein; KIM-1, kidney injury molecule 1; NAG, N-acetyl-β-d-
glucosaminidase; NGAL, neutrophil gelatinase-associated lipocalin; REG3A, regenerating islet-derived 3 alpha; 
RFI, renal failure index; SD, Standard deviation; TCP1-eta, T-complex protein 1 eta.
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Figure 5.   ROC curves of urinary biomarkers for intrinsic AKI patients sub stratified according to the double 
FENa and RFI criteria (i.e. patients catalogued positive for intrinsic AKI complied with both criteria, n = 65). 
AUC: area under the curve; CI: confidence interval; FABP1: fatty acid binding protein 1; FENa, fractional 
excretion of sodium; GM2AP, GM2-activator protein; KIM-1, kidney injury molecule 1; NAG, N-acetyl-β-d-
glucosaminidase; NGAL, neutrophil gelatinase-associated lipocalin; REG3A, regenerating islet-derived 3 alpha; 
RFI, renal failure index; SD, Standard deviation; TCP1-eta, T-complex protein 1 eta.
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Figure 6.   ROC curves of urinary biomarkers for intrinsic AKI patients sub stratified according to the triple 
Cru/Crp and FENa and RFI criteria (i.e. patients catalogued positive for intrinsic AKI complied with all three 
criteria, n = 54). AUC: area under the curve; CI: confidence interval; Crp: plasma creatinine; Cru: urinary 
creatinine; FABP1: fatty acid binding protein 1; FENa, fractional excretion of sodium; GM2AP, GM2-activator 
protein; KIM-1, kidney injury molecule 1; NAG, N-acetyl-β-d-glucosaminidase; NGAL, neutrophil gelatinase-
associated lipocalin; REG3A, regenerating islet-derived 3 alpha; RFI, renal failure index; SD, Standard deviation; 
TCP1-eta, T-complex protein 1 eta.
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Biomarker measurement by Western blot.  21 μL of urine from each patient were separated by acryla-
mide electrophoresis. Proteins were transferred to an Immobilon-P Transfer Membrane (Millipore, Madrid, 
Spain) and incubated with the following primary antibodies: (1) Anti KIM-1 (R&D Systems, Minneapolis, MN, 
USA); (2) TCP1-eta antibody (Novus Biologicals, Littleton, CO, USA); (3) Reg3A (R&D Systems, Minneapolis, 
MN, USA); (4) GM2AP [our polyclonal antibody, described in49; (5) gelsolin (Santa Cruz Biotechnology, Dallas, 
TX, USA); and (6) FABP1 (SAB Signalway Antibody, College Park, MD, USA). Then, membranes were incu-
bated with horseradish peroxidase-conjugated secondary antibodies and chemiluminescent detection (Immo-
bilon Western Chemiluminescent HRP Substrate kit; Millipore, Madrid, Spain) with photographic films (Kodak, 
Madrid, Spain). Bands were quantified with the Scion Image software (Scion Corporation, Frederick, Maryland, 
USA), and normalized to the signal of a positive control (as arbitrary units), loaded in all gels. The positive con-
trol consisted of a urine sample from a designated AKI patient with increased biomarker excretion, used as trans 
normalization control in all experiments.

NAG determination.  NAG activity was quantified using a commercial kit [N-Acetyl-β-d-glucosaminidase 
(NAG) assay kit, Diazyme, Poway, CA, USA] following the manufacturer’s instructions.

NGAL determination.  NGAL was measured with a commercial ELISA (Human NGAL ELISA Kit 036CE 
(BioPorto Diagnostics, Hellerup, Denmark), according to the manufacturer’s instructions.

Statistical analysis.  Data are expressed as mean ± SEM (except where indicated otherwise). The Kolmogo-
rov–Smirnov test was used to evaluate if the numerical data were adjusted to a normal distribution (p val-
ues < 0.05 were considered non-normal). Comparisons of urinary biomarkers between Control versus AKI and 
Pre-renal versus Renal patients were performed using Student’s t test (for normal data) or Mann–Whitney U 
test (for non-normal data), in which p values < 0.05 were considered statistically different. To assess the ability of 
the markers to identify whether or not a patient will recover from the AKI, ROC curves were drawn from each 
of them. Their areas under the curve (AUC) were calculated and compared with that of a hypothetical marker 
with zero diagnostic capacity (AUC = 0.50). p values < 0.05 were considered statistically significant83. In order to 
establish if any of the biomarkers or some combination of them was able to predict mathematically the prob-
ability of a patient to recover or not from the AKI, a binary logistic regression was performed in which p val-
ues < 0.05 were considered statistically significant (the biomarker has predictive capacity). The construction of 
the ROC curves and the logistic regression model was carried out after distributing the urinary excretion of each 
biomarker in quartiles (Q1: low excretion, Q2: medium–low excretion, Q3: medium–high excretion and Q4: 
high excretion)52. All the statistical studies described were performed with the IBM SPSS Statistics 20 software 
(IBM, Armonk, NY, USA). The tables and figures were created with the IBM SPSS Statistics 20 and Microsoft 
Excel 2016 (Microsoft, Redmond, WA, USA).

Table 6.   Results of the logistic regressions performed with the biomarkers of patients with renal type AKI 
based on the different combinations of classification criteria used. B: logistic regression coefficient; Crp: plasma 
creatinine; Cru: urinary creatinine; FENa: fractional excretion of sodium; GM2AP: GM2-activator protein; RFI: 
renal failure index; SD: Standard deviation; TCP1-eta: T-complex protein 1 eta; Wald: Wald statistic.

Parameter B SD Wald p value

Cru/Crp + FENa + RFI criteria (n = 54)

GM2AP 1.247 0.385 10.494 0.001

TCP1-eta 1.113 0.388 8.246 0.004

Constant − 5.787 1.692 11.695 0.001

Total percentage of success: 82.7%

Cru/Crp + FENa criteria (n = 55)

GM2AP 1.158 0.364 10.149 0.001

TCP1-eta 1.027 0.364 7.962 0.005

Constant − 5.453 1.589 11.778 0.001

Total percentage of success: 71.7%

Cru/Crp + RFI criteria (n = 55)

GM2AP 1.015 0.326 9.717 0.002

TCP1-eta 0.862 0.334 6.658 0.010

Constant − 4.510 1.356 11.064 0.001

Total percentage of success: 81.1%

FENa + RFI criteria (n = 65)

GM2AP 0.997 0.295 11.399 0.001

TCP1-eta 0.737 0.295 6.245 0.012

Constant − 4.085 1.178 12.033 0.001

Total percentage of success: 77.8%



13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11599  | https://doi.org/10.1038/s41598-020-68398-0

www.nature.com/scientificreports/

Received: 14 January 2020; Accepted: 15 June 2020

References
	 1.	 Praught, M. L. & Shlipak, M. G. Are small changes in serum creatinine an important risk factor?. Curr. Opin. Nephrol. Hypertens. 

14, 265–270 (2005).
	 2.	 Brown, J. R., Kramer, R. S., Coca, S. G. & Parikh, C. R. Duration of acute kidney injury impacts long-term survival after cardiac 

surgery. Ann. Thorac. Surg. 90, 1142–1148 (2010).
	 3.	 Coca, S. G., King, J. T., Rosenthal, R. A., Perkal, M. F. & Parikh, C. R. The duration of postoperative acute kidney injury is an 

additional parameter predicting long-term survival in diabetic veterans. Kidney Int. 78, 926–933 (2010).
	 4.	 Uchino, S., Bellomo, R., Bagshaw, S. M. & Goldsmith, D. Transient azotaemia is associated with a high risk of death in hospitalized 

patients. Nephrol. Dial. Transpl. 25, 1833–1839 (2010).
	 5.	 Brown, J. R. et al. Determinants of acute kidney injury duration after cardiac surgery: an externally validated tool. Ann. Thorac. 

Surg. 93, 570–576 (2012).
	 6.	 Nejat, M. et al. Some biomarkers of acute kidney injury are increased in pre-renal acute injury. Kidney Int. 81, 1254–1262 (2012).
	 7.	 Heung, M. & Chawla, L. S. Predicting progression to chronic kidney disease after recovery from acute kidney injury. Curr. Opin. 

Nephrol. Hypertens. 21, 628–634 (2012).
	 8.	 Heung, M. et al. Acute kidney injury recovery pattern and subsequent risk of ckd: an analysis of veterans health administration 

data. Am. J. Kidney Dis. 67, 742–752 (2016).
	 9.	 Haase, M., Bellomo, R. & Haase-Fielitz, A. Neutrophil gelatinase-associated lipocalin: a superior biomarker for detection of sub-

clinical acute kidney injury and poor prognosis. Biomark. Med. 5, 415–417 (2011).
	10.	 Haase, M. et al. The outcome of neutrophil gelatinase-associated lipocalin-positive subclinical acute kidney injury: A multicenter 

pooled analysis of prospective studies. J. Am. Coll. Cardiol. 57, 1752–1761 (2011).
	11.	 Haase, M., Kellum, J. A. & Ronco, C. Subclinical AKI—an emerging syndrome with important consequences. Nat. Rev. Nephrol. 

8, 735–739 (2012).
	12.	 Ronco, C., Kellum, J. A. & Haase, M. Subclinical AKI is still AKI. Crit. Care 16, 313 (2012).
	13.	 de Geus, H. R., Haase, M. & Jacob, L. The cardiac surgery-associated neutrophil gelatinase-associated lipocalin score for postop-

erative acute kidney injury: Does subclinical acute kidney injury matter?. J. Thorac. Cardiovasc. Surg. 154, 939–940 (2017).
	14.	 Albert, C. et al. Urinary biomarkers may provide prognostic information for subclinical acute kidney injury after cardiac surgery. 

J. Thorac. Cardiovasc. Surg. 155, 2441-2452.e13 (2018).
	15.	 Goldberg, R. & Dennen, P. Long-term outcomes of acute kidney injury. Adv. Chronic Kidney Dis. 15, 297–307 (2008).
	16.	 Hsu, C. Yes, AKI truly leads to CKD. J. Am. Soc. Nephrol. 23, 967–969 (2012).
	17.	 Bucaloiu, I. D., Kirchner, H. L., Norfolk, E. R., Hartle, J. E. & Perkins, R. M. Increased risk of death and de novo chronic kidney 

disease following reversible acute kidney injury. Kidney Int. 81, 477–485 (2012).
	18.	 Susantitaphong, P. et al. World incidence of AKI: a meta-analysis. Clin. J. Am. Soc. Nephrol. 8, 1482–1493 (2013).
	19.	 Endre, Z. H. et al. Differential diagnosis of AKI in clinical practice by functional and damage biomarkers: Workgroup statements 

from the tenth acute dialysis quality initiative consensus conference. Contrib. Nephrol. 182, 30–44 (2013).
	20.	 Sutherland, S. M. et al. AKI in hospitalized children: comparing the pRIFLE, AKIN, and KDIGO definitions. Clin. J. Am. Soc. 

Nephrol. 10, 554–561 (2015).
	21.	 Neild, G. H. Multi-organ renal failure in the elderly. Int. Urol. Nephrol. 32, 559–565 (2001).
	22.	 Block, C. A. & Schoolwerth, A. C. The epidemiology and outcome of acute renal failure and the impact on chronic kidney disease. 

Semin. Dial. 19, 450–454 (2006).
	23.	 Kellum, J. A. & Hoste, E. A. J. Acute kidney injury: epidemiology and assessment. Scand. J. Clin. Lab. Investig. 68, 6–11 (2008).
	24.	 Waikar, S. S., Liu, K. D. & Chertow, G. M. Diagnosis, epidemiology and outcomes of acute kidney injury. Clin. J. Am. Soc. Nephrol. 

3, 844–861 (2008).
	25.	 Fujii, T. et al. Diagnosis, management, and prognosis of patients with acute kidney injury in Japanese intensive care units: the 

JAKID study. J. Crit. Care 47, 185–191 (2018).
	26.	 Cerdá, J. et al. Promoting kidney function recovery in patients with AKI requiring RRT. Clin. J. Am. Soc. Nephrol. 10, 1859–1867 

(2015).
	27.	 Prescott, G. J. et al. A prospective national study of acute renal failure treated with RRT: incidence, aetiology and outcomes. Nephrol. 

Dial. Transpl. 22, 2513–2519 (2007).
	28.	 Pannu, N., James, M., Hemmelgarn, B., Klarenbach, S. & Alberta Kidney Disease Network. Association between AKI, recovery of 

renal function, and long-term outcomes after hospital discharge. Clin. J. Am. Soc. Nephrol. 8, 194–202 (2013).
	29.	 Peters, E. et al. A worldwide multicentre evaluation of the influence of deterioration or improvement of acute kidney injury on 

clinical outcome in critically ill patients with and without sepsis at ICU admission: results from The Intensive Care Over Nations 
audit. Crit. Care 22, 188 (2018).

	30.	 Kellum, J. A., Sileanu, F. E., Bihorac, A., Hoste, E. A. J. & Chawla, L. S. Recovery after acute kidney injury. Am. J. Respir. Crit. Care 
Med. 195, 784–791 (2017).

	31.	 Stoumpos, S., Mark, P. B., McQuarrie, E. P., Traynor, J. P. & Geddes, C. C. Continued monitoring of acute kidney injury survivors 
might not be necessary in those regaining an estimated glomerular filtration rate > 60 mL/min at 1 year. Nephrol. Dial. Transpl. 
32, 81–88 (2017).

	32.	 Rhee, H. et al. Long-term outcomes in acute kidney injury patients who underwent continuous renal replacement therapy: a 
single-center experience. Clin. Exp. Nephrol. 22, 1411–1419 (2018).

	33.	 Sood, M. M. et al. Early reversible acute kidney injury is associated with improved survival in septic shock. J. Crit. Care 29, 711–717 
(2014).

	34.	 Perinel, S. et al. Transient and persistent acute kidney injury and the risk of hospital mortality in critically Ill patients: results of a 
multicenter cohort study. Crit. Care Med. 43, e269–e275 (2015).

	35.	 Palant, C. E., Amdur, R. L. & Chawla, L. S. The acute kidney injury to chronic kidney disease transition: A potential opportunity 
to improve care in acute kidney injury. Contrib. Nephrol. 187, 55–72 (2016).

	36.	 Chawla, L. S. et al. Acute kidney disease and renal recovery: Consensus report of the Acute Disease Quality Initiative (ADQI) 16 
Workgroup. Nat. Rev. Nephrol. 13, 241–257 (2017).

	37.	 González, E. et al. Early steroid treatment improves the recovery of renal function in patients with drug-induced acute interstitial 
nephritis. Kidney Int 73, 940–946 (2008).

	38.	 Kerr, M., Bedford, M., Matthews, B. & O’donoghue, D. The economic impact of acute kidney injury in England. Nephrol. Dial. 
Transpl. 29, 1362–1368 (2014).

	39.	 Chertow, G. M., Burdick, E., Honour, M., Bonventre, J. V. & Bates, D. W. Acute kidney injury, mortality, length of stay, and costs 
in hospitalized patients. J. Am. Soc. Nephrol. 16, 3365–3370 (2005).



14

Vol:.(1234567890)

Scientific Reports |        (2020) 10:11599  | https://doi.org/10.1038/s41598-020-68398-0

www.nature.com/scientificreports/

	40.	 Vandijck, D. M., Oeyen, S., Decruyenaere, J. M., Annemans, L. & Hoste, E. A. Acute kidney injury, length of stay, and costs in 
patients hospitalized in the intensive care unit. Acta Clin. Belg. 62, 341–345 (2007).

	41.	 Fischer, M. J., Brimhall, B. B., Lezotte, D. C., Glazner, J. E. & Parikh, C. R. Uncomplicated acute renal failure and hospital resource 
utilization: A retrospective multicenter analysis. Am. J. Kidney Dis. 46, 1049–1057 (2005).

	42.	 Kolhe, N. V., Eldehni, M. T., Selby, N. M. & McIntyre, C. W. The reimbursement and cost of acute kidney injury: a UK hospital 
perspective. Nephron Clin. Pract. 126, 51–56 (2014).

	43.	 Hobson, C. et al. Cost and mortality associated with postoperative acute kidney injury. Ann. Surg. 261, 1207–1214 (2015).
	44.	 Silver, S. A., Long, J., Zheng, Y. & Chertow, G. M. Cost of acute kidney injury in hospitalized patients. J. Hosp. Med. 12, 70–76 

(2017).
	45.	 Collister, D. et al. Health care costs associated with AKI. Clin. J. Am. Soc. Nephrol. 12, 1733–1743 (2017).
	46.	 Srisawat, N. et al. Recovery from acute kidney injury: determinants and predictors. Contrib. Nephrol. 165, 284–291 (2010).
	47.	 Karsanji, D. J. et al. Disparity between nephrologists’ opinions and contemporary practices for community follow-up after AKI 

hospitalization. Clin. J. Am. Soc. Nephrol. 12, 1753–1761 (2017).
	48.	 Malhotra, R. & Siew, E. D. Biomarkers for the early detection and prognosis of acute kidney injury. Clin. J. Am. Soc. Nephrol. 12, 

149–173 (2017).
	49.	 Quiros, Y. et al. Sub-nephrotoxic doses of gentamicin predispose animals to developing acute kidney injury and to excrete gan-

glioside M2 activat. Kidney Int. 78, 1006–1015 (2010).
	50.	 Sancho-Martínez, S. M. et al. Urinary TCP1-eta: A cortical damage marker for the pathophysiological diagnosis and prognosis of 

acute kidney injury. Toxicol. Sci. https​://doi.org/10.1093/toxsc​i/kfz24​2 (2019).
	51.	 Singer, E. et al. Urinary neutrophil gelatinase-associated lipocalin distinguishes pre-renal from intrinsic renal failure and predicts 

outcomes. Kidney Int 80, 405–414 (2011).
	52.	 Vanmassenhove, J. et al. Urinary output and fractional excretion of sodium and urea as indicators of transient versus intrinsic 

acute kidney injury during early sepsis. Crit. Care 17, R234 (2013).
	53.	 Schrezenmeier, E. V., Barasch, J., Budde, K., Westhoff, T. & Schmidt-Ott, K. M. Biomarkers in acute kidney injury – pathophysi-

ological basis and clinical performance. Acta Physiol. 219, 554–572 (2017).
	54.	 Han, W. K. et al. Urinary biomarkers in the early diagnosis of acute kidney injury. Kidney Int. 73, 863–869 (2008).
	55.	 Vaidya, V. S., Ferguson, M. A. & Bonventre, J. V. Biomarkers of Acute Kidney Injury. Annu. Rev. Pharmacol. Toxicol. 48, 463–493 

(2008).
	56.	 Ferreira, L. et al. Urinary levels of regenerating islet-derived protein III β and gelsolin differentiate gentamicin from cisplatin-

induced acute kidney injury in rats. Kidney Int. 79, 518–528 (2011).
	57.	 Meier, E. M., Schwarzmann, G., Furst, W. & Sandhoff, K. The human G(M2) activator protein. A substrate specific cofactor of 

β-hexosaminidase A. J. Biol. Chem. 266, 1879–1887 (1991).
	58.	 Mundel, T. M., Heid, H. W., Mahuran, D. J., Kriz, W. & Mundel, P. Ganglioside GM2-activator protein and vesicular transport in 

collecting duct intercalated cells. J. Am. Soc. Nephrol. 10, 435–443 (1999).
	59.	 Llorca, O. et al. The ‘sequential allosteric ring’ mechanism in the eukaryotic chaperonin-assisted folding of actin and tubulin. 

EMBO J. 20, 4065–4075 (2001).
	60.	 Abe, Y. et al. p90 ribosomal S6 kinase and p70 ribosomal S6 kinase link phosphorylation of the eukaryotic chaperonin containing 

TCP-1 to growth factor, insulin, and nutrient signaling. J. Biol. Chem. 284, 14939–14948 (2009).
	61.	 Yokota, S. I., Yanagi, H., Yura, T. & Kubota, H. Upregulation of cytosolic chaperonin CCT subunits during recovery from chemical 

stress that causes accumulation of unfolded proteins. Eur. J. Biochem. 267, 1658–1664 (2000).
	62.	 Kaufman, J., Dhakal, M., Patel, B. & Hamburger, R. Community-acquired acute renal failure. Am. J. Kidney Dis. 17, 191–198 (1991).
	63.	 Clarkson, M. R., Friedewald, J. J., Eustace, J. A., et al. Acute kidney injury. In Brenner and Rector’s the Kidney (PASaunders, 2007).
	64.	 Uchino, S. The meaning of transient azotemia. Contrib. Nephrol. 165, 337–344 (2010).
	65.	 Liaño, F. et al. Epidemiology of acute renal failure: a prospective, multicenter, community-based study. Kidney Int 50, 811–818 

(1996).
	66.	 Esson, M. L. & Schrier, R. W. Diagnosis and treatment of acute tubular necrosis. Ann. Intern. Med. 137, 744–752 (2002).
	67.	 Lee, V. W. S. et al. S. R. Acute renal failure. In Diseases of the Kidney and Urinary Tract (ed. Schrier, R. W.) (PALippincott Williams 

& Wilkins, Philadelphia, 2007).
	68.	 Rachoin, J.-S. et al. The fallacy of the BUN: creatinine ratio in critically ill patients. Nephrol. Dial. Transpl. 27, 2248–2254 (2012).
	69.	 Uchino, S., Bellomo, R. & Goldsmith, D. The meaning of the blood urea nitrogen/creatinine ratio in acute kidney injury. Clin. 

Kidney J. 5, 187–191 (2012).
	70.	 Sancho-Martínez, S. M. et al. Acute tubular necrosis: an old term in search for a new meaning within the evolving concept of acute 

kidney injury. New Horiz. Transl. Med. 2, 110–117 (2015).
	71.	 Heyman, S. N., Lieberthal, W., Rogiers, P. & Bonventre, J. V. Animal models of acute tubular necrosis. Curr. Opin. Crit. Care 8, 

526–534 (2002).
	72.	 Rosen, S. & Stillman, I. E. Acute tubular necrosis is a syndrome of physiologic and pathologic dissociation. J. Am. Soc. Nephrol. 

19, 871–875 (2008).
	73.	 Kashani, K., Cheungpasitporn, W. & Ronco, C. Biomarkers of acute kidney injury: the pathway from discovery to clinical adoption. 

Clin. Chem. Lab. Med. 55, 1074–1089 (2017).
	74.	 Srisawat, N., Murugan, R. & Kellum, J. A. Repair or progression after AKI: a role for biomarkers?. Nephron Clin. Pract. 127, 185–189 

(2014).
	75.	 Lausted, C. et al. Systems approach to neurodegenerative disease biomarker discovery. Annu. Rev. Pharmacol. Toxicol. 54, 457–481 

(2014).
	76.	 Schutte, E., Gansevoort, R. T., Benner, J., Lutgers, H. L. & Lambers Heerspink, H. J. Will the future lie in multitude? A critical 

appraisal of biomarker panel studies on prediction of diabetic kidney disease progression. Nephrol. Dial. Transpl. 30(Suppl 4), 
iv96–iv104 (2015).

	77.	 Bolignano, D. et al. Neutrophil Gelatinase-Associated Lipocalin (NGAL) as a Marker of Kidney Damage. Am. J. Kidney Dis. 52, 
595–605 (2008).

	78.	 Khwaja, A. KDIGO clinical practice guidelines for acute kidney injury. Nephron Clin. Pract. 120, c179–c184 (2012).
	79.	 Espinel, C. H. The FeNa test: use in the differential diagnosis of acute renal failure. JAMA J. Am. Med. Assoc. 236, 579–581 (1976).
	80.	 Miller, T. R. et al. Urinary diagnostic indices in acute renal failure. A prospective study. Ann. Intern. Med. 89, 47–50 (1978).
	81.	 Nally, J. V. Acute renal failure in hospitalized patients. Cleve. Clin. J. Med. 69, 569–574 (2002).
	82.	 Lima, C. & Macedo, E. Urinary biochemistry in the diagnosis of acute kidney injury. Dis. Markers 2018, 4907024 (2018).
	83.	 Hajian-Tilaki, K. Receiver operating characteristic (ROC) curve analysis for medical diagnostic test evaluation. Caspian J. Intern. 

Med. 4, 627–635 (2013).

Acknowledgements
This study was supported by grants from the Government of Spain [Ministerio de Economía y Competitividad 
(IPT-2012-0779-010000) and Instituto de Salud Carlos III (PI10/00624, PI14/01776, DT15S/00166, PI15/01055, 
PI17/01979, PI18/00996, and Retics RD06/0016/1010 and RD016/0009/0025, REDINREN)], and FEDER funds.

https://doi.org/10.1093/toxsci/kfz242


15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11599  | https://doi.org/10.1038/s41598-020-68398-0

www.nature.com/scientificreports/

Author contributions
V.B-G., A.G.C., S.M.S-M., M.P., Y.Q., A.I.M., and C.M-S. performed the analytical work. A.G.C. carried out the 
statistical analysis and made the figures and tables. C.A-B., A.B-H., M.A.R-B., C.G-A. and M.A. included the 
patients and collected samples and medical data. F.J.L-H. and M.A. designed and coordinated the work. F.J.L-H. 
wrote the article. All authors discussed the results and reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https​://doi.org/10.1038/s4159​8-020-68398​-0.

Correspondence and requests for materials should be addressed to F.J.L.-H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-68398-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Combined use of GM2AP and TCP1-eta urinary levels predicts recovery from intrinsic acute kidney injury
	Anchor 2
	Anchor 3
	Results
	Characteristics of control and AKI patients and urinary excretion of biomarkers. 
	Ability of the urinary biomarkers to predict recovery after an AKI episode. 
	Sub-stratification by parameters related to AKI etiology improves biomarker-mediated prediction of recovery. 

	Discussion
	Materials and methods
	Patients and protocol. 
	Biomarker measurement by Western blot. 
	NAG determination. 
	NGAL determination. 
	Statistical analysis. 

	References
	Acknowledgements


