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Endothelium‑related biomarkers 
enhanced prediction of kidney 
support therapy in critically ill 
patients with non‑oliguric acute 
kidney injury
Francisco Thiago Santos Salmito 1, Sandra Mara Brasileira Mota 2, 
Francisco Márcio Tavares Holanda 2, Leticia Libório Santos 3, Luana Silveira de Andrade 3, 
Gdayllon Cavalcante Meneses 4, Nicole Coelho Lopes 5, Leticia Machado de Araújo 5, 
Alice Maria Costa Martins 6 & Alexandre Braga Libório 7,8*

Acute kidney injury (AKI) is a common condition in hospitalized patients who often requires kidney 
support therapy (KST). However, predicting the need for KST in critically ill patients remains 
challenging. This study aimed to analyze endothelium-related biomarkers as predictors of KST 
need in critically ill patients with stage 2 AKI. A prospective observational study was conducted on 
127 adult ICU patients with stage 2 AKI by serum creatinine only. Endothelium-related biomarkers, 
including vascular cell adhesion protein-1 (VCAM-1), angiopoietin (AGPT) 1 and 2, and syndecan-1, 
were measured. Clinical parameters and outcomes were recorded. Logistic regression models, 
receiver operating characteristic (ROC) curves, continuous net reclassification improvement (NRI) and 
integrated discrimination improvement (IDI) were used for analysis. Among the patients, 22 (17.2%) 
required KST within 72 h. AGPT2 and syndecan-1 levels were significantly greater in patients who 
progressed to the KST. Multivariate analysis revealed that AGPT2 and syndecan-1 were independently 
associated with the need for KST. The area under the ROC curve (AUC-ROC) for AGPT2 and syndecan-1 
performed better than did the constructed clinical model in predicting KST. The combination of 
AGPT2 and syndecan-1 improved the discrimination capacity of predicting KST beyond that of the 
clinical model alone. Additionally, this combination improved the classification accuracy of the NRI 
and IDI. AGPT2 and syndecan-1 demonstrated predictive value for the need for KST in critically ill 
patients with stage 2 AKI. The combination of AGPT2 and syndecan-1 alone enhanced the predictive 
capacity of predicting KST beyond clinical variables alone. These findings may contribute to the early 
identification of patients who will benefit from KST and aid in the management of AKI in critically ill 
patients.
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Acute kidney injury (AKI) is a common condition in hospitalized patients and can be caused by a variety of 
factors, including sepsis, hypotension, nephrotoxic drugs, and other medical conditions1. In addition to causing 
high mortality, AKI is also associated with bleeding, coronary heart disease, stroke and chronic kidney disease 
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(CKD)2. The incidence of AKI is highest in critically ill and septic patients, with an increasing trend in the use 
of dialysis in critically ill patients3.

In the last two decades, AKI has been classified according to its severity, and with progression, several 
life-threatening complications can develop, e.g., hyperkalemia, metabolic acidosis, uremic complications, and 
fluid overload4,5. When one or more of these complications develop, kidney support therapy (KST) is generally 
indicated.

Recently, several large trials have evaluated whether early KST, before any life-threatening complications 
develop, mainly based on AKI stage, have any impact on survival, KST dependence or CKD progression6–10. One 
common feature of almost all trials is that many patients who underwent late KST initiation had ameliorated 
renal function and never needed KST. The findings suggest that deferring KST whenever possible may lead to a 
substantial reduction in the percentage of patients who will ultimately receive KST. However, there is a need to 
better understand why these patients could avoid KST11. The recent ADQI recommendations on AKI biomark-
ers highlighted the need for further research on the assessment of kidney damage and biomarkers correlated 
with clinical data to define the optimal timing of KST12. Machine learning techniques and the furosemide stress 
test (FST) have been used to evaluate renal reserve and predict AKI progression and the need for KST13–17. Of 
these, FST is the most promising, demonstrating a good discrimination to KST need outperformed common 
AKI biomarkers.

In the present study, we aimed to analyze endothelium-related biomarkers collected from critically ill patients 
with stage 2 AKI defined by serum creatinine levels and their capacity to predict KST need in the next 72 h. 
For this purpose, we evaluated vascular cell adhesion protein-1 (VCAM-1), which is related to endothelial cell 
activation; angiopoietin (AGPT) 1 and 2, which interact with and antagonize AGPT1 via the same receptor, 
Tie2, with equal affinity, whereas AGPT1 induces maturation and stabilization of the endothelium; AGT2 causes 
destabilization and increases vascular permeability; and, ultimately, syndecan-1, a newly explored marker of 
endothelial glycocalyx derangement18.

Methodology
Patient selection
This prospective observational study was performed at a hospital unit that serves as a trauma reference and 
pursues five adult ICUs with a total of 40 beds. All patients aged 18 years or older admitted to the ICU between 
November 2021 and November 2022 were screened for the development of stage 2 AKI as defined by the 
serum creatinine (sCr) criterion only. Baseline sCr levels were defined as the creatinine level upon hospital 
admission. Patients with medical support limitations, preexisting chronic kidney disease under maintenance 
hemodialysis, baseline sCR greater than 2 mg/dL, metabolic complications at enrollment (defined as serum 
potassium > 6 mEq/L, serum urea > 200 mg/dL and metabolic acidosis with pH < 7.2 and serum bicarbo-
nate < 15 meq/L) or with reduced urine output (less than 0.5 mL/kg/h for at least 12 h) were excluded from the 
study. The exclusion criterion for patients with reduced urine output is justified by the routine use of an FST as 
a parameter for KST initiation in patients with reduced urine output at our institution. The FST is a common 
method used in institutions for evaluating renal function, and if the test is negative (urine output less than 
200 ml in 2 h)14, the KST is generally initiated. This study protocol was reviewed and approved by the Ethical 
Committee of Hospital Geral de Fortaleza, approval number 1.032.914, and all participants signed free and 
informed consent before inclusion. The research was conducted ethically in accordance with the World Medical 
Association Declaration of Helsinki.

Clinical parameters
Demographic data (age, sex, liver disease) were obtained from direct observation and medical records. Body 
weight was estimated from height. Patients were screened for the use of vasopressor drugs and mechanical 
ventilation. On day AKI stage 2 was achieved, 5 ml of blood was collected from each patient for measurement 
of endothelial biomarkers, as described below. Additionally, the serum potassium concentration, bicarbonate 
concentration, blood glucose concentration, 24-h urine output, serum urea concentration, previous 24-h sCr 
increase, cumulative fluid balance during the ICU stay, vital signs, vasopressor use and nonrenal SOFA score were 
recorded. These variables were collected because they are cited in the literature as predictors of KST in critically 
ill patients or could influence assistant physicians in the decision to initiate KST13,15–17.

Biomarker measurement
Syndecan-1 was measured as a biomarker of endothelial glycocalyx injury (Abcam, Cambridge, MA, USA). 
The intra-assay coefficient of variation was 6.2%. Additionally, VCAM-1 was measured using a commercially 
available ELISA kit (Abcam, Cambridge, UK), with an intra-assay coefficient of 5.9%. AGPT1 and AGPT2 were 
measured using an ELISA kit (R&D Systems, Minneapolis, MN, USA). The intra-assay coefficients of variation 
were 4.7 and 5.3%, respectively. All the measurements were performed in duplicate.

Outcomes
The main outcome was KST initiation up to 72 h after inclusion in the study. The secondary outcomes were the 
need for KST up to 96 h after study inclusion and ICU mortality. The KST was initiated by an attending neph-
rologist, but the institution used some instructions to initiate the KST, as described above (for hyperkalemia, 
metabolic acidosis, and clinical perception of hypervolemia/inadequate urine output to maintain adequate fluid 
balance, a negative FST and a serum urea concentration > 200 mg/dL). The main reasons for KST initiation were 
collected.
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Statistical analysis
Continuous variables are described as medians (interquartile ranges) or means and standard deviations, as 
appropriate, and categorical variables are described as proportions. Continuous variables were compared using 
a 2-sample t test or Mann–Whitney test, and dichotomous variables were compared with the chi-square or Fisher 
exact test. We collected important covariates that predict the need for KRT in other studies, namely, age, liver 
disease status, baseline sCr concentration, change in sCr concentration in the 24 h previous study, 24 h urine 
output, nonrenal SOFA score, blood glucose, mechanical ventilation, cumulative fluid balance and need for 
vasoactive drugs. To evaluate the association between biomarkers and the need for KRT in the next 72 h, logistic 
regression models were used to adjust for those variables that were significant according to univariate analysis. 
The collected variables were also used to construct a clinical model to predict KST in the next 72 h. To avoid 
overfitting of the model, we used penalized maximum likelihood estimation, which yielded decreased regression 
coefficients. The optimum penalty factor that maximized the modified Akaike information criterion was used.

The area under the curve (AUC) for receiver operating characteristic (ROC) curves was calculated for the 
biomarkers and for the clinical model. After that, endothelium-related biomarkers were added to the clinical 
model, and the AUC-ROC values were compared using the method of DeLong and colleagues19. Furthermore, 
we calculated the continuous net reclassification improvement (NRI) and integrated discrimination improvement 
(IDI) for endothelium-related biomarkers regarding the need for KST in the next 72 h to evaluate its additional 
predictive value. The NRI is described as the percentage of patients whose stratification improved after the addi-
tion of the biomarkers under assessment. The risk was determined by calculating the sum of differences in the 
proportions of patients who moved up minus the proportion who moved down for patients who developed the 
event and the proportion of patients who moved down minus the proportion who moved up for patients who 
did not develop the event. The NRI and IDI are recommended as sensitive tools for detecting the additional 
benefit of a predictive marker. The sensitivity of these methods exceeds changes in areas under receiver operat-
ing characteristic curves20,21. The IDI is calculated according to the same principle as the NRI, using changes in 
the model-based probabilities20. The calculation of the NRI and IDI was performed using the clinical model as a 
reference. Decision curve analysis (DCA) was used to verify and evaluate the clinical practicability of the clinical 
model with and without biomarkers. Analysis of the data was performed using SPSS 20.0 for Windows (SPSS, 
Inc., Chicago, IL) and R version 2.14.1 (R Development Core Team, Vienna, Austria).

Ethical approval
This study protocol was reviewed and approved by the Ethics Committee of Hospital Geral de Fortaleza (approval 
number 1.032.914), and all participants signed free and informed consent before inclusion. The research was 
conducted ethically in accordance with the World Medical Association Declaration of Helsinki.

Results
Characteristics of the study cohort
During the study period, 299 patients achieved stage 2 AKI according to the sCr criterion and were considered 
for inclusion; 172 patients were excluded for the following reasons: AKI stage 2 according to both the urine 
output and sCr criteria (n = 111), metabolic complications (n = 30), baseline sCr levels greater than 2 mg/dL 
(n = 13), refusal to provide informed consent (n = 12) and medical support (n = 6). Overall, 127 patients (72.4% 
males) were included in the final analysis, with a mean age of 42.7 ± 10.2 years (Fig. 1). Although patients were 
screened daily, 16 (12.6%) were already included in AKI stage 3. The median urine output 24 h after inclusion 
was 0.7 [0.6–0.8] mL/kg/h. The metabolic variables associated with KST indication are listed in Table 1. Overall, 
22 (17.2%) patients needed KST in the first 72 h after study inclusion (Fig. 1), and the hospital mortality rate was 
46.5%. Patients who progressed to KRT had a greater SCr increase in the last 24 h before study inclusion (0.9 
[0.7–1.4] vs. 0.6 [0.4–0.8] mg/dL, p = 0.001) contributing to a higher SCr level at study inclusion 2.2 [1.5–3.2] 
versus 1.5 [1.4–1.8] mg/dL, p < 0.001. The complete patient characteristics according to AKI progression to the 
KST are displayed in Table 1, and the main reasons for KST are shown in Supplementary Table S1.

Association of endothelium‑related biomarkers and AKI progression to KRT
No difference in the levels of VCAM or AGPT1 or in the AGPT2/1 ratio was detected between patients who 
progressed or did not progress to the KST within the next 72 h. However, patients progressing to KST had 
higher levels of AGPT2—5.6 [2.9–12.3] versus 2.6 [2.6–4.4] mg/L—and syndecan-1—803 [575–980] versus 418 
[196–614] ng/mL, p < 0.001 for both. No significant association was observed for VCAM-1.

According to our univariate analysis, both AGPT2 (odds ratio (OR) 1.28 [95% confidence interval (OR) 
1.13–1.44] for each 1 mg/L) and syndecan-1 (OR 1.72 [95% CI 1.34–2.20] for each 100 ng/mL) were associated 
with the need for KST 72 h after study inclusion. After we adjusted for clinical and laboratory variables, AGPT2 
and syndecan-1 remained independently associated with the need for KST. Additionally, a parsimonious clinical 
model with basal sCr, a change in sCr in the last 24 h before study inclusion and the use of vasoactive drugs was 
associated with KST even after adjustment for AGPT 2 and syndecan-1. Univariate and adjusted ORs are shown 
in Table 2, and forest plots are shown in Supplementary Fig. S1.

Diagnostic testing
The area under the curve (AUC-ROC) values for AGPT2 and syndecan-1 expression and for the clinical model 
for predicting KST score within 72 h are shown in Fig. 2. Although all the models performed well in predicting 
KST scores, AGPT2 and syndecan-1 had better performance than did the clinical model. Because these two 
endothelium-related biomarkers were independently associated with the need for KST according to multivariate 
analysis even when the other biomarker was added (supplementary Table S2), we hypothesized that they have 
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additive predictive value when used together. According to another biomarker panel study22, we applied simple 
multiplication of two markers ([AGPT2]·[SYND1]), and this combination had an AUC-ROC of 0.89 (95% CI 
0.82–0.96), which was better than that of each biomarker alone (Fig. 3).

The ability of [AGPT2]·[SYND1] to predict KST above clinical prediction criteria
The clinical prediction model with clinical variables for the need for KST had an AUC-ROC of 0.75. Adding 
[AGPT2]·[SYND1] to the clinical model improved the discriminatory ability of the model by 0.91 (95% CI 
0.86–0.98, p = 0.02 for AUC-ROC comparison against the clinical model alone) (Fig. 3). [AGPT2]·[SYND1] also 
improved the classification accuracy of KST. The continuous NRI resulting from [AGPT2]·[SYND1] inclusion 
in the clinical model was amplified by both reclassification of nonevents (i.e., patients without KST) and events 
(i.e., patients with KST). The continuous NRI was 1.17 (95% CI 0.77–1.56) (Supplementary Fig. S2). The IDI 
was 0.30 (95% CI 0.15–0.45). A DCA was performed to evaluate the prediction models by calculating the net 
clinical benefit. In the DCA curves, the x-axis represents the threshold probability, whereas the y-axis represents 
the net benefit. The DCA curves (Fig. 4) revealed that the clinical model alone was useful, and the addition of 
[AGPT2]·[SYND1] enhanced the efficacy of the model for predicting KST in almost the threshold probability 
range, except when it was above 85, indicating its clinical effectiveness.

Other outcomes
During the 96 h after study inclusion, 28 (22.0%) patients needed KST. As expected, the discriminatory capac-
ity of endothelium-related biomarkers and the clinical model were lower than that of KST after 72 h; however, 
[AGPT2]·[SYND1] and syndecan-1 retained good discriminatory capacity. The values are shown in Supplemen-
tary Fig. S3. The ICU mortality rate was 41.7%, and syndecan-1 had the best performance, with an AUC-ROC 
of 0.72 (95% CI 0.62–0.80) (see supplementary Fig. S4).

Figure 1.   Flowchart of patients and exclusion criteria.
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Discussion
In the present study, we evaluated a specific cohort of patients who achieved AKI stage 2 only by the sCr criterion 
and evaluated several endothelium-related biomarkers as predictors of KST need in the next 72 h. Syndecan-1, 
a biomarker of endothelial glycocalyx damage, and AGPT2, which antagonize the actions of angiopoietin-1 in 
the stabilization of the vascular endothelium, were associated with the need for KST. Both biomarkers had good 
discrimination capacity; moreover, they were independently associated with KST, and a combination of both 

Table 1.   Cohort description of patients according to kidney support therapy initiation 72 h after study 
inclusion.

All Patients (n = 127) Without kidney support therapy (n = 105) With kidney support therapy (n = 22) P

Age (years), mean ± SD 42.7 ± 10.2 42.1 ± 10.1 45.6 ± 10.5 0.17

Male, n (%) 92(72.4) 75 (71.4) 17 (77.3) 0.58

Comorbidities

 Hypertension, n(%) 13 (10.2) 9 (8.6) 4 (18.2) 0.18

 Diabetes Mellitus, n(%) 8 (6.3) 7 (6.7) 1 (4.5) 0.71

 Congestive heart failure, n (%) 5 (3.9) 3 (2.8) 2 (9.1) 0.68

 Liver disease, n(%) 5 (3.9) 5 (4.8) 0 (0.0) 0.30

Main diagnosis at ICU admission

 Sepsis, n (%) 67 (52.8) 54 (51.4) 13 (59.1) 0.51

 Acute respiratory failure, n (%) 18 (14.2) 13 (12.4) 5 (22.7) 0.21

 Hemorrhagic shock, n (%) 15 (11.8) 14 (13.3) 1 (4.5) 0.25

 Coma, n (%) 6 (4.7) 6 (5.7) 0 (0.0) 0.25

 Other, n (%) 21 (16.5) 18 (17.1) 3 (13.6) 0.69

Nonrenal SOFA score, median [IQR] 5 [2–10] 5 [2–9] 5.5 [3–11] 0.31

Mechanical ventilation, n(%) 92 (72.5) 76 (72.4) 16 (72.7) 0.97

Vasoactive drugs, n(%) 62 (48.8) 47 (44.8) 15 (68.2) 0.04

Baseline SCr (mg/dL), median [IQR] 0.8 [0.6–1.0] 0.8 [0.6–1.0] 0.8 [0.6–0.9] 0.45

Variables on study inclusion

 AKI stage 3 by SCr criterium, n(%) 16 (12.6) 11 (9.2) 5 (22.7) 0.15

 Blood glucose (mg/dL), mean ± SD 111 ± 15 111 ± 14 110 ± 15 0.76

 SCr (mg/dL), median [IQR] 1.5 [1.3–1.9] 1.5 [1.3–1.8] 2.2 [1.5–3.2] < 0.001

 Serum urea (mg/dL), median [IQR] 69 [56–89] 69 [56–89] 70 [58–100] 0.50

 Serum potassium (mEq/L), median [IQR} 4.7 [3.5 –5.4] 4.7 [3.6–5.4] 4.5 [3.4–5.6] 0.65

 Serum bicarbonate (mEq/L), median [IQR] 27 [23–32] 27 [24–32] 25 [22–33] 0.26

 24 h-urine output (mL/kg/h), median [IQR] 0.7 [0.6–0.8] 0.7 [0.6–0.8] 0.6 [0.5–0.7] 0.63

 Cumulative fluid balance (% of estimated BW), median 
[IQR] 2.2 [0.8–3.1] 2.2 [1.0–3.1] 2.3 [0.8–3.8] 0.27

 Change in SCr in last 24 h (mg/dL), median [IQR} 0.6 [0.5–0.9] 0.6 [0.4–0.8] 0.9 [0.7–1.4] 0.001

 Syndecan-1 (ng/mL), median [IQR] 489 [225–679] 418 [196–614] 803 [575–980] < 0.001

 VCAM-1 (ng/mL), median [IQR] 1495 [1057–1862] 1386 [1047–1913] 1564 [1218–1787] 0.23

 Angiopoietin-1 (mg/L), median [IQR] 3.6 [0.9–5.9] 3.3 [0.9–5.7] 5.8 [1.6–15.0] 0.24

 Angiopoietin-2 (mg/L), median [IQR] 3.0 [1.8–5.4] 2.6 [2.6–4.4] 5.6 [2.9–12.3] < 0.001

 Angiopoietin2/1 ratio, median [IQR] 0.9 [0.5–2.3] 0.9 [0.4–2.4] 1.0 [0.8–1.9] 0.23

Hospital mortality, n(%) 59 (46.5) 44 (41.9) 15 (68.2) 0.03

Table 2.   Endothelial-related biomarker levels associated with kidney support therapy initiation 72 h after 
study inclusion. Adjusted for baseline sCr, change in sCr after the 24-h previous study and need for vasoactive 
drugs. VCAM vascular cell adhesion protein.

Univariate analysis
OR (95%CI) P

Adjusted
OR (95%CI) P

Syndecan-1, for each 100 ng/mL 1.72 (1.34–2.20) < 0.001 2.17 (1.49–3.15) < 0.001

VCAM-1, for each 1000 ng/mL 1.14 (0.85–1.51) 0.41 0.93 (0.55–1.57) 0.78

Angiopietin-1, for each 1 mg/L 0.93 (0.67–1.15) 0.65 0.91 (0.72–1.27) 0.46

Angiopoietin-2, for each 1 mg/L 1.39 (1.21–1.59) < 0.001 1.35 (1.16–1.57) < 0.001

Angiopoietin2/1 ratio, for each 1 unit 1.08 (0.81–1.26) 0.36 1.05 (0.92–1.18) 0.48
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had better discrimination than each one alone and improved the discrimination capacity of the constructed 
clinical model.

Although AGPT2 and syndecan-1 are not biomarkers specific to kidney structure, both are related to AKI 
development under several conditions23–26, endothelial injury has an important role in AKI pathophysiology, 
and both biomarkers can be released from the glomerular endothelium when the kidneys suffer inflammatory 
injury27. While numerous urine biomarkers have been correlated with the onset of AKI28 and a specific study has 
shown an association between urinary syndecan-1 and AKI in a pediatric cohort29, most investigations focus-
ing on endothelium-related biomarkers associated with AKI-related outcomes have utilized serum rather than 
urine30,31. Hence, we opted to adhere to this approach.

Figure 2.   Diagnostic performance of angiopoietin-2, sydecan-1 and a clinical model including serum 
creatinine in the last 24 h before study inclusion and the use of vasoactive drugs for kidney support therapy in 
the next 72 h. p value < 0.001 for all AUC-ROC curves.

Figure 3.   Performance of the clinical model alone, [AGPT2]●[SYND1] and the clinical 
model + [AGPT2]●[SYND1] for predicting kidney support therapy within the next 72 h. p value < 0.001 for all 
AUC-ROC curves.
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To the best of our knowledge, our study is the first to evaluate the ability of biomarkers to predict KST in 
a cohort of patients originally diagnosed with nonoliguric AKI. Additionally, this study is the first to evaluate 
endothelium-related biomarkers in relation to AKI progression. Interestingly, two endothelium-related bio-
markers independently associated with KST (AGPT2 and syndecan-1) were associated with fluid overload in a 
previous study31, one major parameter for initiating KST. In our study, we excluded patients with reduced urine 
output (< 0.5 ml/kg/h for at least 12 h) and patients with comparable cumulative fluid balance, suggesting that 
fluid overload is not a confounding variable. Despite not finding a significant association between VCAM-1 
or angiopoietin-1 and KST, another study with a specific population of Bothrops envenomation patients dem-
onstrated an association between these biomarkers and mild AKI32. However, further studies are necessary to 
ascertain whether these biomarkers may prove useful in the setting of AKI.

In the last decade, several studies have evaluated whether early KST initiation can ameliorate survival in 
critically ill patients33. All but one of these trials7 demonstrated that the timing of KST initiation based on AKI 
stage, including changes in the serum creatinine concentration with or without urine output, has no advantage 
for survival or renal recovery. One major point of such trials is that a watch-and-wait strategy can prevent KRT 
in approximately 40–50% of included patients6,9,10. However, such a strategy can lead to AKI-related complica-
tions that are associated with adverse outcomes in critically ill patients5. In the largest of these trials, although 
waiting for dialysis was associated with a lower percentage of KST, the patients had a longer duration of KST 
and a prolonged intensive care unit length of stay10.

Postpone KST, whenever possible, may lead to a substantial reduction in the percentage of patients who will 
ultimately receive KST. However, there is a need to better understand why some patients could avoid KST. In our 
study, we included only patients with maintained urine output at study inclusion, and although approximately 
one-third of the patients progressed to AKI stage 2/3 by urine output after 24 h, we cannot assume that our results 
are valid for patients who have AKI according to the urine output criteria. Although this can be a limitation of 
our study, deciding on KST initiation in AKI patients with preserved urine output can be especially challenging. 
In one large study, only 3.2% of patients with stage 3 AKI according to the serum creatinine level needed KST, 
and this number increased to 35% when there was any reduction in urine output34. Additionally, patients with 

Figure 4.   Decision curve analysis demonstrating the clinical utility of the clinical model for predicting kidney 
support therapy efficacy within 72 h and for enhancing the efficacy of adding [AGPT2]·[SYND1].
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maintained urine output composed a minority of the original study that validated the FST, a diuretic challenge 
test that has emerged as a practical tool for early prediction of KRT need35. Additionally, cumulative fluid bal-
ance, a major factor for KST initiation, is more common in oliguric patients, reducing controversy surrounding 
the indication for KST.

To date, the most studied new biomarkers for predicting the need for KST are directly related to kidney 
structural damage, i.e., NGAL, KIM-1, and TIMP-112. We evaluated endothelium-related biomarkers that, as 
cited above, can be released from the kidney endothelium but can also be related to the severity of critical illness. 
For example, syndecan-1 has recently been demonstrated to reflect organ dysfunction in critically ill patients36, 
and AGPT2 is known to be a prognostic biomarker for critically ill patients, mainly those with acute respiratory 
distress syndrome (ARDS)23,37. Therefore, it is possible that such biomarkers can reflect AKI and illness severity, 
reflecting, at least partly, the mismatch between the demand placed on kidneys and their capacity.

Several studies have evaluated the ability of clinical variables to predict AKI incidence, and machine learning 
techniques have been applied for this purpose13,15–17. To construct our clinical model, we used the variables cited 
in several studies and the most important variables in the construction of machine learning. Our clinical model 
had a discriminative capacity comparable to that of other studies, and either AGPT2 or syndecan-1 alone or in 
combination had a discriminatory capacity better than that of the constructed clinical model alone. Importantly, 
the clinical model and [AGPT]·[SYND1] had additive predictive value together with the best discriminatory 
capacity.

Our study has several implications for the early identification of patients with AKI who need KST. First, 
studying the timing of the KST can play a role in determining the best approach. The recent ADQI recommen-
dations on AKI biomarkers12 highlighted the need for further research on the dynamic assessment of kidney 
damage and functional biomarkers correlated with clinical data to define the optimal timing of KST. Second, after 
further studies and validation, additional clinical practice information can be added to patients with stage 2/3 
AKI, and urine output can be maintained when clinicians must individualize therapy with a global assessment 
of the severity of illness, fluid balance, and AKI severity. Finally, our data demonstrated that biomarkers other 
than those specific to kidney structural damage can help stratify the risk of KST.

Our study has several limitations. First, it was performed in only one center. Additionally, although the 
recruited patients had a well-defined profile, the sample size is another limitation. Third, although we generally 
recommended guidelines to initiate KST, this was ultimately a decision made by the attending physician. Finally, 
we did not compare endothelium-related biomarkers with other biomarkers reported in the literature that predict 
the need for KST in the AKI setting38.

In conclusion, AGPT2 and syndecan-1 demonstrated predictive value for the need for KST in critically ill 
patients with stage 2 AKI. The combination of AGPT2 and syndecan-1 alone enhanced the predictive capacity 
of predicting KST beyond clinical variables alone. These findings may contribute to the early identification of 
patients who will benefit from KST and aid in the management of AKI in critically ill patients.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Received: 18 August 2023; Accepted: 18 February 2024

References
	 1.	 Pickkers, P. et al. Acute kidney injury in the critically ill: An updated review on pathophysiology and management. Intensive Care 

Med. 47(8), 835–850. https://​doi.​org/​10.​1007/​s00134-​021-​06454-7 (2021).
	 2.	 Odutayo, A. et al. AKI and long-term risk for cardiovascular events and mortality. J. Am. Soc. Nephrol. 28(1), 377–387. https://​doi.​

org/​10.​1681/​ASN.​20160​10105 (2017).
	 3.	 Wald, R. et al. Delivering optimal renal replacement therapy to critically ill patients with acute kidney injury. Intensive Care Med. 

48(10), 1368–1381. https://​doi.​org/​10.​1007/​s00134-​022-​06851-6 (2022).
	 4.	 Birkelo, B. C., Pannu, N. & Siew, E. D. Overview of diagnostic criteria and epidemiology of acute kidney injury and acute kidney 

disease in the critically ill patient. Clin. J. Am. Soc. Nephrol. 17(5), 717–735. https://​doi.​org/​10.​2215/​CJN.​14181​021 (2022).
	 5.	 Libório, A. B., Leite, T. T., de Oliveira Neves, F. M., Teles, F. & de MeloBezerra, C. T. AKI complications in critically ill patients. 

Clin. J. Am. Soc. Nephrol. 10(1), 21–28. https://​doi.​org/​10.​2215/​CJN.​04750​514 (2015).
	 6.	 Barbar, S. D. et al. Timing of renal-replacement therapy in patients with acute kidney injury and sepsis. N. Engl. J. Med. 379(15), 

1431–1442. https://​doi.​org/​10.​1056/​NEJMo​a1803​213 (2018).
	 7.	 Zarbock, A. et al. Effect of Early vs delayed initiation of renal replacement therapy on mortality in critically ill patients with acute 

kidney injury. JAMA 315(20), 2190. https://​doi.​org/​10.​1001/​jama.​2016.​5828 (2016).
	 8.	 Gaudry, S. et al. Comparison of two delayed strategies for renal replacement therapy initiation for severe acute kidney injury 

(AKIKI 2): A multicenter, open-label, randomized, controlled trial. The Lancet 397(10281), 1293–1300. https://​doi.​org/​10.​1016/​
S0140-​6736(21)​00350-0 (2021).

	 9.	 Gaudry, S. et al. Initiation strategies for renal-replacement therapy in the intensive care unit. N. Engl. J. Med. 375(2), 122–133. 
https://​doi.​org/​10.​1056/​NEJMo​a1603​017 (2016).

	10.	 STARRT-AKI Investigators, Canadian Critical Care Trials Group, Australian and New Zealand Intensive Care Society Clinical 
Trials Group, United Kingdom Critical Care Research Group. Timing of initiation of renal-replacement therapy in acute kidney 
injury. N. Engl. J. Med. 383(3), 240–251. https://​doi.​org/​10.​1056/​NEJMo​a2000​741 (2020).

	11.	 Bouchard, J. & Mehta, R. L. Timing of kidney support therapy in acute kidney injury: What are we waiting for?. Am. J. Kidney Dis. 
79(3), 417–426. https://​doi.​org/​10.​1053/j.​ajkd.​2021.​07.​014 (2022).

	12.	 Ostermann, M. et al. Recommendations on acute kidney injury biomarkers from the acute disease quality initiative consensus 
conference. JAMA Netw. Open 3(10), e2019209. https://​doi.​org/​10.​1001/​jaman​etwor​kopen.​2020.​19209 (2020).

	13.	 Koyner, J. L., Carey, K. A., Edelson, D. P. & Churpek, M. M. The development of a machine learning inpatient acute kidney injury 
prediction model. Crit. Care Med. 46(7), 1070–1077. https://​doi.​org/​10.​1097/​CCM.​00000​00000​003123 (2018).

https://doi.org/10.1007/s00134-021-06454-7
https://doi.org/10.1681/ASN.2016010105
https://doi.org/10.1681/ASN.2016010105
https://doi.org/10.1007/s00134-022-06851-6
https://doi.org/10.2215/CJN.14181021
https://doi.org/10.2215/CJN.04750514
https://doi.org/10.1056/NEJMoa1803213
https://doi.org/10.1001/jama.2016.5828
https://doi.org/10.1016/S0140-6736(21)00350-0
https://doi.org/10.1016/S0140-6736(21)00350-0
https://doi.org/10.1056/NEJMoa1603017
https://doi.org/10.1056/NEJMoa2000741
https://doi.org/10.1053/j.ajkd.2021.07.014
https://doi.org/10.1001/jamanetworkopen.2020.19209
https://doi.org/10.1097/CCM.0000000000003123


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:4280  | https://doi.org/10.1038/s41598-024-54926-9

www.nature.com/scientificreports/

	14.	 Koyner, J. L. et al. Furosemide stress test and biomarkers for the prediction of AKI severity. J. Am. Soc. Nephrol. 26(8), 2023–2031. 
https://​doi.​org/​10.​1681/​ASN.​20140​60535 (2015).

	15.	 Saly, D. et al. Approaches to predicting outcomes in patients with acute kidney injury. PLoS One 12(1), e0169305. https://​doi.​org/​
10.​1371/​journ​al.​pone.​01693​05 (2017).

	16.	 Flechet, M. et al. AKIpredictor, an online prognostic calculator for acute kidney injury in adult critically ill patients: Development, 
validation and comparison to serum neutrophil gelatinase-associated lipocalin. Intensive Care Med. 43(6), 764–773. https://​doi.​
org/​10.​1007/​s00134-​017-​4678-3 (2017).

	17.	 Cronin, R. M. et al. National veterans health administration inpatient risk stratification models for hospital-acquired acute kidney 
injury. J. Am. Med. Inform. Assoc. 22(5), 1054–1071. https://​doi.​org/​10.​1093/​jamia/​ocv051 (2015).

	18.	 Leite, A. R. et al. Novel biomarkers for evaluation of endothelial dysfunction. Angiology 71(5), 397–410. https://​doi.​org/​10.​1177/​
00033​19720​903586 (2020).

	19.	 DeLong, E. R., DeLong, D. M. & Clarke-Pearson, D. L. Comparing the areas under two or more correlated receiver operating 
characteristic curves: A nonparametric approach. Biometrics 44(3), 837. https://​doi.​org/​10.​2307/​25315​95 (1988).

	20.	 Cook, N. R. Statistical evaluation of prognostic versus diagnostic models: Beyond the ROC curve. Clin. Chem. 54(1), 17–23. https://​
doi.​org/​10.​1373/​clinc​hem.​2007.​096529 (2008).

	21.	 Pencina, M. J., D’Agostino, R. B. & Steyerberg, E. W. Extensions of net reclassification improvement calculations to measure useful-
ness of new biomarkers. Stat. Med. 30(1), 11–21. https://​doi.​org/​10.​1002/​sim.​4085 (2011).

	22.	 Kashani, K. et al. Discovery and validation of cell cycle arrest biomarkers in human acute kidney injury. Crit. Care 17(1), R25. 
https://​doi.​org/​10.​1186/​cc125​03 (2013).

	23.	 Araújo, C. B. et al. Angiopoietin-2 as a predictor of acute kidney injury in critically ill patients and association with ARDS. Respirol-
ogy 24(4), 345–351. https://​doi.​org/​10.​1111/​resp.​13464 (2019).

	24.	 de MeloBezerraCavalcante, C. T. et al. Syndecan-1 improves severe acute kidney injury prediction after pediatric cardiac surgery. 
J. Thorac. Cardiovasc. Surg. 152(1), 178-186.e2. https://​doi.​org/​10.​1016/j.​jtcvs.​2016.​03.​079 (2016).

	25.	 Adepu, S. et al. Incipient renal transplant dysfunction associates with tubular syndecan-1 expression and shedding. Am. J. Physiol. 
Renal Physiol. 309(2), F137–F145. https://​doi.​org/​10.​1152/​ajpre​nal.​00127.​2015 (2015).

	26.	 de Oliveira Neves, F. M. et al. Syndecan-1 in acute decompensated heart failure–Association with renal function and mortality–. 
Circ. J. 79(7), 1511–1519. https://​doi.​org/​10.​1253/​circj.​CJ-​14-​1195 (2015).

	27.	 Vaara, S. T., Forni, L. G. & Joannidis, M. Subphenotypes of acute kidney injury in adults. Curr. Opin. Crit. Care 28(6), 599–604. 
https://​doi.​org/​10.​1097/​MCC.​00000​00000​000970 (2022).

	28.	 Malhotra, R. & Siew, E. D. Biomarkers for the early detection and prognosis of acute kidney injury. Clin. J. Am. Soc. Nephrol. 12(1), 
149–173. https://​doi.​org/​10.​2215/​CJN.​01300​216 (2017).

	29.	 Ferrer, N. M. B. et al. Urinary syndecan-1 and acute kidney injury after pediatric cardiac surgery. Clin. Chim. Acta 485, 205–209. 
https://​doi.​org/​10.​1016/j.​cca.​2018.​06.​033 (2018).

	30.	 Yu, W. K. et al. Angiopoietin-2 outperforms other endothelial biomarkers associated with severe acute kidney injury in patients 
with severe sepsis and respiratory failure. Crit. Care 25(1), 48. https://​doi.​org/​10.​1186/​s13054-​021-​03474-z (2021).

	31.	 Xu, J. et al. Association between syndecan-1, fluid overload, and progressive acute kidney injury after adult cardiac surgery. Front. 
Med. (Lausanne) 8, 648397. https://​doi.​org/​10.​3389/​fmed.​2021.​648397 (2021).

	32.	 Mota, S. M. B. et al. Role of endothelial biomarkers in predicting acute kidney injury in Bothrops envenoming. Toxicol. Lett. 345, 
61–66. https://​doi.​org/​10.​1016/j.​toxlet.​2021.​04.​010 (2021).

	33.	 Ostermann, M., Bagshaw, S. M., Lumlertgul, N. & Wald, R. Indications for and timing of initiation of KRT. Clin. J. Am. Soc. Nephrol. 
18(1), 113–120. https://​doi.​org/​10.​2215/​CJN.​05450​522 (2023).

	34.	 Kellum, J. A. et al. Classifying AKI by urine output versus serum creatinine level. J. Am. Soc. Nephrol. 26(9), 2231–2238. https://​
doi.​org/​10.​1681/​ASN.​20140​70724 (2015).

	35.	 Chawla, L. S. et al. Development and standardization of a furosemide stress test to predict the severity of acute kidney injury. Crit. 
Care 17(5), R207. https://​doi.​org/​10.​1186/​cc130​15 (2013).

	36.	 Uchimido, R., Schmidt, E. P. & Shapiro, N. I. The glycocalyx: A novel diagnostic and therapeutic target in sepsis. Crit. Care 23(1), 
16. https://​doi.​org/​10.​1186/​s13054-​018-​2292-6 (2019).

	37.	 Ong, T. et al. Ratio of angiopoietin-2 to angiopoietin-1 as a predictor of mortality in acute lung injury patients. Crit. Care Med 
38(9), 1845–1851. https://​doi.​org/​10.​1097/​CCM.​0b013​e3181​eaa5bf (2010).

	38.	 Fiorentino, M. et al. Serial measurement of cell-cycle arrest biomarkers [TIMP-2] · [IGFBP7] and risk for progression to death, 
dialysis, or severe acute kidney injury in patients with septic shock. Am. J. Respir. Crit. Care Med. 202(9), 1262–1270. https://​doi.​
org/​10.​1164/​rccm.​201906-​1197°C (2020).

Author contributions
A.B.L. conceptualized and designed the study and performed the analysis and interpretation of data. A.B.L. 
and F.T.S.S. wrote the manuscript. S.M.B.M., F.M.T.H., L.L.S., L.S., G.C.M., N.C.L. and L.M.A. generated and 
collected the data. A.M.C.M. drafted and revised the manuscript. These authors approved the final version of 
the manuscript.

Funding
This work was supported by Conselho Nacional de Desenvolvimento Cientifico e Tecnológico—CNPQ—Grant 
Number 306377/2022-5.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​54926-9.

Correspondence and requests for materials should be addressed to A.B.L.

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.

https://doi.org/10.1681/ASN.2014060535
https://doi.org/10.1371/journal.pone.0169305
https://doi.org/10.1371/journal.pone.0169305
https://doi.org/10.1007/s00134-017-4678-3
https://doi.org/10.1007/s00134-017-4678-3
https://doi.org/10.1093/jamia/ocv051
https://doi.org/10.1177/0003319720903586
https://doi.org/10.1177/0003319720903586
https://doi.org/10.2307/2531595
https://doi.org/10.1373/clinchem.2007.096529
https://doi.org/10.1373/clinchem.2007.096529
https://doi.org/10.1002/sim.4085
https://doi.org/10.1186/cc12503
https://doi.org/10.1111/resp.13464
https://doi.org/10.1016/j.jtcvs.2016.03.079
https://doi.org/10.1152/ajprenal.00127.2015
https://doi.org/10.1253/circj.CJ-14-1195
https://doi.org/10.1097/MCC.0000000000000970
https://doi.org/10.2215/CJN.01300216
https://doi.org/10.1016/j.cca.2018.06.033
https://doi.org/10.1186/s13054-021-03474-z
https://doi.org/10.3389/fmed.2021.648397
https://doi.org/10.1016/j.toxlet.2021.04.010
https://doi.org/10.2215/CJN.05450522
https://doi.org/10.1681/ASN.2014070724
https://doi.org/10.1681/ASN.2014070724
https://doi.org/10.1186/cc13015
https://doi.org/10.1186/s13054-018-2292-6
https://doi.org/10.1097/CCM.0b013e3181eaa5bf
https://doi.org/10.1164/rccm.201906-1197°C
https://doi.org/10.1164/rccm.201906-1197°C
https://doi.org/10.1038/s41598-024-54926-9
https://doi.org/10.1038/s41598-024-54926-9
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4280  | https://doi.org/10.1038/s41598-024-54926-9

www.nature.com/scientificreports/

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 licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence 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 licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Endothelium-related biomarkers enhanced prediction of kidney support therapy in critically ill patients with non-oliguric acute kidney injury
	Methodology
	Patient selection
	Clinical parameters
	Biomarker measurement
	Outcomes
	Statistical analysis
	Ethical approval

	Results
	Characteristics of the study cohort
	Association of endothelium-related biomarkers and AKI progression to KRT
	Diagnostic testing
	The ability of [AGPT2]·[SYND1] to predict KST above clinical prediction criteria
	Other outcomes

	Discussion
	References


