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Abstract
Endothelial dysfunction contributes to the development of acute kidney injury (AKI) in animal

models of ischemia reperfusion injury and sepsis. There are limited data onmarkers of endo-

thelial dysfunction in human AKI. We hypothesized that Protein C (PC) and soluble thrombo-

modulin (sTM) levels could predict AKI. We conducted a multicenter prospective study in 80

patients to assess the relationship of PC and sTM levels to AKI, defined by the AKIN creati-

nine (AKI Scr) and urine output criteria (AKI UO). Wemeasured marker levels for up to 10

days from intensive care unit admission. We used area under the curve (AUC) and time-

dependent multivariable Cox proportional hazard model to predict AKI and logistic regression

to predict mortality/non-renal recovery. Protein C and sTMwere not different in patients with

AKI UO only versus no AKI. On intensive care unit admission, as PC levels are usually lower

with AKI Scr, the AUC to predict the absence of AKI was 0.63 (95%CI 0.44-0.78). The AUC

using log10 sTM levels to predict AKI was 0.77 (95%CI 0.62-0.89), which predicted AKI Scr

better than serum and urine neutrophil gelatinase-associated lipocalin (NGAL) and cystatin

C, urine kidney injury molecule-1 and liver-fatty acid-binding protein. In multivariable models,

PC and urine NGAL levels independently predicted AKI (p=0.04 and 0.02) and PC levels in-

dependently predicted mortality/non-renal recovery (p=0.04). In our study, PC and sTM levels

can predict AKI Scr but are not modified during AKI UO alone. PC levels could independently

predict mortality/non-renal recovery. Additional larger studies are needed to define the rela-

tionship between markers of endothelial dysfunction and AKI.
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Introduction
In critically ill patients, acute kidney injury (AKI) portends a high mortality rate [1] and is usu-
ally detected based on serum creatinine (Scr) levels several hours after injury has occurred.
More recently changes in urine output (UO) have been recognized as early markers of renal
functional changes [2]. However, both Scr and UO are not specific with respect to the etiology
and underlying pathophysiology of AKI. Several biomarkers are now being studied to facilitate
an early recognition of AKI and to better define its course [3–8]. Most observational studies
have focused on well-established markers of AKI however few have evaluated the contribution
of more systemic markers of organ dysfunction [9,10]. Endothelial dysfunction is an early
event which has been implicated in the pathophysiology of several conditions including sepsis,
ischemia-reperfusion injury and acute lung injury [11]. Markers of endothelial dysfunction
and inflammation such as Protein C (PC), soluble thrombomodulin (sTM) and interleukin-6
can be altered in these conditions prior to clinical organ dysfunction [12,13] and may add
prognostic value. Experimental studies have shown that AKI represents a systemic disorder
where endothelial dysfunction is an early event [14].

There are however very limited data on the role of endothelial changes in clinical AKI. In a
single-center study of surgical critically ill patients, PC levels were inversely correlated with
organ failure [9]. Another study has shown that elevated sTM levels at hospital admission in
trauma patients increase the risk of AKI [10]. No clinical data are available on sTM levels in
AKI. The aim of our study was to investigate the evolution of PC and sTM concentrations and
their relationship to AKI in a cohort of critically ill patients. We hypothesized that there are de-
rangements in sTM and Protein C levels in AKI and that these alterations can help in the pre-
diction and differential diagnosis of AKI. We also compared the performance of these
biomarkers to more commonly used biomarkers to predict AKI, and assessed their perfor-
mance to predict mortality and non-renal recovery.

Material and Methods

Study setting and study participants
We conducted a multicenter prospective observational study on PC and sTM levels in critically
ill patients at risk for AKI. Patients were screened at intensive care unit (ICU) admission at three
academic medical centers (University of California San Diego (UCSD), University of Alabama
and Université de Montréal). Patients were eligible if they were aged 18 or older and had a life ex-
pectancy of at least 48 hours. Patients were excluded if they had AKI based on AKIN Scr criterion
[15], were admitted to the ICU>48 hours prior to screening, transferred from another ICU, had
a Scr>177 μmol/l within three days before ICU admission, were prisoners, received dialysis
within 12 months, had a kidney transplant, were on anticoagulants (intravenous unfractionated
heparin, low-molecular weight heparin, or warfarin) within the last 7 days, suffered from decom-
pensated cirrhosis, had chronic kidney disease (CKD) stage 5, were anemic (hemoglobin<90 g/l
or hematocrit<27%) or enrolled in another research project. The Institutional Review Boards of
UCSD, University of Alabama and Université de Montréal approved the study and written in-
formed consent was obtained from all participants or their surrogates prior to their inclusion in
the study. Patients with surrogate consents were reconsented if they regained decision-making
capacity. The study protocol was in adherence with the Declaration of Helsinki.

Data Collection
Data on past medical history were collected once, and clinical, laboratory and process-of-care
elements were collected daily. AKI was defined as an increase in Scr level of more than

Endothelial Dysfunction in Acute Kidney Injury

PLOS ONE | DOI:10.1371/journal.pone.0120770 March 19, 2015 2 / 13

data collection, and interpretation of data. Soluble
thrombomodulin levels were measured blinded at Eli
Lily and Company. AG, DTB and BWG participated in
writing of the manuscript but neither these authors
nor the company had a role in the decision to submit
the manuscript for publication.

Competing Interests: This is an investigator-initiated
study supported through a grant from Eli Lilly and
Company. RLM received a research grant from Eli
Lilly to conduct the study. AG, DTB, and BWG were
employees of Eli Lilly and Company at the time of the
study conduct. The company did not have any role in
data collection, and interpretation of data. Soluble
thrombomodulin levels were measured blinded at Eli
Lily and Company. AG, DTB and BWG participated in
writing of the manuscript but neither these authors
nor the company had a role in the decision to submit
the manuscript for publication.



27 μmol/l or 50% from a reference creatinine within 48 hours or UO less than 0.5 ml/kg/hour
for at least 6 hours (AKIN criteria) [15]. CKD status was determined from history and chart re-
view. We computed estimated glomerular filtration rate with the Modification of Diet in Renal
Disease (MDRD) formula [16]. Acute Physiology and Chronic Health Evaluation (APACHE)
III [17] and Sequential Organ Failure Assessment (SOFA) scores [18] were computed daily.
Sepsis was assessed daily according to the American College of Chest Physicians/Society of
Critical Care Medicine criteria [19]. Outcome measures included mortality, requirement for di-
alysis and renal function at hospital discharge, and lengths of stay.

Sample Collection and Processing
Blood samples were collected at study enrollment and every 12 hours for four days. Patients
without AKI Scr within the first four days then had blood samples once daily for three days. Pa-
tients who developed AKI Scr had blood samples every 12 hours for four days and then daily
for another four days, for a maximum of 10 days. Blood was centrifuged at 3500g for 15 min-
utes, and the supernatant was aliquoted into 0.5 ml fractions and frozen at -70°C.

PC levels were measured within three months at UCSD in EDTA-containing tubes using the
protein C chromogenic assay on ACL TOP (Instrumentation Laboratory Company, Lexington,
MA). STM levels were measured blinded at Eli Lily and Company within three months in
EDTA-containing tubes using the human thrombomodulin ELISA assays and according to the
manufacturer’s recommendations using a 1:2 dilution of the plasmas in the kit dilution buffer
(Cell Sciences, Canton, MA). All samples were de-identified with respect to patient identifiers
and AKI status. PC levels were expressed as a percentage of clotting time with a normal range of
70 to 160%. The within run %CV was 2.6% and the inter-day precision was 3.3%. STM levels
were expressed as ng/ml with a normal range of 2.39 to 7.9 ng/ml. The within run %CV was
2.4% and the inter-day precision was 5.5. Neutrophil gelatinase-associated lipocalin (NGAL),
cystatin C and kidney injury molecule 1 (KIM-1) were measured using the Meso Scale Discov-
ery (Rockville, Maryland) multiarray platform. Urine liver-fatty acid-binding protein (L-FABP)
was measured using an ELISA kit from R&D systems (Minneapolis, Minnesota).

Statistical analysis
Continuous variables were expressed as mean ± standard deviation or median and interquartile
range, where appropriate. Comparison between 2 groups were determined by using t test or
Mann-Whitney U test, and between more than 2 groups by the one-way ANOVA or Kruskal-
Wallis, where appropriate. Categorical variables were expressed as proportions and compared
with the Pearson’s x2 or Fischer’s exact test, where appropriate. We performed univariable and
multivariable time-dependent Cox proportional hazard model to predict AKI, considering
these variables: PC, sTM, their interaction, serum and urine NGAL and cystatin C, urine KIM-
1 and L-FABP, APACHE III score and sepsis status. To adjust for the biomarkers of interest,
the multivariable Cox proportional hazard model was used predicting time to AKI Scr. The
model was started with all the biomarkers listing above as predictors, except for serum NGAL
due to its correlation with urine NGAL, and the backward selection with 0.20 level p-value was
applied to derive the final model. PC and sTM were forced in the model if their interaction
term was in the model. In addition, the receiver operating characteristics (ROC) curve analysis
was done evaluating the discrimination potential of the biomarkers at ICU admission to pre-
dict AKI occurring within 5 days after ICU admission. The area under curve (AUC) and the
95% bootstrap confidence interval were calculated and performed. We determined indepen-
dent predictors of mortality/non-renal recovery using univariable and multivariable logistic re-
gression with the same variables. The initial multivariable model was started as previously
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described with the same parameters. PC and sTM were forced in the model if their interaction
term was in the model. Appropriate transformation was applied when needed and all statistical
tests were two-sided and p<0.05 was considered significant. Statistical analyses were per-
formed with IBM SPSS Statistics 19.0 (IBM Corporation, Armonk, NY) and R Core Team
(2013). R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.

Results

Enrollment
Between July 2006 and December 2008, 1117 patients admitted to the ICU were screened for
eligibility, and 388 patients were eligible. Among these patients, 80 were enrolled in the study
(Fig. 1a). The reasons for non-enrollment are shown in Fig. 1b.

Baseline characteristics
Baseline characteristics are shown in Table 1. The mean age was 56.9±15.7 years; 53.7% were
male; 63.8% were white, 17.5% were black, and 12.5% were hispanic. At ICU admission, Scr
and blood urea nitrogen (BUN) levels were 84 (IQR 71–106) μmol/l and 5.0 (IQR 3.0–8.0)
mmol/l, respectively and 2.5% had severe oliguria, defined as UO<400 ml/24 hours. At ICU
admission, 35.0% of patients required mechanical ventilation, 10.0% were on vasopressors,
42.5% underwent surgery, 7.5% had sepsis and APACHE III and SOFA scores were 23.0 (IQR
13.5–43.5) and 3.5 (IQR 1.3–6.0), respectively.

Among the 80 patients, a total of 56 patients (70%) developed AKI; 18 patients (22.5%) ac-
cording to Scr criterion (AKI Scr) and 38 (47.5%) according to UO criterion alone (AKI UO).
AKI occurred after a median of 1.0 (IQR 0–2.3) days following ICU admission for AKI Scr and

Fig 1. a and b. Screening, enrollment procedures and follow-up of study patients. AKI: acute kidney injury, AKI Scr: acute kidney injury based on serum
creatinine criterion, CKD: chronic kidney disease, Hb: hemoglobin, Ht: hematocrit, ICU: intensive care unit. Reasons for exclusion can include more than
1 criterion.

doi:10.1371/journal.pone.0120770.g001

Endothelial Dysfunction in Acute Kidney Injury

PLOS ONE | DOI:10.1371/journal.pone.0120770 March 19, 2015 4 / 13



0.9 (IQR 0–2.5) days for AKI UO criterion. AKI based on AKI Scr was attributed to acute tubular
necrosis in 28% of patients, associated cardiovascular events in 17%, unknown/undetermined
factors in 38% and 17% of patients were considered to have multiple contributing factors. Pa-
tients who developed AKI Scr had higher BUN and creatinine at ICU admission and were

Table 1. Characteristics of the study patients at intensive care unit admission.

Characteristic AKI according to serum creatinine
(n = 18)

AKI according to urine output alone
(n = 38)

No AKI (n = 24) P

Age (years) 63.8 ± 13.3 56.6 ± 17.1 52.2 ± 13.5 0.06

Sex (%) 0.35

Male 10/18 (55.6) 23/38 (60.5) 10/24 (41.7)

Female 8/18 (44.4) 15/38 (39.5) 14/24 (58.3)

Race (%) 0.51

White 10/18 (55.6) 26/38 (68.4) 15/24 (62.5)

Black 4/18 (22.2) 4/38 (10.5) 6/24 (25.0)

Hispanic 2/18 (11.1) 5/38 (13.2) 3/24 (12.5)

Other/unknown 2/18 (11.1) 3/38 (7.9) 0

Weight (kg) 75.1 (IQR 63.0–86.6) 77.0 (IQR 64.8–90.9) 67.9 (IQR 65.4–77.3) 0.46

CKD status 4/17 (23.5) 0/38 (0) 3/24 (12.5) 0.11

Baseline eGFR (ml/min/1.73
m2)

60.1 (IQR 45.4–82.1) 85.9 (IQR 59.1–105.2) 89.7 (IQR 72.1–
104.0)

0.04

Hypertension 12/18 (66.7) 18/38 (47.4) 10/24 (41.7) 0.26

Diabetes 11/18 (61.1) 8/38 (21.1) 6/24 (25.0) 0.007

CHF 9/18 (50.0) 3/37 (8.1) 2/22 (9.1) <0.001

Cirrhosis 2/18 (11.1) 2/38 (5.3) 1/23 (4.3) 0.43

Creatinine* (μmol/l) 110 (IQR 95–143) 79 (IQR 62–97) 75 (IQR 64–88) <0.001

BUN (mmol/l)** 8.4 (IQR 5.4–12.3) 5.1 (IQR 3.0–7.6) 4.0 (IQR 2.9–5.1) <0.001

Urine output (ml/24 hrs) 722 (IQR 393–1523) 758 (IQR 444–1151) 1440 (IQR 875–
2282)

0.001

Sepsis 2/18 (11.1) 1/38 (2.6) 3/24 (12.5) 0.18

On vasopressors 3/18 (16.7) 4/38 (10.5) 1/24 (4.2) 0.42

On mechanical ventilation 5/18 (27.8) 14/38 (36.8) 9/23 (39.1) 0.77

SOFA score 3.5 (IQR 1.75–5.25) 3.5 (IQR 0–6) 6 (IQR 2-) 0.72

APACHE III score 38.0 (IQR 18.5–43.5) 23.0 (IQR 15.0–59.0) 13.0 (IQR 13-) 0.69

Site 0.02

UCSD 8/18 (44.4) 26/38 (68.4) 15/24 (62.5)

University of Alabama 10/18 (55.6) 7/38 (18.4) 9/24 (37.5)

Université de Montréal 0/18 (0) 5/38 (13.2) 0/24 (0)

Type of ICU 0.02

Medical 15/18 (83.3) 17/38 (44.7) 13/24 (54.2)

Surgical 3/18 (16.7) 21/38 (55.3) 11/24 (45.8)

AKI: acute kidney injury; ICU: intensive care unit; CKD: chronic kidney disease; eGFR: estimated glomerular filtration rate; CHF: cardiac heart failure;

BUN: blood urea nitrogen; SOFA: Sequential Organ Failure Assessment; APACHE: Acute Physiology and Chronic Health Evaluation

AKI according to serum creatinine is defined as an increase in serum creatinine level of more than 27 μmol/l or more than 50% from a reference creatinine

within 48 hours with or without urine output less than 0.5 ml/kg/hour for at least 6 hours (AKIN criteria)

AKI according to urine output alone was defined as urine output less than 0.5 ml/kg/hour for at least 6 hours without significant changes in

serum creatinine

No AKI was defined as no significant changes in serum creatinine or urine output

*to convert from μmol/l to mg/dl, divide by 88.4

**to convert from mmol/l to mg/dl, multiply by 2.81

doi:10.1371/journal.pone.0120770.t001
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suffering frommore comorbidities than non-AKI patients (Table 1). They also had greater in-
hospital mortality (AKI Scr 27.8% vs. 0% for AKI UO alone vs. 1.6% for no AKI, p<0.01; AKI
Scr and AKI UO alone p<0.001 and AKI Scr and no AKI p = 0.008) (Table 2). However, the hos-
pital length of stay was similar between the groups (AKI Scr 5.5 (IQR 4.0–14.8) vs. AKI UO
alone 6.0 (IQR 4.0–13.0) vs. no AKI 5.0 (IQR 3.0–12.0) days; p = 0.24). There were no differences
in terms of dialysis-dependence or renal recovery among groups.

Patterns of sTM and PC levels in relation to AKI status
Over the entire study period, sTM levels were higher in patients who developed AKI Scr
(n = 18 patients) compared to patients without AKI Scr (n = 62 patients) (Fig. 2a). However,
PC levels were similar between the AKI Scr and non-AKI groups (Fig. 2b).

As AKI is an early event, we then assessed the differences in marker levels over the first
three days after ICU admission for AKI Scr, AKI UO and no AKI. STM were significantly
higher for AKI Scr compared to AKI UO and no AKI (Fig. 3a) whereas there were no differ-
ences between PC levels between AKI Scr, AKI UO and no AKI (Fig. 3b).

For other commonly used biomarkers, such as serum and urine NGAL and cystatin C, as
well as urine KIM-1 and L-FABP, the difference in markers levels were not significant between
AKI Scr, AKI UO and no AKI over the first 3 days. Since biomarker levels were similar between
AKI UO and no AKI, in subsequent analyses we have looked at the differences between pa-
tients with AKI Scr (n = 18) and the remaining patients without AKI (n = 62).

STM and PC levels in relation to the timing of AKI diagnosis
We assessed the relationship of changes in marker levels to the timing of AKI Scr (Fig. 4a and
4b). STM levels were higher two days before AKI Scr and slightly declined thereafter. STM levels
were significantly higher 24 hours before AKI Scr in the AKI group compared to the first 24
hours after ICU admission in patients without AKI (3.53 ng/ml IQR (2.16–9.81 ng/ml) vs. 1.25
ng/ml (IQR 0.22–2.61 ng/ml); p = 0.002). Similarly, PC levels were lower 24 hours before AKI
Scr diagnosis in the AKI group compared to PC levels over the first 24 hours after ICU admission
in patients without AKI, although this result was not statistically significant (56.0% (IQR 47.0–
104.0%) vs. 86.0% (IQR 70.0–102.0%); p = 0.11). PC levels were below normal range (<70%)
until 24 hours before AKI and levels increased progressively after AKI diagnosis (Fig. 4b).

Table 2. Outcomes of the study patients.

Outcomes AKI according to serum
creatinine (n = 18)

AKI according to urine output
alone (n = 38)

No AKI (n = 24) P value

AKIN stage 1 (%) 17/18 (94.4) 8/38 (21.1) 0/24 (0) <0.001

AKIN stage 2 (%) 1/18 (5.6) 21/38 (55.3) 0/24 (0)

AKIN stage 3 (%) 0/18 (0) 9/38 (23.4) 0/24 (0)

Mortality at hospital discharge (%) 5/18 (27.8) 0/38 (0) 1/24 (4.2) 0.001

Dialysis-dependence in survivors at
hospital discharge (%)

0/13 (0) 0/38 (0) 0/23 (0) NS

Absence of renal recovery at hospital
discharge* (%)

1/12 (8.3) 1/38 (2.6) 1/23 (4.3) 0.69

Hospital stay (days) 5.5 (IQR 4.0–14.75) 6.0 (IQR 4.0–13.0) 5.0 (IQR 3.0–12.0) 0.39

*absence of renal recovery defined as a difference between creatinine at hospital discharge and reference creatinine >27 μmol/l in survivors

doi:10.1371/journal.pone.0120770.t002
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To assess the value of sTM as a potential biomarker for AKI Scr, we computed the area
under receiver operating characteristic curve (AUC) using ICU admission biomarker value to
predict AKI within 5 days after ICU admission. The AUC was 0.77 (95% CI, 0.62–0.89). We
also computed the AUC for PC to predict the absence of AKI within 5 days after ICU admission
(as higher values of PC would theoretically “protect” from AKI and lower values would theoret-
ically be “predictive” of AKI). The AUC was 0.63 (95% CI, 0.44–0.78).

We also computed the AUCs of other biomarkers to predict AKI, namely Scr, serum and
urine NGAL and cystatin C, as well as urine KIM-1 and L-FABP (Table 3). STM levels pre-
dicted AKI Scr better than serum and urine NGAL and cystatin C, urine KIM-1 and L-FABP.

Factors predicting AKI
We then performed a time-dependent Cox regression proportional hazard analysis including
all biomarker values as well as APACHE III score and sepsis status. Serum NGAL was not in-
cluded in the initial multivariable model due to its high correlation with urine NGAL. In the
final multivariable model, only PC and urine NGAL were independent predictors of AKI (Haz-
ard ratio (HR) 0.98 95%CI 0.96–1.00, p = 0.04 and HR 2.36 95%CI 1.12–4.95, p = 0.02,
respectively).

PC and sTM levels in relation to mortality and/or non-renal recovery
Soluble thrombomodulin and Protein C values stratified by all cause hospital mortality or non-
renal recovery are shown in Fig. 5a and 5b. We performed a univariable logistic regression with
the same variables to predict a combined outcome of mortality or non-renal recovery. In this
model, all variables except serum NGAL were included in the initial multivariable model due
to its correlation with urine NGAL. In the multivariable model, only PC levels were

Fig 2. a and b.Mean daily soluble thrombomodulin and Protein C levels stratified by acute kidney injury status following ICU admission. Acute kidney injury
status is based on serum creatinine criterion. These are means with 95% confidence interval.

doi:10.1371/journal.pone.0120770.g002
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independently associated with mortality and/or non-renal recovery (OR 0.97 95%CI 0.94–1.00,
p = 0.04).

Discussion
The role of endothelial dysfunction in critically ill patients is currently not well characterized
and there are limited data on sTM and PC levels in human AKI. In our study, we found that
sTM levels were significantly higher before AKI and declined thereafter to levels comparable to
those without AKI. This finding persisted throughout the study period. In a heterogeneous crit-
ically ill population, sTM levels at ICU admission predicted AKI better than more commonly
used biomarkers such as NGAL or cystatin C, KIM-1, or L-FABP [20]. These results support
previous clinical studies showing that sTM levels are predictive of AKI in trauma patients.

In our study, PC levels were independent predictors of AKI and mortality/non-renal recovery,
even after adjustment for sepsis status and severity of illness. In addition, we have shown a tem-
poral relationship between the nadir of PC levels and AKI diagnosis. PC levels remained below
normal range until 24 hours before AKI and increased substantially after AKI diagnosis. Over
the last decades, PC levels have mostly been assessed in ICU patients with sepsis and septic

Fig 3. a and b.Median soluble thrombomodulin and Protein C values over the first three days according to AKIN diagnosis criteria. Soluble thrombomodulin:
AKI Scr: 3.06 ng/ml (IQR 1.69–10.2 ng/ml), AKI based on urine output alone (UO): 1.35 ng/ml (IQR 0.36–2.47 ng/ml), No AKI: 0.42 ng/ml (IQR 0.22–2.39 ng/
ml), Significant differences between categories: p<0.001, No acute kidney injury (AKI) (n = 24) vs AKI UO alone (n = 38) p = 0.84, No AKI (n = 24) vs AKI
serum creatinine (SCr) (n = 18) p<0.0001, AKI UO alone (n = 38) vs AKI SCr (n = 18) p<0.0001. Protein C (p = 0.15): AKI Scr: 83.0% (IQR 50.0–118.0%),
AKI UO alone: 87.0% (IQR 72.3–103.0%), No AKI: 92.5% (IQR 72.3–117.8%).

doi:10.1371/journal.pone.0120770.g003
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shock, where they were significantly below normal range [21–24]. In comparison to our study,
the PROWESS study included patients with severe sepsis and organ failure for at least 24 hours,
accounting for the lower PC levels observed at baseline [24]. In a subset of patients who devel-
oped AKI, PC levels at baseline were not different compared to patients without AKI [12]. This
lack of difference could be explained by the higher severity of illness scores, as recent observa-
tional studies have shown that organ failure might be a better determinant of PC levels than sep-
sis status [9,25]. In addition, the PROWESS study did not include sequential data on biomarker
levels as our study. One clinical study, involving surgical critically ill patients, showed that low
PC correlated with organ dysfunction and that PC levels decreased as the maximal renal SOFA
score increased [9]. Another single-center study found that low PC and high sTM levels at hospi-
tal admission were associated with increased AKI in trauma patients [10].

Fig 4. a and b.Mean soluble thrombomodulin and Protein C levels in relation to the timing of acute kidney injury diagnosis. Acute kidney injury diagnosis is
based on serum creatinine criterion and occurred on day 0. These are means with 95% confidence interval.

doi:10.1371/journal.pone.0120770.g004

Table 3. Area under the curves of kidney biomarkers to predict acute kidney injury.

AKI Scr (n = 18) vs. all no AKI Scr (n = 62)

Creatinine 0.90 (95% CI, 0.74–1.00)

Protein C 0.63 (95% CI, 0.44–0.78)

Log10 sTM 0.77 (95% CI, 0.62–0.89)

Log10 serum NGAL 0.59 (95% CI 0.37–0.80)

Log10 urine NGAL 0.67 (95% CI 0.51–0.85)

Log10 serum cystatin C 0.71 (95% CI 0.31–0.87)

Log10 urine cystatin C 0.72 (95% CI 0.53–0.87)

Log10 urine KIM-1 0.67 (95% CI 0.51–0.82)

urine L-FABP 0.61 (95% CI 0.46–0.77)

Log10 APACHE III 0.67 (95%CI 0.54–0.79)

Sepsis 0.56 (95%CI 0.46–0.67)

AKI Scr is defined as the AKIN serum creatinine criterion

doi:10.1371/journal.pone.0120770.t003
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PC and sTM levels may help to determine the pathways involved in AKI, compared to
KIM-1, NGAL and L-FABP, which are more site-specific damage markers. In contrast, Scr and
cystatin C are representative of alterations in glomerular filtration rate. In our cohort, there
were no significant changes in PC and sTM levels in AKI patients with AKI UO alone. These
results suggest that oliguria may represent various phases of AKI reflecting the underlying
pathophysiology. For instance, auto-regulatory changes can result in a reduced urine flow,
which are potentially reversible, whereas oliguria may also occur due to underlying kidney
damage. In these situations, combining measurements of PC and sTM levels and other damage
biomarkers with changes in Scr and cystatin C could facilitate the differential diagnosis of AKI.
For instance, if PC and sTM are not changed, oliguria may represent a functional (pre-renal)
state and suggest that endothelial dysfunction has not occurred. More studies are needed to
better define the relationship between markers of endothelial dysfunction and AKI.

This study has several strengths. We included patients from three different centers in North
America with different demographics and clinical conditions, to increase the reproducibility of
our results in patients from other centers. We enrolled all patients before AKI diagnosis to opti-
mize the capacity of the biomarkers to predict AKI and included patients with and without sep-
sis to increase the generalizability of our results. All patients had detailed data on AKI status
according to Scr and UO criteria, sepsis status as well as severity of illness scores. Of note, very
few studies have included AKI UO criteria [26]. We excluded patients treated with activated
PC or warfarin, or who had severe liver disease to avoid interference with PC levels. There are

Fig 5. a and b.Mean soluble thrombomodulin and Protein C values stratified by all cause hospital mortality or non-renal recovery. Event means all cause
hospital mortality or non-renal recovery. These are means with 95% confidence interval.

doi:10.1371/journal.pone.0120770.g005
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also limitations. We screened a large number of patients to enroll 80 patients. The major limita-
tions to enrollment in eligible patients were the absence of a proxy for consent and patients’
and physicians’ decisions not to participate. These results can be useful for planning future
studies on biomarkers in critically ill patients. Second, we excluded patients without significant
CKD, in whom biomarker levels may differ [27]. In addition, we did not assess two biomarkers
recently approved by the Food and Drug Administration for AKI diagnosis, namely insulin-
like growth factor-binding protein 7 and tissue inhibitor of metalloproteinases-2 [28–30].

Although our study has limitations, it is important to highlight the relationship between
sTM, PC levels and AKI. We showed that sTM levels at ICU admission predict AKI in a heter-
ogenous critically ill population and that they tend to peak 48 hours before AKI diagnosis
based on Scr. PC levels were independent predictors of AKI and mortality/non-renal recovery,
even after adjustment for sepsis status and severity of illness. Both markers levels were not sig-
nificantly modified with oliguria alone, suggesting that endothelial dysfunction is not as in-
volved in this setting. The timely use of these markers of endothelial dysfunction might be
useful to predict AKI and warrants further studies to assess their potential contributing role in
clinical AKI. Further studies in large cohorts are required to further confirm these findings.

Acknowledgments
Some of the results of this study have been presented as poster presentations at the 2009 and
2010 American Society of Nephrology meetings. Josée Bouchard was a recipient of a research
fellowship from the Kidney Foundation of Canada and is a scholar of the Fonds de la recherche
du Québec—Santé. We would like to thank the nurses and study personnel at the three hospi-
tals involved in this trial for their help in conducting this study.

Author Contributions
Conceived and designed the experiments: JB SS RLM. Performed the experiments: JB RM SS
AG DTB BWG BS AJT RLM. Analyzed the data: JB YTK FV. Contributed reagents/materials/
analysis tools: AG DTB BWG. Wrote the paper: JB RM SS YTK FV AG DTB BWG BS
AJT RLM.

References
1. Waikar SS, Curhan GC, Wald R, McCarthy EP, Chertow GM. Declining mortality in patients with acute

renal failure, 1988 to 2002. J Am Soc Nephrol, 2006; 17: 1143–1150. PMID: 16495376

2. Macedo E, Malhotra R, Bouchard J, Wynn SK, Mehta RL. Oliguria is an early predictor of higher mortali-
ty in critically ill patients. Kidney Int 2011; 80: 760–767. doi: 10.1038/ki.2011.150 PMID: 21716258

3. Haase M, Bellomo R, Devarajan P, Schlattmann P, Haase-Fielitz A. Accuracy of neutrophil gelatinase-
associated lipocalin (NGAL) in diagnosis and prognosis in acute kidney injury: a systematic review and
meta-analysis. Am J Kidney Dis 2009; 54: 1012–1024. doi: 10.1053/j.ajkd.2009.07.020 PMID:
19850388

4. Parikh CR, Devarajan P. New biomarkers of acute kidney injury. Crit Care Med 2008; 36: S159–165.
doi: 10.1097/CCM.0b013e318168c652 PMID: 18382188

5. Devarajan P. Emerging biomarkers of acute kidney injury. Contrib Nephrol 2007; 156: 203–212. PMID:
17464129

6. Parikh CR, Devarajan P, Zappitelli M, Sint K, Thiessen-Philbrook H, Li S et al. Postoperative biomark-
ers predict acute kidney injury and poor outcomes after pediatric cardiac surgery. J Am Soc Nephrol
2011; 22: 1737–1747. doi: 10.1681/ASN.2010111163 PMID: 21836147

7. Parikh CR, Coca SG, Thiessen-Philbrook H, Shlipak MG, Koyner JL, Wang Z, et al. Postoperative bio-
markers predict acute kidney injury and poor outcomes after adult cardiac surgery. J Am Soc Nephrol
2011; 22: 1748–1757. doi: 10.1681/ASN.2010121302 PMID: 21836143

Endothelial Dysfunction in Acute Kidney Injury

PLOS ONE | DOI:10.1371/journal.pone.0120770 March 19, 2015 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/16495376
http://dx.doi.org/10.1038/ki.2011.150
http://www.ncbi.nlm.nih.gov/pubmed/21716258
http://dx.doi.org/10.1053/j.ajkd.2009.07.020
http://www.ncbi.nlm.nih.gov/pubmed/19850388
http://dx.doi.org/10.1097/CCM.0b013e318168c652
http://www.ncbi.nlm.nih.gov/pubmed/18382188
http://www.ncbi.nlm.nih.gov/pubmed/17464129
http://dx.doi.org/10.1681/ASN.2010111163
http://www.ncbi.nlm.nih.gov/pubmed/21836147
http://dx.doi.org/10.1681/ASN.2010121302
http://www.ncbi.nlm.nih.gov/pubmed/21836143


8. Parikh CR, Abraham E, Ancukiewicz M, Edelstein CL. Urine IL-18 is an early diagnostic marker for
acute kidney injury and predicts mortality in the intensive care unit. J Am Soc Nephrol 2005; 16:
3046–3052. PMID: 16148039

9. Brunkhorst F, Sakr Y, Hagel S, Reinhart K. Protein C concentrations correlate with organ dysfunction
and predict outcome independent of the presence of sepsis. Anesthesiology 2007; 107: 15–23. PMID:
17585211

10. Brohi K, Cohen MJ, Ganter MT, Matthay MA, Mackersie RC, Pittet JF. Acute traumatic coagulopathy:
initiated by hypoperfusion: modulated through the protein C pathway? Ann Surg 2007; 245: 812–818.
PMID: 17457176

11. Neyrinck AP, Liu KD, Howard JP, Matthay MA. Protective mechanisms of activated protein C in severe
inflammatory disorders. Br J Pharmacol 2009; 158: 1034–1047. doi: 10.1111/j.1476-5381.2009.
00251.x PMID: 19466992

12. Chawla LS, Seneff MG, Nelson DR, Williams M, Levy H, Kimmel PL et al. Elevated plasma concentra-
tions of IL-6 and elevated APACHE II score predict acute kidney injury in patients with severe sepsis.
Clin J Am Soc Nephrol 2007; 1: 22–30. PMID: 17699383

13. Liu KD, Glidden DV, Eisner MD, Parsons PE, Ware LB, Wheeler A, et al. Predictive and pathogenetic
value of plasma biomarkers for acute kidney injury in patients with acute lung injury. Crit Care Med
2007; 35: 2755–2761. PMID: 18074478

14. Gupta A, Berg DT, Gerlitz B, Sharma GR, Syed S, Richardson MA, et al. Role of protein C in renal dys-
function after polymicrobial sepsis. J Am Soc Nephrol 2007; 18: 860–867. PMID: 17301189

15. Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG et al. Acute Kidney Injury Net-
work: report of an initiative to improve outcomes in acute kidney injury. Crit Care 2007; 11: R31. PMID:
17331245

16. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to estimate glo-
merular filtration rate from serum creatinine: a new prediction equation. Modification of Diet in Renal
Disease Study Group. Ann Intern Med 1999; 130: 461–470. PMID: 10075613

17. KnausWA, Wagner DP, Draper EA, Zimmerman JE, Bergner M, Bastos PG, et al. The APACHE III
prognostic system. Risk prediction of hospital mortality for critically ill hospitalized adults. Chest 1991;
100: 1619–1636. PMID: 1959406

18. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H et al. The SOFA (Sepsis-
related Organ Failure Assessment) score to describe organ dysfunction/failure. On behalf of the Work-
ing Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. Intensive
Care Med 1996; 22: 707–710. PMID: 8844239

19. American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference: defi-
nitions for sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. Crit
Care Med 1992; 20: 864–874. PMID: 1597042

20. Haase M, Bellomo R, Haase-Fielitz A Neutrophil gelatinase-associated lipocalin. Curr Opin Crit Care
2010; 16: 526–32. doi: 10.1097/MCC.0b013e328340063b PMID: 20871395

21. Fourrier F, Chopin C, Goudemand J, Hendrycx S, Caron C, Rime A et al. Septic shock, multiple organ
failure, and disseminated intravascular coagulation. Compared patterns of antithrombin III, protein C,
and protein S deficiencies. Chest 1992; 101: 816–823. PMID: 1531791

22. Hesselvik JF, Malm J, Dahlback B, Blomback M. Protein C, protein S and C4b-binding protein in severe
infection and septic shock. Thromb Haemost 1991; 65: 126–129. PMID: 1828915

23. Macias WL, Nelson DR Severe protein C deficiency predicts early death in severe sepsis. Crit Care
Med 2004; 32: S223–228. PMID: 15118522

24. Bernard GR, Vincent JL, Laterre PF, LaRosa SP, Dhainaut JF, Lopez-Rodriguez A, et al. Efficacy and
safety of recombinant human activated protein C for severe sepsis. N Engl J Med 2001; 344: 699–709.
PMID: 11236773

25. Matthay MA, Ware LB Plasma protein C levels in patients with acute lung injury: prognostic signifi-
cance. Crit Care Med 2004; 32: S229–232. PMID: 15118523

26. Wlodzimirow KA, Abu-Hanna A, Slabbekoorn M, Chamuleau RA, Schultz MJ, Bouman CS. A compari-
son of RIFLE with and without urine output criteria for acute kidney injury in critically ill patients. Crit
Care 2012; 16: R200. doi: 10.1186/cc11808 PMID: 23078781

27. Endre ZH, Pickering JW,Walker RJ, Devarajan P, Edelstein CL, Bonventre JV, et al. Improved perfor-
mance of urinary biomarkers of acute kidney injury in the critically ill by stratification for injury duration
and baseline renal function. Kidney Int 2011; 79: 1119–1130. doi: 10.1038/ki.2010.555 PMID:
21307838

Endothelial Dysfunction in Acute Kidney Injury

PLOS ONE | DOI:10.1371/journal.pone.0120770 March 19, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/16148039
http://www.ncbi.nlm.nih.gov/pubmed/17585211
http://www.ncbi.nlm.nih.gov/pubmed/17457176
http://dx.doi.org/10.1111/j.1476-5381.2009.00251.x
http://dx.doi.org/10.1111/j.1476-5381.2009.00251.x
http://www.ncbi.nlm.nih.gov/pubmed/19466992
http://www.ncbi.nlm.nih.gov/pubmed/17699383
http://www.ncbi.nlm.nih.gov/pubmed/18074478
http://www.ncbi.nlm.nih.gov/pubmed/17301189
http://www.ncbi.nlm.nih.gov/pubmed/17331245
http://www.ncbi.nlm.nih.gov/pubmed/10075613
http://www.ncbi.nlm.nih.gov/pubmed/1959406
http://www.ncbi.nlm.nih.gov/pubmed/8844239
http://www.ncbi.nlm.nih.gov/pubmed/1597042
http://dx.doi.org/10.1097/MCC.0b013e328340063b
http://www.ncbi.nlm.nih.gov/pubmed/20871395
http://www.ncbi.nlm.nih.gov/pubmed/1531791
http://www.ncbi.nlm.nih.gov/pubmed/1828915
http://www.ncbi.nlm.nih.gov/pubmed/15118522
http://www.ncbi.nlm.nih.gov/pubmed/11236773
http://www.ncbi.nlm.nih.gov/pubmed/15118523
http://dx.doi.org/10.1186/cc11808
http://www.ncbi.nlm.nih.gov/pubmed/23078781
http://dx.doi.org/10.1038/ki.2010.555
http://www.ncbi.nlm.nih.gov/pubmed/21307838


28. Kashani K, Al-Khafaji A, Ardiles T, Artigas A, Bagshaw SM, Bell M, et al. Discovery and validation of
cell cycle arrest biomarkers in human acute kidney injury. Crit Care 2013; 17: R25. doi: 10.1186/
cc12503 PMID: 23388612

29. Bihorac A, Chawla LS, Shaw AD, Al-Khafaji A, Davison DL, Demuth GE, et al. Validation of cell-cycle
arrest biomarkers for acute kidney injury using clinical adjudication. Am J Respir Crit Care Med 2014;
189: 932–939. doi: 10.1164/rccm.201401-0077OC PMID: 24559465

30. Hoste EA, McCullough PA, Kashani K, Chawla LS, Joannidis M, Shaw AD, et al. Derivation and valida-
tion of cutoffs for clinical use of cell cycle arrest biomarkers. Nephrol Dial Transplant 2014; 29:
2054–2061. doi: 10.1093/ndt/gfu292 PMID: 25237065

Endothelial Dysfunction in Acute Kidney Injury

PLOS ONE | DOI:10.1371/journal.pone.0120770 March 19, 2015 13 / 13

http://dx.doi.org/10.1186/cc12503
http://dx.doi.org/10.1186/cc12503
http://www.ncbi.nlm.nih.gov/pubmed/23388612
http://dx.doi.org/10.1164/rccm.201401-0077OC
http://www.ncbi.nlm.nih.gov/pubmed/24559465
http://dx.doi.org/10.1093/ndt/gfu292
http://www.ncbi.nlm.nih.gov/pubmed/25237065

