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Abstract
Background: Fibroblast growth factor 23 (FGF23) and endothelium-related biomarkers have been related to AKI in
critically-ill patients. Also, FGF23 is associated with endothelial dysfunction. In this study, we investigated if elevated
FGF23 association with severe AKI is mediated by several endothelial/glycocalyx-related biomarkers.
Methods: Prospective cohort study with critically-ill patients. Blood samples were collected within the first 24 h after
ICU admission. Severe AKI (defined according to KDIGO stage 2/3) was the analyzed outcome.
Results: 265 patients were enrolled and 82 (30.9%) developed severe AKI—defined according to KDIGO stage 2/3.
Blood samples to biomarkers measurement were collected within the first 24 h after ICU admission. After adjustment for several variables, FGF23, vascular cell adhesion protein 1 (VCAM-1), angiopoietin 2 (AGPT2), syndecan-1 and
intercellular adhesion molecule-1 (ICAM-1) were associated with severe AKI. The individual indirect effects of VCAM-1,
AGPT2 and syndecan-1 explained 23%, 31%, and 32% of the total observed effect of FGF23 on severe AKI, respectively.
ICAM-1 showed no statistically significant mediation. When all three endothelium-related biomarkers were included
in a directed acyclic graph (DAG), the Bayesian network learning suggested the following causal association pathway
FGF-23 → syndecan-1 → VCAM-1 → AGPT2 → severe AKI.
Conclusions: The association between FGF23 and AKI are mediated by endothelium-related biomarkers, mainly
VCAM-1, AGPT2 and syndecan-1. Moreover, the statistical models show that syndecan-1, a biomarker of endothelial
glycocalyx dysfunction, seems to be the initial mediator between FGF23 and severe AKI.
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Background
Acute kidney injury (AKI) is a common complication of critical illness and is associated with markedly
increased hospital length of stay, mortality, and cost [1–
3]. Disordered mineral metabolism is a common complication of chronic kidney disease (CKD) [4], but only
recently it has been studied in AKI [5–9]. Decreased
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1,25-dihydroxyvitamin D (1,25-vitD) levels and hypocalcemia associated with reduced or elevated parathyroid
hormone (PTH) levels have been reported in small samples of patients with established AKI [6, 10–12]. Also,
fibroblast growth factor (FGF) 23, a potent phosphaturic
hormone released by osteocytes, play an important role
in phosphate and vitamin D homeostasis and it is elevated in AKI [6–8].
In the CKD setting, elevated FGF23 levels are now
recognized as a key feature of dysregulated mineral
metabolism, and are one of the most robust predictors
of cardiovascular disease in this patient population
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[13]. More recently, FGF23 has emerged as a biomarker
related to AKI and death in critically-ill patients [6, 7,
9] and following cardiac surgery [8].
While the pathogenesis of AKI in critically-ill
patients is complex, recent evidence suggests an
important role for microvascular endothelial injury
and endothelial glycocalyx dysfunction in its pathogenesis [14, 15]. This is supported by studies suggesting that biomarkers related to endothelial cell
activation (such VCAM-1) [16], glycocalyx lesion (syndecan-1) [17, 18] and endothelial growth factor (angiopoietin-2 and VEGF-1) [19–21] are associated with
AKI.
It is not known whether FGF23 is simply a disease
severity marker or directly contributes to adverse outcomes in critically-ill patients. If a direct role is present,
the downstream consequences of FGF23 in critically-ill
patients leading to AKI are largely unknown; however,
elevated plasma FGF23 levels have been implicated in
the pathogenesis of endothelial dysfunction [22–24],
immunosuppression [25] and inflammation [26] in
CKD patients, making these effects possible FGF23
pathways in AKI.
In this study, we hypothesized that (1) elevated
FGF23 levels in critically-ill patients is associated with
severe AKI and (2) FGF23 association with severe AKI
is mediated, at least in part, by endothelium-related
biomarkers. To explore these hypotheses, we aimed
to use mediation analysis and directed acyclic graph.
Although the cross-sectional design of our study precludes direct proof of the causal mechanisms that we
propose, statistical mediation and causal inference
provides a framework in which we may formally test
the observed data for evidence of such mechanisms.
Mediation can show whether some or all of the significance of the association between an exposure and an
outcome is statistically explained by the effect of the
exposure on the potential mediator. The analysis also
gives an estimate of the amount of the observed effect
of the exposure on the outcome that can be explained
by the action of the exposure through the mediator if
the hypothesized mechanism exists.
Because endothelial biomarkers can have unknown
and complex interactions, we also used Bayesian networks to infer interrelationship between the biomarkers and severe AKI. Bayesian networks are
graphical models that leverage conditional independencies between variables to describe joint multivariate
probability distributions [27]. These analyses are better
discussed below in “Methods” section. Although this
evidence is necessarily circumstantial, it can still provide important support and motivation for more definitive investigations.

Page 2 of 8

Methods
Study design

This is a post hoc analysis of a prospective observational
study [28] we conducted with 265 patients admitted
to ICUs at Hospital Geral de Fortaleza (Ceará, Brazil)
between June of 2016 and January of 2018. We collected
and stored EDTA plasma aliquots within 24 h of ICU
admission. All samples were collected in the morning
(from 6:00 to 8:00 a.m.). Samples were stored at − 80 °C
within 2 h of collection. All patients provided written
informed consent and all protocols were approved by our
hospital’s Institutional Review Board.
Enrollment criteria

Inclusion criteria were age > 18 years and admission to
a medical or surgical ICU. Exclusion criteria were: (1)
anticipated ICU stay < 24 h; and (2) serum creatinine
(sCr) > 4.0 mg/dL, submitted to dialysis or previous renal
transplantation. Patients were recruited within the first
24 h of ICU stay and followed up to ICU discharge. The
institution’s research ethics board approved the study.
Informed consent was obtained from patients or parents/guardians before participation, with assent where
appropriate.
Data collection and study procedures

Demographic data, medical history (comorbidities) and
severity parameters were recorded within the first 24 h of
ICU stay to calculate the Acute Physiology and Chronic
Health Evaluation (APACHE) II score. During the first
7 days of ICU stay, sCr level was measured daily and the
patient was evaluated regarding the need for mechanical ventilation, use of vasoactive drugs or exposure to
nephrotoxic drugs (amphotericin, vancomycin, aminoglycoside). Baseline renal function was defined as the sCr
level on ICU admission.
Laboratory measurements

FGF23 was measured using a C-terminal ELISA kit (R&D
Systems, Minneapolis, MN, USA). The intra-assay coefficient of variation was 6.1%.
Syndecan-1 was measured as a biomarker of endothelial glycocalyx injury (Abcam, Cambridge, MA, USA).
The intra-assay coefficient of variation was 6.2%. Intercellular adhesion molecule-1 (ICAM-1), a marker of
endothelial cell activation, was measured using a commercially available enzyme-linked immunosorbent assay
kit (Life Technologies Brasil, São Paulo, Brazil), with an
intra-assay coefficient of 8.4%. Also, vascular cell adhesion protein 1 (VCAM-1) was measured using a commercially available enzyme-linked immunosorbent assay
kit (Abcam, Cambridge, MA, USA), with an intra-assay
coefficient of 5.9%. Angiopoietin-2 was measured using
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an enzyme-linked immunosorbent assay (R&D Systems,
Minneapolis, MN, USA). The intra-assay coefficient of
variation was 5.3% and vascular endothelial growth factor
(VEGF), an angiogenic protein known to cause endothelial activation and increase microvascular permeability,
was measured using an enzyme-linked immunosorbent
assay (R&D Systems, Minneapolis, MN, USA). All measured were performed in duplicate. Serum levels of creatinine, ionized calcium and phosphate were measured for
clinical purposes by the hospital laboratory.
Additional analyses were also performed in a nested
case–control subcohort of 41 participants with severe
AKI and 41 participants with normal renal function
at ICU admission (estimated glomerular filtration rate
> 90 mL/min/1.73 m [2]) and without developing AKI (no
sCr increment greater than 50% of baseline renal function or 0.3 mg/dL). Cases were matched 1:1 to controls
based on age, gender and baseline renal function. Plasma
levels of intact parathyroid hormone (iPTH), 25-hydroxyvitamin D (25-vitD) and 1,25-vitD were measured in
this nested case–control subcohort. iPTH was measured
using a chemiluminescent immunoassay (Beckman Coulter, Fullerton, CA), with an intra-assay coefficient of 3.2%.
25-vitD and 1,25-vitD were measured using immunoaffinity enrichment and liquid chromatography–tandem
mass spectrometry.
Outcome

Our outcome was severe AKI (stage 2/3) within the first
7 days of ICU stay according to the criteria established
by the Kidney Disease Improving Global Outcomes
(KDIGO) Work Group. In summary, doubling of baseline
sCr or need for renal replacement therapy. Because we
could not exclude some patients were admitted already
with AKI, we considered new or worsening AKI taking
sCr on ICU admission as baseline.
Statistical analysis

Normality of data was assessed, and data are reported
as mean and standard deviation (SD) or median and
IQR (25th–75th percentiles) when appropriate. Baseline characteristics were compared using a 2-sample t
test or Mann–Whitney test for continuous variables,
whereas dichotomous variables were assessed with χ2 test
or Fisher exact test. Simple correlations between continuous variables were analyzed using Spearman’s rank
correlation coefficient. Non-normal distributions were
natural log-transformed for additional analysis. Several
multivariable logistic regressions were used to assess the
association of FGF 23 and endothelial-related biomarkers with severe AKI. All models were adjusted for age,
gender, body mass index (BMI) greater than 30 kg/m [2],
Charlson comorbidity index, surgical admission, use of
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vasoactive drugs, need for mechanical ventilation, exposure to nephrotoxic drugs and APACHE II score at ICU
admission.
Mediation analyses were performed when appropriate based on the logistic regression results to assess the
hypothesized associations of FGF23 and endothelialrelated biomarkers with severe AKI. Specifically, the
mediation analysis was performed when (1) the exposure
was significantly correlated to the mediator and outcome
(after adjustment for confounders) and (2) the mediator was significantly correlated to the outcome. Indirect
effects and confidence intervals were estimated by bootstrapping with 5000 resamples using the PROCESS Statistical Package for SPSS (PROCESS version 2—note that
version 3 does not run dichotomous outcomes and SPSS,
version 20.0, 2011; SPSS Inc., Chicago, IL) [29]. Statistically significant mediation is established when the indirect effect is significantly different from zero, with full
mediation defined by the additional attenuation of the
association between independent and dependent variables into nonsignificance after inclusion of the mediator
variable or variables.
Also, to suggest a pathway between FGF23, endothelial-related biomarkers and severe AKI, we performed a
Bayesian network learning analysis. To perform directed
acyclic graph (DAG), we permitted a priori any causal
pathway between biomarkers and variables. The only
restriction was that all significant interdependence with
arrow “from” severe AKI was corrected and the direction
of the arrow was “to” severe AKI. This was performed
to maintain the temporal causal assumption. Secondly,
we produced a consensus model by learning 200 Bayesian networks and keeping the arrows that appear at least
≈ 60% of the time (as estimated from the data). The algorithm used was hill climbing with the Bayesian Information Criteria score. In the plot, arrow thickness is in
proportion to the frequency reported n order to validate the model learning strategy we perform 10 runs of
10-fold cross-validation and measure the predictive accuracy for severe AKI given all the other variables. We used
the package “bnlearn” package for R [30]. All comparisons are two-tailed, with p < 0.05 considered significant.

Results
Patient characteristics

Of the 312 patients admitted to the ICU during the study
period and considered for inclusion, 47 were excluded
due to the following reasons: patient refused to sign the
informed consent (n = 11), absence of blood sample to
measure biomarkers (n = 17), less than 24 h of ICU stay
(n = 19)—Fig. 1. We enrolled 265 patients (50.6% males)
admitted to the ICU. The mean age was 51.4 ± 17.8 years.
One-hundred and nine patients (41.1%) previously had
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88 (33.2%) had a surgical admission. Eighty-two patients
(30.9%) developed severe AKI. Additional baseline characteristics according to severe AKI status are shown in
Table 1.
Association between FGF23 and endothelium‑related
biomarkers

Univariate associations of endothelial-related biomarkers, each assessed individually, with FGF 23 are presented in Additional file 1: Table S1. As expected, there
was a high interrelationship between endothelial-related
biomarkers. FGF23 directly correlated with all endothelial-related biomarkers, except VEGF-1. The strongest association of FGF23 was observed with syndecan-1
(rs = 0.412, p < 0.001).
Plasma mineral metabolite levels

FGF23 directly correlated with phosphate (rs = 0.197,
p = 0.002) and, in the nested case–control subcohort,
inversely correlated with 1,25-vitD (rs = − 0.27, p = 0.01)
level. We observed no significant correlation between
FGF 23 and 25-vitD ( rs = 0.10, p = 0.33) levels.
Fig. 1 Flowchart of patients and exclusion criteria

FGF 23 and endothelial‑related biomarkers are associated
with severe AKI

arterial hypertension and 50 (18.9%) had diabetes mellitus. The median (IQR) APACHE II score was 17 (13–
22), 160 (60.4%) required mechanical ventilation, and

Median plasma endothelial-related biomarker values,
according to severe AKI status, are shown in Additional
file 2: Table S2. All measured biomarkers, except VEGF,
were higher in severe AKI patients. Figure 2 shows

Table 1 Baseline characteristics stratified by AKI status
Characteristic

No-severe AKI (n = 183)

Severe AKI (n = 82)

p

Demographics
Age, mean ± SD

Male, n (%)

51.2 ± 17.2

94 (51.4)

51.7 ± 19.1

40 (48.8)

0.82
0.70

BMI greater than 30 kg/m2

34 (18.6)

22 (26.8)

0.14

Diabetes mellitus

31 (16.9)

19 (23.1)

0.23

Charlson comorbidity index, median (IQR)

1 (1–2)

1 (1–3)

0.52

Baseline kidney function
Baseline sCr level, median (IQR)

0.6 (0.4–0.7)

0.9 (0.5–1.7)

< 0.001

eGFR, median (IQR)

109 (92–124)

85 (49–115)

< 0.001

Nephrotoxic drugs

28 (15.3)

27 (32.9)

0.002

Disease severity
Sepsis, n (%)

48 (26.2)

34 (41.5)

0.015

Surgical ICU

77 (42.1)

11 (13.4)

< 0.001

Mechanical Ventilation, n (%)

68 (37.2)

52 (63.4)

< 0.001

Vasoactive drugs (n, %)

49 (26.8)

50 (61.0)

< 0.001

APACHE II score, median (IQR)

15 (11–20)

21 (17–27)

< 0.001

Plasma FGF23, median (IQR)

135.3 (10.4–544.3)

927.1 (197.6–1232.6)

< 0.001

AKI acute kidney injury, eGFR estimated glomerular filtration rate, sCr serum creatinine
Age: years; sCr: mg/dL; eGFR: mL/min/1.73 m2; FGF23: RU/mL
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Fig. 2 FGF23 and endothelial-related biomarker levels associated with increased risk of AKI/death after adjusted for age, gender, Charlson
comorbidity index, BMI greater than 30 kg/m2, surgical admission, use of vasoactive drugs, need for mechanical ventilation, use of nephrotoxic
drugs and APACHE II score at ICU admission. ORs are shown per 1 unit of SD of log-transformed values for each biomarker

adjusted associations of individual biomarkers with
severe AKI. FGF23, syndecan-1, VCAM-1 and angiopoietin-2 were strongly associated with severe AKI
(p < 0.001). ICAM-1 only showed a statistically significant
trend in the association with severe AKI. After adjustments, there was no association between serum phosphate, calcium, iPTH and vitamin D metabolites with
severe AKI, as shown in Additional file 3: Table S3).
Mediation analysis

Results of mediation analyses are summarized in Fig. 3.
The association between FGF23 and AKI remained significant after including each endothelial-related biomarker individually; excluding some endothelial-related
biomarker individually is responsible for total mediation of such association. However, we tested whether the
association between FGF 23 and severe AKI was partially
mediated by VCAM-1, AGPT2, syndecan-1 and ICAM-1
(models A-D, respectively). Because VEGF and vitamin
D metabolites showed no independent association with
severe AKI, we did not test whether these biomarkers
showed any mediation. ICAM-1 (model D) showed no
significant mediation regarding the association between
FGF 23 and severe AKI. Regarding the other biomarkers, the individual indirect effects of VCAM-1 (model A),
AGPT2 (model B) and syndecan-1 (model C) were, each
one of them, significant but not eliminate the significance
of the residual direct effect of FGF 23 on severe AKI. The
indirect effect in each model explained 24%, 31%, and
33% of the total observed effect, respectively. Because

Fig. 3 Mediation analyses of the association between FGF23
and severe AKI. Path models and mediation analyses describe
mediation of the association between FGF23 and severe AKI through
endothelial-related biomarkers individually. Path effects are reported
as Odds-ratio scale of natural log-transformed values of biomarkers.
Models are adjusted for age, gender, Charlson comorbidity index,
BMI greater than 30 kg/m2, surgical admission, use of vasoactive
drugs, need for mechanical ventilation, use of nephrotoxic drugs and
APACHE II score at ICU admission. Residual direct effects are labeled
as path A in each model, and indirect effects are labeled as letters B
and C

diabetes mellitus can damage the endothelium, we performed a sensitivity analysis including only patients with
diabetes mellitus (n = 50). The mediation results using
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parsimonious models were similar—Additional file 4:
Figure S1.
Directed acyclic graph

To explore possible causal associations between FGF23, VCAM-1, AGPT2 and syndecan-1, we performed
Bayesian network learning—Fig. 4. We can observe
FGF-23 is mediated by a pathway including syndecan-1 → VCAM-1 → AGPT2 → severe AKI. In order to
validate the model learning strategy we perform 10 runs
of 10-fold cross-validation and measure the predictive
accuracy for Growth given all the other variables. The
result is a classification error of ≈ 0.03.

Discussion
Increased FGF23 is frequently seen in critically-ill
patients, and has emerged in recent years as an established risk factor for acute kidney injury in this population [6, 7, 9]. Endothelial cells express FGF23 receptors
and, although direct vascular effects of FGF23 remain
largely elusive, it has been suggested that FGF23 directly
impairs endothelial-dependent vasorelaxation [23].
In CKD patients, FGF23 is associated with impaired
endothelial-dependent relaxation, endothelial-independent relaxation, arterial stiffness and cardiovascular
disease [13]; however, the effects of FGF23 in the acute
setting are largely unknown. In this cohort of criticallyill patients, we measured FGF23 and several endothelial-related biomarkers to test the hypothesis that the
association of FGF23 and severe AKI could be mediated
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by endothelium/glycocalyx damage. We confirmed an
independent association between FGF23 and severe
AKI. Additionally, FGF23 was also associated with all,
except VEGF, endothelial-related biomarkers. Moreover, the association between FGF23 and severe AKI was
mediated by higher plasma levels of endothelial-related
biomarkers—VCAM-1, syndecan-1 and AGPT2. In the
DAG model, including the three endothelial-related
biomarkers, the suggested pathway discloses endothelial-related biomarkers are mediators in the causal association between FGF23 and severe AKI. Our findings
provide evidence supporting the hypothesis that an
increased FGF23 leads to severe AKI through endothelium/glycocalyx lesion.
Whether FGF23 is simply a disease severity marker
or directly contributes to adverse outcomes is a key
question that could not be answered by either previous or present observational studies; but in addition
to endothelial damage, other possible mechanisms
explaining the acute adverse effects of FGF23 on renal
function include: immune dysfunction [25], inflammation [26] and via inhibitory effects on vitamin D metabolite activation [31]. Although our studies and others
have not been able to find an independent effect of vitamin D metabolites on AKI when evaluating FGF23 [7],
it is possible that tissue-level paracrine effects of FGF23
on vitamin D activation and degradation can occur in
the absence of major changes in circulating vitamin D
levels, and even contribute to endothelial dysfunction
[7, 32]. In summary, it is not possible to rule out the

Fig. 4 The DAG underlying the consensus Bayesian network learned from the variables measured on all patients. The thickness of the arcs is in the
proportion to their strength; only arcs with a strength greater than 0.60 are included in the consensus network. Gender, body mass index, ICAM-1
and VEGF are not included in no pathway to severe AKI
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presence of other mechanisms related to FGF23, in
addition to endothelial dysfunction.
The pathophysiology of endothelial damage is largely
unknown, mainly that of its inner component, the glycocalyx. Although the most frequent suggested pathway point to syndecan-1 as the first mediator of FGF23
effect on severe AKI, it is not possible to conclude
whether endothelial cell damage leads to glycocalyx
dysfunction or if the opposite is true. In fact, the interrelationship between endothelial biomarkers are probably bidirectional pathways [33]. In the presented DAG,
no clinical variable was directly associated with FGF23,
explaining previous results disclosing independent association between FGF23 and AKI. Our results
also confirm syndecan-1 is associated with sepsis as
demonstrated in other studies [34, 35] and the strong
association between AGPT4 and mechanical ventilation—Fig. 4 [36].
Because of its pleiotropic effects, as stated above, one
possible candidate to the mediation of FGF 23 action on
endothelium is vitamin D; however, we did not include
it in the mediation analysis, as we found no significant
association between vitamin D metabolites and severe
AKI, ruling out the second principle to consider an element as a possible mediator (see “Statistical analysis”
section). Because of economic constraints, we measured
iPTH and vitamin D metabolites only in a subgroup of
patients; however, other studies have demonstrated a lack
of association between vitamin D and AKI [7, 8].
There are several limitations to our study. First, the
most obvious limitation is the cross-sectional design
and, therefore, it cannot show causality. Mediation
analysis and Bayesian network learning provides evidence supportive of potential causal pathways that
must then be confirmed by appropriate interventional
studies in animal models or clinical trials. Although we
adjusted the models for several known potential confounders, it is possible that the described effects may
be attributable to unknown variables. Moreover, our
proposed sequence of endothelial-related biomarkers
mediators was only statistically-based and biological
confirmation of this hypothesis is required. Second,
although this is a prospective cohort, the great majority of patients did not have available information on sCr
before hospital admission, Because our objective was to
evaluate the effects of biomarkers on developing AKI
(new or worsening), the first serum creatinine measurement available after ICU admission collected together
with the biomarker samples was used as the reference
value for renal function. Third, we did not measure
intact FGF23; however, we consider other studies demonstrated that the association of C-terminal with AKI
is similar to the intact assay [8]. Finally, although we
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adjusted for several potential confounders, our results
may have been affected by residual confounding effects.

Conclusions
Our study suggests the association between FGF23
and AKI are mediated by endothelial-related biomarkers, mainly VCAM-1, syndecan-1 and AGPT2. Moreover, the statistical models show that syndecan-1, a
biomarker of the endothelial glycocalyx dysfunction,
seems to be the first mediator between FGF23 and
severe AKI.

Additional files
Additional file 1: Table S1. FGF23 and endothelial-related biomarkers’
Spearman correlations.
Additional file 2: Table S2. Endothelial-related biomarkers stratified by
AKI status.
Additional file 3: Table S3. Association of mineral biomarkers with severe
AKI.
Additional file 4: Figure S1. Mediation analyses of the association
between FGF23 and severe AKI in patients with diabetes mellitus.
Abbreviations
AGPT2: angiopoietin 2; AKI: acute kidney injury; APACHE: Acute Physiology
and Chronic Health Evaluation; CKD: chronic kidney disease; FGF23: fibroblast
growth factor 23; ICAM-1: intercellular adhesion molecule-1; ICU: intensive
care unit; iPTH: intact parathyroid hormone (PTH); KDIGO: kidney disease
improving global outcomes; VCAM-1: vascular cell adhesion protein 1; vitD:
vitamin D.
Authors’ contributions
ABL designed the study; carried out data extraction as well as data analysis
and wrote the manuscript. FMON, CBA, DFF, BFTA, LJMMF, VBS, GCM and
ALCMA participated in data extraction and data analysis. FMON participated in
analyzing samples and data, including clinical aspects and revised the manuscript. All authors read and approved the final manuscript.
Author details
1
Medical Sciences Postgraduate Program, Department of Clinical Medicine,
Universidade Federal do Ceará, Avenida Abolição, 4043 Ap 1203, Fortaleza,
Ceará CEP 60165‑082, Brazil. 2 Medical Sciences Postgraduate Program,
Universidade de Fortaleza–UNIFOR, Fortaleza, Ceara, Brazil. 3 Medical Course,
Universidade de Fortaleza–UNIFOR, Fortaleza, Ceará, Brazil. 4 Department
of Clinical and Toxicological Analysis, Faculty of Pharmacy, Federal University
of Ceara, Fortaleza, Ceara, Brazil.
Acknowledgements
None.
Competing interests
The authors declare that they have no competing interests.
Availability of supporting data
Readers may contact Dr Alexandre Braga Liborio (alexandreliborio@yahoo.
com.br) for reasonable requests for the data.
Consent for publication
Not applicable.

de Oliveira Neves et al. J Transl Med

(2019) 17:121

Ethical approval and consent to participate
This study was approved by the institutional review boards of Hospital Geral
de Fortaleza (number:). Written informed consent was obtained from patients
or their next of kin before patients participated in this study.
Funding
Not applicable.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 24 January 2019 Accepted: 5 April 2019

References
1. Singbartl K, Kellum JA. AKI in the ICU: definition, epidemiology, risk
stratification, and outcomes. Kidney Int. 2012;81(9):819–25. https://doi.
org/10.1038/ki.2011.339.
2. Libório AB, Leite TT, De Oliveira Neves FM, Teles F, De Melo Bezerra CT. AKI
complications in critically ill patients: association with mortality rates and
RRT. Clin J Am Soc Nephrol. 2015. https://doi.org/10.2215/cjn.04750514.
3. Lafrance J-P, Miller DR. Acute kidney injury associates with increased
long-term mortality. J Am Soc Nephrol. 2010;21(2):345–52. https://doi.
org/10.1681/ASN.2009060636.
4. Martin KJ, González E. Metabolic bone disease in chronic kidney disease.
J Am Soc Nephrol. 2007;18(3):875–85. https://doi.org/10.1681/asn.20060
70771.
5. Christov M, Waikar SS, Pereira RC, et al. Plasma FGF23 levels increase
rapidly after acute kidney injury. Kidney Int. 2013;84(4):776–85. https://
doi.org/10.1038/ki.2013.150.
6. Leaf DE, Wolf M, Waikar SS, et al. FGF-23 levels in patients with AKI and risk
of adverse outcomes. Clin J Am Soc Nephrol. 2012;7(8):1217–23. https://
doi.org/10.2215/CJN.00550112.
7. Leaf DE, Jacob KA, Srivastava A, et al. Fibroblast growth factor 23 levels
associate with AKI and death in critical illness. J Am Soc Nephrol.
2017;28(6):1877–85. https://doi.org/10.1681/ASN.2016080836.
8. Leaf DE, Christov M, Jüppner H, et al. Fibroblast growth factor 23 levels
are elevated and associated with severe acute kidney injury and death
following cardiac surgery. Kidney Int. 2016;89(4):939–48. https://doi.
org/10.1016/j.kint.2015.12.035.
9. Leaf DE, Siew ED, Eisenga MF, et al. Fibroblast growth factor 23 associates
with death in critically ill patients. Clin J Am Soc Nephrol. 2018. https://
doi.org/10.2215/cjn.10810917.
10. Zivin JR, Gooley T, Zager RA, Ryan MJ. Hypocalcemia: a pervasive metabolic abnormality in the critically ill. Am J Kidney Dis. 2001;37(4):689–98.
https://doi.org/10.1016/S0272-6386(01)80116-5.
11. Lee P, Eisman JA, Center JR. Vitamin D deficiency in critically ill patients. N
Engl J Med. 2009;360(18):1912–4. https://doi.org/10.1056/NEJMc08099
96.
12. Leaf DE, Waikar SS, Wolf M, Cremers S, Bhan I, Stern L. Dysregulated
mineral metabolism in patients with acute kidney injury and risk of
adverse outcomes. Clin Endocrinol (Oxf ). 2013;79(4):491–8. https://doi.
org/10.1111/cen.12172.
13. Scialla JJ, Xie H, Rahman M, et al. Fibroblast growth factor-23 and cardiovascular events in CKD. J Am Soc Nephrol. 2014;25(2):349–60. https://doi.
org/10.1681/ASN.2013050465.
14. Verma SK, Molitoris BA. Renal endothelial injury and microvascular dysfunction in acute kidney injury. Semin Nephrol. 2015;35(1):96–107. https
://doi.org/10.1016/j.semnephrol.2015.01.010.
15. Zafrani L, Ince C. Microcirculation in acute and chronic kidney diseases. Am J Kidney Dis. 2015;66(6):1083–94. https://doi.org/10.1053/j.
ajkd.2015.06.019.
16. Bhatraju PK, Robinson-Cohen C, Mikacenic C, et al. Circulating levels of
soluble Fas (sCD95) are associated with risk for development of a nonresolving acute kidney injury subphenotype. Crit Care. 2017;21:1. https://
doi.org/10.1186/s13054-017-1807-x.

Page 8 of 8

17. Melo Bezerra Cavalcante CT, Castelo Branco KM, Pinto Júnior VC, et al.
Syndecan-1 improves severe acute kidney injury prediction after pediatric cardiac surgery. J Thorac Cardiovasc Surg. 2016;152(1):178–86. https://
doi.org/10.1016/j.jtcvs.2016.03.079.
18. de Oliveira Neves FM, Meneses GC, Sousa NEA, et al. Syndecan-1 in acute
decompensated heart failure—association with renal function and
mortality. Circ J. 2015. https://doi.org/10.1253/circj.cj-14-1195.
19. Jongman RM, Van Klarenbosch J, Molema G, et al. Angiopoietin/Tie2
dysbalance is associated with acute kidney injury after cardiac surgery
assisted by cardiopulmonary bypass. PLoS ONE. 2015. https://doi.
org/10.1371/journal.pone.0136205.
20. Sporek M, Dumnicka P, Gala-Bladzinska A, et al. Angiopoietin-2 is an early
indicator of acute pancreatic-renal syndrome in patients with acute pancreatitis. Mediators Inflamm. 2016. https://doi.org/10.1155/2016/57809
03.
21. Hepokoski M, Englert JA, Baron RM, et al. Ventilator-induced lung injury
increases expression of endothelial inflammatory mediators in the
kidney. Am j Physiol Ren Physiol. 2017. https://doi.org/10.1152/ajpre
nal.00523.2016.
22. Silswal N, Touchberry CD, Daniel DR, et al. FGF23 directly impairs
endothelium-dependent vasorelaxation by increasing superoxide
levels and reducing nitric oxide bioavailability. AJP Endocrinol Metab.
2014;307(5):E426–36. https://doi.org/10.1152/ajpendo.00264.2014.
23. Richter B, Haller J, Haffner D, Leifheit-Nestler M. Klotho modulates FGF23mediated NO synthesis and oxidative stress in human coronary artery
endothelial cells. Pflugers Arch Eur J Physiol. 2016;468(9):1621–35. https://
doi.org/10.1007/s00424-016-1858-x.
24. Stevens KK, Denby L, Patel RK, et al. Deleterious effects of phosphate on
vascular and endothelial function via disruption to the nitric oxide pathway. Nephrol Dial Transplant. 2016. https://doi.org/10.1093/ndt/gfw252.
25. Rossaint J, Oehmichen J, Van Aken H, et al. FGF23 signaling impairs
neutrophil recruitment and host defense during CKD. J Clin Invest.
2016;126(3):962–74. https://doi.org/10.1172/JCI83470.
26. Singh S, Grabner A, Yanucil C, et al. Fibroblast growth factor 23 directly
targets hepatocytes to promote inflammation in chronic kidney disease.
Kidney Int. 2016;90(5):985–96. https://doi.org/10.1016/j.kint.2016.05.019.
27. Nagarajan R, Scutari M, Lèbre S. Bayesian networks in R: with applications in systems biology. Berlin: Springer; 2013. https://doi.
org/10.1007/978-1-4614-6446-4.
28. Araújo CB, OliveiraNeves FM, Freitas DF, et al. Angiopoietin-2 as a predictor of acute kidney injury in critically ill patients and association with
ARDS. Respirology. 2019. https://doi.org/10.1111/resp.13464.
29. Hayes A. Introduction to mediation, moderation, and conditional process
analysis. New York NY Guilford. 2013;1:1.
30. Scutari M. Learning Bayesian Networks with the bnlearn R Package |
Scutari | Journal of Statistical Software. J Stat Softw. 2010;35(3):1–22. https
://doi.org/10.18637/jss.v035.i03.
31. Wolf M. Update on fibroblast growth factor 23 in chronic kidney disease.
Kidney Int. 2012;82(7):737–47. https://doi.org/10.1038/ki.2012.176.
32. Bai X, Miao D, Xiao S, et al. CYP24 inhibition as a therapeutic target
in FGF23-mediated renal phosphate wasting disorders. J Clin Invest.
2016;126(2):667–80. https://doi.org/10.1172/JCI81928.
33. Zhang X, Sun D, Song JW, et al. Endothelial cell dysfunction and
glycocalyx—a vicious circle. Matrix Biol. 2018;72:421–31.
34. Wei S, Gonzalez Rodriguez E, Chang R, et al. Elevated Syndecan-1 after
Trauma and Risk of Sepsis: a Secondary Analysis of Patients from the Pragmatic, Randomized Optimal Platelet and Plasma Ratios (PROPPR) Trial. J
Am Coll Surg. 2018;227(6):587–95. https://doi.org/10.1016/j.jamcollsur
g.2018.09.003.
35. Holzmann MS, Winkler MS, Strunden MS, Izbicki JR, Schoen G, Greiwe G,
Pinnschmidt HO, Poppe A, Saugel B, Daum G, Goetz AE. Syndecan-1 as
a biomarker for sepsis survival after major abdominal surgery. Biomark
Med. 2018;12(2):119–27. https://doi.org/10.2217/bmm-2017-0231.
36. Reilly JP, Wang F, Jones TK, et al. Plasma angiopoietin-2 as a potential
causal marker in sepsis-associated ARDS development: evidence from
Mendelian randomization and mediation analysis. Intensive Care Med.
2018;44(11):1849–58. https://doi.org/10.1007/s00134-018-5328-0.

