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Background: Acute kidney injury (AKI) is a common complication after cardiac surgery

and the prognosis of AKI worsens with the increase in AKI severity. Syndecan-1(SDC-1)

is a biomarker of endothelial glycocalyx degradation. Fluid overload (FO) is associated

with poor outcomes in AKI patients and may be related to the damage of endothelial

function. This study aimed at demonstrating the association between elevated SDC-1,

FO, and AKI progression.

Methods: In this prospective study, we screened patients who underwent cardiac

surgery and enrolled patients who experienced an AKI within 48 h after surgery from

December 1, 2018 to January 31, 2019. Blood and urine samples were collected

at the time of AKI diagnosis for plasma SDC-1 (pSDC-1) and urine SDC-1 (uSDC-1)

measurements. Fluid balance (FB) = accumulated [fluid intake (L) - fluid output (L)]/body

weight (kg)× 100%. FO was defined as FB > 5%. The primary endpoint was progressive

AKI, defined as AKI progression from a lower to a higher stage. The patients were divided

into progressive AKI group vs. non-progressive AKI group.

Results: The quartiles of pSDC-1 concentration (117.3 [67.4, 242.3] ng/mL) showed

a graded association with the incidence of progressive AKI, ranging from 5.0,

11.9, 32.6 to 52.4% (p for trend <0.001). Multivariate logistic regression showed

that increased pSDC-1 was an independent risk factor for progressive AKI. The

AUC-ROC area of pSDC-1 concentration in predicting AKI progression was 0.847.

Linear regression showed a positive correlation between FB and pSDC-1 concentration

(R2 = 0.384, p < 0.001). In patients with FO, the progressive AKI incidence was

significantly higher in the high pSDC-1 (≥117.3 ng/mL) subgroup than in the low

pSDC-1 subgroup (58.3 vs. 17.6%, OR = 9.167, P = 0.005). In patients without

FO, the progressive AKI incidence was also significantly higher in the high pSDC-1

subgroup with a lower odds ratio (30.4 vs. 7.4%, OR = 6.714, P = 0.002).
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Conclusion: Elevated pSDC-1 concentration was associated with progressive AKI after

cardiac surgery and showed good predictive ability for progressive AKI. FB was related to

the increase of pSDC-1. The interaction between pSDC-1 and FB may further aggravate

the progression of AKI.
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INTRODUCTION

The incidence of cardiac surgery-associated acute kidney injury
(CSA-AKI) varies from 20 to 40% depending on its definition,
and the mortality was reported to be between 15 and 30% (1, 2).
The prognosis of AKI worsens with the increase in AKI severity.
When AKI progresses to stage 3 or renal replacement therapy
(RRT), the mortality is as high as 50–80%, and has a higher risk
of long-term end-stage renal disease and death (1, 3). Therefore,
it is necessary to explore early biomarkers for the prediction of
progressive AKI.

Syndecan-1 (SDC-1), a member of the syndecan family, is
a protective layer for covering the endothelium (4). It has
been demonstrated that SDC-1 is a biomarker for endothelial
glycocalyx degradation (5, 6). Rehm et al. provided the first
evidence in humans to the shedding of the endothelial glycocalyx
during global or regional ischemia/reperfusion (I/R) procedures
in major vascular surgery (7). Studies have shown that elevated
serum and urinary SDC-1 is a potential biomarker in predicting
renal dysfunction andmortality in patients with AKI after cardiac
surgery (8, 9).

Fluid overload has been demonstrated as an important
risk factor for AKI development and is associated with
poor outcomes in critical patients (10, 11). In our previous
study, we found that 30-day mortality was significantly
higher in the fluid overload group in AKI-RRT patients
after cardiac surgery (12). Moreover, it was revealed that
in patients who underwent elective surgery and those with
severe sepsis, hypervolemia could cause intravascular changes
in volume and pressure, thereby destroying the endothelial
glycocalyx, with a significant elevation of serum and urinary
syndecan-1 (13, 14).

In brief, it is known that SDC-1 can predict AKI occurrence,
but little or no studies have demonstrated the association between
SDC-1 and AKI progression. It is also unknown whether fluid
overload has an effect on this. The aim of this study therefore was
to investigate the relationship between glycocalyx degradation
(measured as SDC-1), fluid overload, and progressive AKI in
adult patients following cardiac surgery, thereby identifying new
strategies for the prevention of CSA-AKI.

METHODS

Patient Selection
This was a single-center, prospective study. We screened 721
patients who underwent cardiac surgery in our hospital from
December 1, 2018, to January 31, 2019, and collected data of
patients who developed AKI during this period. The exclusion

criteria and study flowchart are shown in Figure 1. The Ethical
Committee of our hospital approved this study (No. B2017-039).

Definitions
AKI was defined and graded based on the Kidney Disease
Improvement Global Outcomes (KDIGO) 2012 guidelines (15)
within 7 days after surgery. Progressive AKI was defined as the
worsening of an established AKI stage (16, 17): from AKI stage 1
to stage 2 or 3 or from AKI stage 2–3 during hospitalization. We
defined fluid balance (FB) using the equation,

FB = (fluid intake (L)− fluid output (L))/admission weight (kg)

× 100%

Fluid overload (FO) was defined as FB > 5% (18).
SCr measured in the ICU was adjusted by the following

formula (19–21):

Adjusted SCr = SCr × correction factor,

Where, Correction factor = [admission weight (kg)× 0.6

+ cumulative (fluid intake (L) − fluid

output (L)]/admission weight × 0.6.

Complete renal recovery was defined as the ADQI criteria (22):
SCr at discharge returning to 50% above baseline SCr.

Study Design
All patients were admitted to the Intensive Care Unit (ICU)
regularly after anesthesia resuscitation. The urine output was
recorded every 6 h from the urine collection bag, and fluid intake
and output (including fluid removed by drain tube, blood lost
from hemorrhage, and urine output) were recorded every day
until they were discharged from the ICU. The SCr was monitored
every morning. We screened each patient every morning within
48 h after surgery, and AKI was diagnosed according to the
KDIGO criteria. Blood and urine samples of the AKI patients
were collected at the time of AKI diagnosis for the SDC-1
measurements, and the cumulative fluid balance was calculated
from the time of operation to the time of AKI diagnosis.

The main endpoint was progressive AKI. The secondary
endpoints were RRT rate, complete renal recovery rate, 28-
d mortality, in-hospital mortality, length of ICU stay and
hospital stay.

Measurement of Syndecan-1
Fresh blood and urine samples were centrifuged at 3,000
rpm for 10min, after which the separate plasma and urine
supernatant were collected and stored at −80◦C. The pSDC-1
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FIGURE 1 | Study flowchart.

TABLE 1 | Baseline characteristics in progressive AKI vs. non-progressive AKI groups.

All Non-progressive AKI group Progressive AKI group P

n = 167 n = 124 n = 43

Preoperative

Male [n (%)] 117 (70.1%) 89 (71.8%) 28 (65.1%) 0.411

Age 60 ± 12 59 ± 12 61 ± 13 0.358

Weight (kg) 69.3 ± 13.5 69.9 ± 14.0 67.5 ± 11.9 0.316

BMI(kg/m2 ) 24.8 ± 3.9 25.1 ± 4.0 23.8 ± 3.4 0.058

Hypertension [n (%)] 81 (48.5%) 56 (45.2%) 25 (58.1%) 0.142

Diabetes [n (%)] 15 (9.0%) 11 (8.9%) 4 (9.3%) 0.932

History of cardiac surgery [n (%)] 17 (10.2%) 14 (11.3%) 3 (7.0%) 0.420

NYHA>II [n (%)] 80 (47.9%) 61 (49.2%) 19 (44.2%) 0.571

Coronary angiography[n (%)] 102 (61.1%) 72 (58.1%) 30 (69.8%) 0.175

Contrast medium (ml) 57 ± 19 53 ± 14 69 ± 27 0.002

BUN(mmol/L) 7.8 ± 3.1 7.9 ± 3.3 7.6 ± 2.6 0.589

SCr(µmol/L) 96.6 ± 30.2 94.8 ± 28.3 102.4 ± 34.9 0.179

eGFR[ml/(min/1.73 m2 )] 77.6 ± 20.6 79.6 ± 20.7 70.5 ± 17.9 0.009

eGFR < 60ml [n (%)] 33 (19.8%) 19 (15.3%) 13 (30.2%) 0.032

Albumin (g/L) 39.6 ± 5.7 39.4 ± 6.1 40.3 ± 4.2 0.372

Proteinuria [n (%)] 22 (13.2%) 14 (11.3%) 8 (18.6%) 0.221

Intra-operative

Type of surgery 0.262

- Valve 81 (48.5%) 64 (51.6%) 18 (41.9%)

- coronary artery bypass graft 29 (17.4%) 23 (18.5%) 6 (13.9%)

- large vessels 36 (21.6%) 24 (19.4%) 12 (27.9%)

- Others 21 (12.6%) 13 (10.5%) 8 (18.6%)

Use of CPB [n (%)] 145 (86.8%) 104 (83.9%) 41 (95.3%) 0.055

CPB duration (min) 128 ± 75 112 ± 65 175 ± 84 <0.001

Aortic clamping duration (min) 71 ± 38 66 ± 37 87 ± 38 0.002

Ultrafiltration volume (ml) 2,628 ± 1,492 2,413 ± 1,436 3,247 ± 1,492 0.001

BMI, body mass index; NYHA, New York Heart Association; BUN, blood urea nitrogen; SCr, serum creatinine; eGFR, estimated glomerular filtration rate; CPB, cardiopulmonary bypass;

FB, fluid balance.
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and uSDC-1 concentrations were measured within 6 months
after surgery, using sCD138 ELISA kits (Human Syndecan
1, Abcam) according to the manufacturer’s instructions (13,
23, 24). SDC-1 is also known as CD138, and soluble CD138
(sCD138) means SDC-1 in the circulation or body fluid. The
detection range was 8–256 ng/mL, and the coefficient of variation
was 6.2%.

Statistical Analysis
To estimate the sample size for this study, we applied our
unpublished data from a pre-test of 20 AKI patients for the
pSDC-1 concentration showing a 2-fold increase in patients with
progressive AKI compared with those who did not progress.
The coefficient of variation of pSDC-1 was 0.800. Based on
these parameters and taking into account the design effect of
consecutive sampling (1.5-fold), a minimum of 35 patients was
needed to achieve a 90% power and significance level (alpha) of
0.05 in detecting a 2-fold increase in pSDC-1 concentration in
progressive AKI patients.

Continuous variables were expressed as mean± SD ormedian
and interquartile range, and were compared using independent
sample t-test or Mann-Whitney test. Categorical variables were

expressed as proportions and compared using the chi-square
or Fisher exact test. P < 0.05 were considered statistically
significant. The correlation between fluid balance and syndecan-1
concentrations was assessed using linear regression. We included
the variables with a p < 0.10 from the baseline characteristics
table into the univariate regression analyses to identify risk
factors for AKI progression, and those with p< 0.05 were further
included in the multivariate analysis. The area under the curve
receiver operating characteristic (AUC-ROC) was used to analyze
the predictive value of syndecan-1 for AKI progression. SPSS 22.0
software (IBM Corporation, Armonk, NY, USA) was used for
overall statistical analysis.

RESULTS

Baseline Characteristics
Finally, 167 AKI patients were enrolled in the analysis, including
43 (25.7%) in the progressive AKI group and 124 (74.3%) in the
non-progressive AKI group. The preoperative and intraoperative
conditions of the two groups are shown in Table 1. There were
no significant differences in gender, age, or weight between the
two groups. The body mass index (BMI) in the progressive

TABLE 2 | Postoperative variables and shot-term outcomes in progressive AKI vs. non-progressive AKI groups.

All Non-progressive AKI group Progressive AKI group P

n = 167 n = 124 n = 43

Postoperative (ICU admission)

APACHE II score 11.4 ± 5.5 10.2 ± 4.9 15.0 ± 5.7 <0.001

Euro Score 4.7 ± 2.7 4.5 ± 2.6 5.3 ± 2.8 0.091

Postoperative (at AKI diagnosis)

AKI stage (initial) 0.467

- Stage 1 135 (80.8%) 102 (82.3%) 33 (76.7%)

- Stage 2 24 (14.4%) 16 (12.9%) 8 (18.6%)

- Stage 3 8 (4.8%) 6 (4.8%) 2 (4.7%)

pSDC-1(ng/ml) 117.3 [67.4, 242.3] 96.6 [51.4, 150.6] 245.2 [78.9, 290.5] <0.001

uSDC-1(ng/ml) 54.2 [34.9, 110.2] 52.1 [22.3, 108.9] 86.8 [42.3, 148.7] 0.193

FB(%) 3.4 ± 2.8 2.5 ± 1.8 6.0 ± 3.6 <0.001

Fluid overload [n(%)] 53 (31.7%) 28 (22.6%) 25 (58.1%) <0.001

Lactic acid (mmol/L) 4.3 ± 3.5 3.5 ± 2.4 6.6 ± 4.8 <0.001

PCT (ng/ml) 1.3 [0.5, 4.9] 1.1 [0.4, 4.2] 3.9 [2.7, 7.8] 0.006

Outcomes

AKI stage (worst) <0.001

- Stage 1 102 (61.1%) 102 (82.3%) 0

- Stage 2 47 (28.1%) 16 (12.9%) 31 (72.1%)

- Stage 3 18 (10.8%) 6 (4.8%) 12 (27.9%)

RRT [n(%)] 17 (10.2%) 6 (4.8%) 11 (25.6%) <0.001

Complete renal recovery [n(%)] 133 (79.6%) 104 (83.9%) 29 (67.4%) 0.021

Length of hospital stay (d) 17 ± 8 15 ± 7 21 ± 9 <0.001

Length of ICU stay (d) 4 [2, 6] 3 [2, 4] 5 [4, 16] <0.001

Mechanical ventilation days 2 [1, 3] 2 [1, 3] 3 [2, 10] 0.003

In-hospital mortality [n (%)] 6 (3.6%) 1 (0.8%) 5 (11.6%) 0.001

28-d mortality [n (%)] 4 (2.4%) 1 (0.8%) 3 (7.0%) 0.022

APACHE, acute physiology and chronic health evaluation; AKI, acute kidney injury; FB, fluid balance; PCT, procalcitonin; RRT, renal replacement treatment; ICU, intensive care unit.
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FIGURE 2 | Quartiles of pSDC-1 and uSDC-1 concentration and AKI

progression.

TABLE 3 | Logistic regression analyze the risk factors for AKI progression.

OR (95%CI) P

Univariate

BMI 0.908 (0.787–1.047) 0.183

Contrast medium 1.025 (0.997–1.054) 0.086

Baseline eGFR < 60 ml/(min/1.73 m2) 1.886 (0.941–3.944) 0.016

CPB duration 1.018 (1.007–1.030) 0.002

Aortic clamping duration 1.033 (1.012–1.054) 0.002

Intraoperative ultrafiltration volume 1.001 (1.000–1.001) 0.039

APACHE II score 1.209 (1.083–1.350) 0.001

Euro score 1.067 (0.891–1.277) 0.480

pSDC-1 1.012 (1.006–1.018) <0.001

Fluid overload (Y/N) 4.200 (1.350–13.065) 0.013

Lactic acid (mmol/L) 1.274 (1.087–1.493) 0.003

PCT (ng/ml) 1.064 (0.998–1.133) 0.056

Multivariate

CPB duration 1.014 (1.002–1.046) 0.026

APACHE II on ICU admission 1.201 (1.013–1.437) 0.046

pSDC-1 1.030 (1.001–1.068) 0.020

BMI, body mass index; NYHA, New York Heart Association; eGFR, estimated

glomerular filtration rate; APACHE, Acute Physiology and Chronic Health Evaluation;

PCT, procalcitonin.

AKI group was significantly lower than that in the non-
progressive AKI group. The estimated glomerular filtration
rate (eGFR) in the progressive AKI group was significantly
lower than that in the non-progressive AKI group. The type
of surgery was comparable between the two groups. The CPB
duration and aortic clamping duration in the progressive AKI
group were significantly longer than in the non-progressive
AKI group.

Postoperative Variables and Short-Term
Outcomes
The interquartile pSDC-1 and uSDC-1 concentrations in all
patients were 117.3 [67.4, 242.3] ng/mL and 54.2 [34.9,
110.2] ng/mL, respectively. The pSDC-1 concentration in the
progressive AKI group was significantly higher than that in
the non-progressive AKI group (245.2[78.9, 290.5] vs. 96.6[51.4,
150.6] ng/mL, p< 0.001). There were no significant differences in

uSDC-1 concentration between the two groups (86.8 [42.3, 148.7]
vs. 52.1 [22.3, 108.9] ng/mL, p = 0.193). The accumulated FB in
the progressive AKI group was significantly higher (6.0 ± 3.6 vs.
2.5 ± 1.8, p < 0.001). The lactic acid and procalcitonin (PCT)
levels in the progressive AKI group were significantly higher as
well (Table 2).

In the progressive AKI group, there were 8 patients with
stage 2 progressed to stage 3, and 31 patients with stage 1
progressed to stage 2, and 2 patients with stage 1 progressed to
stage 3. Significantly more patients received RRT treatment in
the progressive AKI group (25.6 vs. 4.8%, p < 0.001). The length
of hospital and ICU stay, and mechanical ventilation duration in
the progressive AKI group were significantly longer than in the
non-progressive AKI group. The 28-d mortality and in-hospital
mortality was significantly higher in the progressive AKI group
than in the non-progressive AKI group (7.0 vs. 0.8%, p = 0.022;
11.6 vs. 0.8%, p= 0.001) (Table 2).

Syndecan-1 and Progressive AKI
Associations between progressive AKI and the pSDC-1
and uSDC-1 concentrations were categorized into quartiles
(Figure 2). The quartiles of pSDC-1 concentration (117.3 [67.4,
242.3] ng/mL) showed a graded association with the incidence
of progressive AKI, ranging from 5.0, 11.9, 32.6 to 52.4% (P for
trend < 0.001). We divided patients into high pSDC-1 group
(n = 82) and low pSDC-1 group (n = 85) according to the
median (117.3 ng/mL). The progressive AKI incidence in the
high pSDC-1 group was greater than that in the low pSDC-1
group (42.7 vs. 9.4%, p < 0.001).

Logistic Regression Analysis for the Risk
Factors of Progressive AKI
The univariate logistic regression showed that baseline eGFR <

60 mL/min/1.73 m2, increased CPB duration, aortic clamping
duration, intraoperative ultrafiltration volume, APACHE II
score, Euro Score, pSDC-1 concentration, fluid overload, lactic
acid levels, and PCT were risk factors for progressive AKI
(Table 3). In multivariate logistic regression, the independent
risk factors for progressive AKI included increased CPB duration
(OR = 1.014, 95% CI: 1.002–1.046), increased APACHE II
on ICU admission (OR = 1.201, 95% CI: 1.013–1.437),
and increased pSDC-1 concentration (OR = 1.030, 95%
CI: 1.001–1.068) (Table 3).

The AUC-ROC areas for increased pSDC-1 concentration
to predict AKI progression and 28-d mortality were
0.847 and 0.892. The cut-off values were 123.8 ng/ml
(with the sensitivity 0.897 and the specificity 0.652) and
277.2 ng/ml (with the sensitivity 0.667 and the specificity
0.883), respectively.

Syndecan-1 and Fluid Overload
Linear regression showed a positive correlation between
FB and pSDC-1 concentration in all AKI patients (R2 =

0.358, p < 0.001) and in the FO group (R2 = 0.360,
p < 0.001). In the non-FO group, there was no significant
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FIGURE 3 | (A) Association between FB and pSDC-1 in all AKI patients. (B) Association between FB and uSDC-1 in all AKI patients. (C) Association between FB and

pSDC-1 in non-FO group and FO groups. (D) Association between FB and uSDC-1 in non-FO group and FO groups.

correlation between FB and pSDC-1 concentration (R2 = 0.020,
p= 0.136) (Figures 3A,C).

Moreover, linear regression showed a positive correlation
between FB and uSDC-1 concentration in all AKI patients
(R2 = 0.058, p = 0.002). There was no correlation between
FB and uSDC-1 concentration in the FO and non-FO groups,
respectively (Figures 3B,D).

We further performed a logistic regression analysis to
understand the potential risk factors for high pSDC-1
(≥117.3 ng/mL). It was showed that FB was the only risk

factor for high pSDC-1 (OR = 1.531, 95% CI: 1.141–2.054)
(Table 4).

Syndecan-1, Fluid Overload, and
Progressive AKI
The progressive AKI incidence was highest in the FO & high
pSDC-1 group (58.3%, n = 21), followed by the non-FO &
high pSDC-1 group (30.4%, n = 14), FO & low pSDC-1 group
(17.6%, n = 3), and non-FO & low pSDC-1 group (7.4%, n = 5)
(Figure 4).
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TABLE 4 | Logistic regression analyze the risk factors for High pSDC-1

(≥117.3 ng/ml).

OR (95%CI) P

Univariate

Baseline eGFR [ml/(min/1.73 m2)] 0.996 (0.984–1.021) 0.531

CPB duration 1.012 (1.004–1.020) 0.004

Aortic clamping duration 1.009 (0.997–1.016) 0.125

APACHE II score 1.124 (1.026–1.232) 0.012

Euro score 1.160 (0.979–1.376) 0.087

FB (%) 1.586 (1.258–2.010) <0.001

Lactic acid (mmol/L) 1.174 (1.005–1.371) 0.043

PCT (ng/ml) 1.112 (1.006–1.254) 0.048

Multivariate

FB (%) 1.531 (1.141–2.054) 0.005

eGFR, estimated glomerular filtration rate; APACHE, Acute Physiology and Chronic Health

Evaluation; FB, fluid balance; PCT, procalcitonin.

FIGURE 4 | Compare the progressive AKI incidence between high vs. low

pSDC-1 in non-FO vs. FO groups.

In the FO group, the progressive AKI incidence was
significantly higher in the high pSDC-1 subgroup than in the
low pSDC-1 subgroup (58.3 vs. 17.6%, OR = 9.167, p = 0.005).
In the non-FO group, the progressive AKI incidence was also
significantly higher in the high pSDC-1 subgroup with a lower
odds ratio (30.4 vs. 7.4%, OR= 6.714, p= 0.002) (Figure 4).

DISCUSSION

In this study, we found that elevated pSDC-1 concentration
measured at AKI diagnosis was associated with progressive AKI
after cardiac surgery. Moreover, pSDC-1 alone showed a good
predictive ability for progressive AKI with an AUC-ROC of 0.847.
We also found a positive correlation between FB and pSDC-
1 concentration, and the interaction between pSDC-1 and FB
may further aggravate AKI, as the odds ratio of elevated pSDC-
1 for progressive AKI was higher in the FO group than in the
non-FO group.

Our findings had two possible explanations. First, cardiac
surgery-induced I/R injury results in damage to the endothelial
glycocalyx and increased SDC-1 (25), and it has been
demonstrated that there is a relationship between the severity

of I/R injury and the extent of endothelial activation (26).
In our previous findings in mice, I/R induced shedding
of SDC-1 from the kidney resulted in the elevation of
serum SDC-1 level (27). Therefore, our assumption was that
for AKI patients, persistent I/R injury may continue to
increase the pSDC-1 concentration. This may be why the
pSDC-1 concentration in the progressive AKI group was
significantly higher than that in the non-progressive AKI
group. Inflammation also plays an important role. Our study
found in the univariate logistic regression (Table 4) that
PCT concentration was one of the risk factors for elevated
pSDC-1. CPB induces a systemic inflammatory reaction, and
inflammatory cytokines (IL-6, IL-8, and IL-10) were associated
with glycocalyx degradation, measured as plasma syndecan-
1 concentrations (28). As endothelial cells serve as the first
barrier to prevent inflammation, SDC-1 degradation results
in increased vessel wall permeability, enhanced adhesion of
leukocytes, and increased perivascular inflammation (4, 5, 29).
Thus, the interaction between inflammation and SDC-1may lead
to a vicious cycle, which aggravates the pathological process in
the renal.

This confirms that positive fluid balance is associated with
worse outcomes (10–12). Patients are prone to receive fluid
resuscitation after cardiac surgeries due to hemodynamic
instability or low cardiac output syndrome. In the present study,
we found a positive correlation between fluid balance, and
pSDC-1 and uSDC-1 in AKI patients. SDC-1 contributed
to maintaining cell shape and structure by regulating
the integrin and tight junction proteins (Occludin and
ZO-1) (30, 31). Hypervolemia may stretch the vascular
wall and worsen vascular permeability, possibly by atrial
natriuretic peptide-induced damage to the glycocalyx (32).
Chappel (13) and Puskarich (14) found that in patients
who received elective surgery and those with severe sepsis,
hypervolemia increased syndecan-1. Furthermore, in our
multivariate logistic regression, FB was the only risk factor
for elevated pSDC-1, which surpassed the CPB duration
and PCT.

Another important result was that, although the progressive
AKI incidence was significantly higher in the high pSDC-1
subgroup than in the low pSDC-1 subgroup in both FO and non-
FO groups, the odds ratio was higher in the FO group. Thismeans
that the elevated pSDC-1 combined with fluid overload may
further aggravate AKI. It is not new that fluid overload leads to
AKI progression and worse outcomes. The present study showed
that the number of patients with fluid overload in the progressive
AKI group was significantly higher (58.1 vs. 22.6%, p < 0.001).
Our previous study found that both excessively negative and
positive accumulative 48-h FBs after cardiac surgery increased
the risk of AKI progression (33). Patients with fluid overload tend
to have more severe endothelial dysfunction with shedding of
the glycocalyx and subsequent capillary leakage (13). This may
cause intravascular hypovolemia, thereby prompting the need
for more fluid administration. Furthermore, there has been an
interconnected relationship between AKI and FO (34). It is very
important to understand this vicious circle betweenAKI and fluid
and endothelial dysfunction.
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We chose 5% as the definition of fluid overload because fluid
administration is relatively strict in our center. Our previous
study showed that the cumulative fluid balance within 24 h after
surgery was 0.7% (−0.4 to 1.9%) in all surgery patients (33). In
the present study, the FB from surgery to AKI diagnosis was
3.4 ± 2.8%, and there were only 1/3 of patients with FB >

5%. Furthermore, studies have demonstrated that FB > 10% is
associated with adverse outcomes, the variables were more severe
by receiving RRT and the adverse event referred to mortality
(35, 36), while our study was AKI progression.

Shed SDC-1 in blood can be filtered by glomeruli and
detected in urine (37). However, in our present study, only the
quartiles of pSDC-1 concentration showed a graded association
with the incidence of progressive AKI, ranging from 5.0 to
52.4%, while this trend was not observed for uSDC-1. It’s very
interesting that the difference between plasma and urine SDC-
1 seems to predict progressive AKI (as in Figure 2, pSDC
- uSDC <0 in Q1 and Q2, but >0 in Q3 and Q4). This
seems likely due to shifting relationship between the gradient
for filtration and the GFR, as with mild AKI, GFR is intact
and high pSDC is filtered and excreted, but with loss of GFR
at high pSDC, the uSDC drops as it is no longer filtered
or excreted.

Our study has some limitations. First, although it was
a prospective study, it was also a single-center study with
small samples, which needs further confirmation. Second, the
samples were evaluated at the time of AKI diagnosis which
was highly variable. Although we tried the best to make
the diagnosis as early as possible (e.g., the urine output was
recorded every 6 h after surgery, and the SCr was monitored
at least once every day), it is still hard to diagnosis at the
earliest time for each patient. Third, we adjusted the SCr
for fluid balance in all samples, and fluid overload may not
the only reason for artifactually low creatinines after cardiac
surgery. In some centers and some patients ultrafiltration is
performed during CPB, and this results in reduced creatinine.
Fourth, although ELISA tests have previously been used
to measure syndecan-1 concentration in urine samples (13,
24), the measurement of urinary glycocalyx is still not very
clear, thereby prompting more studies for more accurate
measurement modalities.

CONCLUSION

Elevated pSDC-1 concentration measured at AKI diagnosis was
associated with progressive AKI after cardiac surgery, and pSDC-
1 can predict progressive AKI well. The interaction between
pSDC-1 and FOmay further aggravate AKI. This may represent a
potential biomarker to identify the risk of AKI progression after
cardiac surgery and highlights the risk of fluid overload in the
treatment of CSA-AKI.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The study was conducted ethically in accordance with the World
Medical Association Declaration of Helsinki, and was approved
by the Ethical Committee of Zhongshan Hospital affiliated
to Fudan University (Approval No. B2018-175, Principal
Investigator: XD).

AUTHOR CONTRIBUTIONS

JX did the study design, collected samples, extracted data,
performed the analysis and drafted the manuscript. WJ and
YL extracted data, performed the analysis, and revised the
manuscript. JT, XX, and XD conceived the idea, did the study
design and participated in manuscript revision. XG and JH
performed the experiment and helped to generate figures. HL
and XC collected samples and data and performed the literature
research. JH, BS, YF, and YW helped to do the study design and
revise the manuscript. CW, GT, and ZL provided patients and
participated in manuscript revision. All authors contributed to
the article and approved the submitted version.

FUNDING

The study was funded by the National Natural Science
Foundation of China (81901939), Shanghai Municipal Hospital
Frontier Technology Project supported by Shanghai ShenKang
Hospital Development Center (No. SHDC12018127), Dynamic
Alert System for Acute Kidney Injury and Multidisciplinary
standard (3502Z20199179), and Shanghai Science and
technology innovation plan Technology Standard Project
(No. 19DZ2205600).

ACKNOWLEDGMENTS

The authors would like to express our sincere gratitude to
our colleagues whose names do not appear on the paper but
contributed diligently to the research. We thank Man Guo and
Pan Zhang for the help of the experiment, and Yiqi Su, Yanting
Shi, Zhihong Chen, Xueping Lin, Man Su for data collection.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.648397/full#supplementary-material

REFERENCES

1. Xu J, Jiang W, Shen B, Fang Y, Teng J, Wang Y, et al. Acute kidney injury in

Cardiac Surgery.Contrib Nephrol. (2018) 193:127–36. doi: 10.1159/000484969

2. Hu J, Chen R, Liu S, Yu X, Zou J, Ding X. Global incidence and outcomes

of adult patients with acute kidney injury after cardiac surgery: a systematic

review and meta-analysis. J Cardiothorac Vasc Anesth. (2016) 30:82–9.

doi: 10.1053/j.jvca.2015.06.017

Frontiers in Medicine | www.frontiersin.org 8 July 2021 | Volume 8 | Article 648397

https://www.frontiersin.org/articles/10.3389/fmed.2021.648397/full#supplementary-material
https://doi.org/10.1159/000484969
https://doi.org/10.1053/j.jvca.2015.06.017
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Xu et al. Syndecan-1 and Acute Kidney Injury

3. Xu JR, Zhu JM, Jiang J, Ding XQ, Fang Y, Shen B, et al. Risk factors

for long-term mortality and progressive chronic kidney disease associated

with acute kidney injury after cardiac surgery. Medicine. (2015) 94:e2025.

doi: 10.1097/MD.0000000000002025

4. Curry FE, Adamson RH. Endothelial glycocalyx: permeability

barrier and mechanosensor. Ann Biomed Eng. (2012) 40:828–39.

doi: 10.1007/s10439-011-0429-8

5. Reitsma, S, Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, Oude

Egbrink MG. The endothelial glycocalyx: composition, functions, and

visualization. Pflugers Arch. (2007) 454:345–59. doi: 10.1007/s00424-007-

0212-8

6. Ushiyama A, Kataoka H, Iijima T. Glycocalyx and its involvement

in clinical pathophysiologies. J Intensive Care. (2016) 4:59.

doi: 10.1186/s40560-016-0182-z

7. Chappell D, Bruegger D, Potzel J, Jacob M, Brettner F, Vogeser

M, et al. Shedding of the endothelial glycocalyx in patients

undergoing major vascular surgery with global and regional ischemia.

Circulation. (2007) 116:1896–906. doi: 10.1161/CIRCULATIONAHA.106.

684852

8. de Melo Bezerra Cavalcante CT, Castelo Branco KM, Pinto Júnior VC,

Meneses GC, de Oliveira Neves FM, de Souza NM, et al. Syndecan-1

improves severe acute kidney injury prediction after pediatric cardiac surgery.

J Thorac Cardiovasc Surg. (2016) 152:178–86.e2. doi: 10.1016/j.jtcvs.2016.

03.079

9. Ferrer NMB, de Melo Bezerra Cavalcante CT, Branco KMC, Júnior VCP,

Meneses GC, de Oliveira Neves FM, et al. Urinary Syndecan-1 and acute

kidney injury after pediatric cardiac surgery. Clin Chim Acta. (2018) 485:205–

9. doi: 10.1016/j.cca.2018.06.033

10. Payen D, de Pont AC, Sakr Y, Spies C, Reinhart K, Vincent JL. A

positive fluid balance is associated with a worse outcome in patients

with acute renal failure. Critical Care. (2008) 12:R74. doi: 10.1186/

cc6916

11. Wang N, Jiang L, Zhu B, Wen Y, Xi B, Beijing Acute Kidney Injury

Trial (BAKIT) Workgroup. Fluid balance and mortality in critically

ill patients with acute kidney injury: a multicenter prospective

epidemiological study. Crit Care. (2015) 19:371. doi: 10.1186/s13054-015-

1085-4

12. Xu j, Shen B, Fang Y, Liu Z, Zou J, Liu L, et al. Postoperative fluid overload

is a useful predictor of the short-term outcome of renal replacement therapy

for acute kidney injury after cardiac surgery. Medicine. (2015) 94:e1360.

doi: 10.1097/MD.0000000000001360

13. Chappell D, Bruegger D, Potzel J, Jacob M, Brettner F, Vogeser M,

et al. Hypervolemia increases release of atrial natriuretic peptide and

shedding of the endothelial glycocalyx. Critical Care. (2014) 18:538.

doi: 10.1186/s13054-014-0538-5

14. Puskarich MA, Cornelius DC, Tharp J, Nandi U, Jones AE. Plasma

syndecan-1 levels identify a cohort of patients with severe sepsis

at high risk for intubation after large-volume intravenous fluid

resuscitation. J Crit Care. (2016) 36:125–9. doi: 10.1016/j.jcrc.2016.

06.027

15. Kellum JA, Lameire N, KDIGO AKI Guideline Work Group.

Diagnosis, evaluation, and management of acute kidney injury: a

KDIGO summary (Part 1). Crit Care. (2013) 17:204. doi: 10.1186/cc

11454

16. Greenberg JH, Zappitelli M, Jia Y, Thiessen-Philbrook HR, de Fontnouvelle

CA, Wilson FP, et al. Biomarkers of AKI progression after pediatric cardiac

surgery. J Am Soc Nephrol. (2018) 29:1549–56. doi: 10.1681/ASN.20170

90989

17. Koeze J, van der Horst ICC, Keus F, Wiersema R, Dieperink W,

Kootstra-Ros JE, et al. Plasma neutrophil gelatinase-associated lipocalin

at intensive care unit admission as a predictor of acute kidney injury

progression. Clin Kidney J. (2020) 13:994–1002. doi: 10.1093/ckj/sf

aa002

18. Bagshaw SM, Wald R, Barton J, Burns KE, Friedrich JO, House AA,

et al. Clinical factors associated with initiation of renal replacement

therapy in critically ill patients with acute kidney injury-a prospective

multicenter observational study. J Crit Care. (2012) 27:268–75.

doi: 10.1016/j.jcrc.2011.06.003

19. Jin J, Chang SC, Xu S, Xu J, Jiang W, Shen B, et al. Early

postoperative serum creatinine adjusted for fluid balance precisely

predicts subsequent acute kidney injury after cardiac surgery. J

Cardiothorac Vasc Anesth. (2019) 33:2695–702. doi: 10.1053/j.jvca.2019.

03.023

20. Liu KD, Thompson BT, Ancukiewicz M, Steingrub JS, Douglas IS, Matthay

MA, et al. Acute kidney injury in patients with acute lung injury: impact

of fluid accumulation on classification of acute kidney injury and associated

outcomes.Crit CareMed. (2011) 39:2665–71. doi: 10.1097/CCM.0b013e31822

8234b

21. Macedo E, Bouchard J, Soroko SH, Chertow GM, Himmelfarb J, Ikizler

TA, et al. Fluid accumulation, recognition and staging of acute kidney

injury in critically-ill patients. Crit Care. (2010) 14:R82. doi: 10.1186/

cc9004

22. Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P, Acute dialysis quality

initiative workgroup. Acute dialysis quality initiative w. acute renal failure -

definition, outcome measures, animal models, fluid therapy and information

technology needs: the second international consensus conference of the

acute Dialysis quality initiative (ADQI) group. Crit Care. (2004) 8:R204–12.

doi: 10.1186/cc2872

23. Bruegger D, Rehm M, Abicht J, Paul JO, Stoeckelhuber M, Pfirrmann

M, et al. Shedding of the endothelial glycocalyx during cardiac surgery:

on-pump versus off-pump coronary artery bypass graft surgery. J

Thorac Cardiovasc Surg. (2009) 138:1445–7. doi: 10.1016/j.jtcvs.2008.

07.063

24. Schmidt EP, Overdier KH, Sun X, Lin L, Liu X, Yang Y, et al. Urinary

Glycosaminoglycans predict outcomes in septic shock and acute respiratory

distress syndrome. Am J Respir Crit Care Med. (2016) 194:439–49.

doi: 10.1164/rccm.201511-2281OC

25. Myers GJ, Wegner J. Endothelial glycocalyx and cardiopulmonary bypass. J

Extra Corpor Technol. (2017) 49:174–81.

26. Brettner F, Chappell D, Schwartz L, Lukasz A, Kümpers P, Becker

BF, et al. Vascular endothelial dysfunction during cardiac surgery: on-

pump versus off-pump coronary surgery. Eur Surg Res. (2017) 58:354–68.

doi: 10.1159/000480431

27. Lu Z, Song N, Shen B, Xu X, Fang Y, Shi Y, et al. Syndecan-

1 shedding inhibition to protect against ischemic acute kidney injury

through HGF target signaling pathway. Transplantation. (2018) 102:e331–44.

doi: 10.1097/TP.0000000000002170

28. Pesonen E, Passov A, Andersson S, Suojaranta R, Niemi T, Raivio

P, et al. Glycocalyx degradation and inflammation in cardiac surgery.

J Cardiothorac Vasc Anesth. (2019) 33:341–5. doi: 10.1053/j.jvca.2018.

04.007

29. Uchimido R, Schmidt EP, Shapiro NI. The glycocalyx: a novel

diagnostic and therapeutic target in sepsis. Critical Care. (2019) 23:16.

doi: 10.1186/s13054-018-2292-6

30. Roper JA, Williamson RC, Bass MD. Syndecan and integrin interactomes:

large complexes in small spaces. Curr Opin Struct Biol. (2012) 22:583–90.

doi: 10.1016/j.sbi.2012.07.003

31. Wang Z, Li R, Tan J, Peng L, Wang P, Liu J, et al. Syndecan-1 acts

in synergy with tight junction through Stat3 signaling to maintain

intestinal mucosal barrier and prevent bacterial translocation. Inflamm

Bowel Dis. (2015) 21:1894–907. doi: 10.1097/MIB.00000000000

00421

32. Bruegger D, Jacob M, Rehm M, Loetsch M, Welsch U, Conzen

P, et al. Atrial natriuretic peptide induces shedding of endothelial

glycocalyx in coronary vascular bed of guinea pig hearts. Am J Physiol

Heart Circ Physiol. (2005) 289:H1993–9. doi: 10.1152/ajpheart.00218.

2005

33. Chen X, Xu J, Li Y, Shen B, Jiang W, Luo Z, et al. The effect

of postoperative fluid balance on the occurrence and progression

of acute kidney injury after cardiac surgery. J Cardiothorac Vasc

Anesth. (2020) S1053–0770(20)31121–6. doi: 10.1053/j.jvca.2020.

10.007

34. Ostermann M, Straaten HM, Forni LG. Fluid overload

and acute kidney injury: cause or consequence?

Critical Care. (2015) 19:443. doi: 10.1186/s13054-015-

1163-7

Frontiers in Medicine | www.frontiersin.org 9 July 2021 | Volume 8 | Article 648397

https://doi.org/10.1097/MD.0000000000002025
https://doi.org/10.1007/s10439-011-0429-8
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1186/s40560-016-0182-z
https://doi.org/10.1161/CIRCULATIONAHA.106.684852
https://doi.org/10.1016/j.jtcvs.2016.03.079
https://doi.org/10.1016/j.cca.2018.06.033
https://doi.org/10.1186/cc6916
https://doi.org/10.1186/s13054-015-1085-4
https://doi.org/10.1097/MD.0000000000001360
https://doi.org/10.1186/s13054-014-0538-5
https://doi.org/10.1016/j.jcrc.2016.06.027
https://doi.org/10.1186/cc11454
https://doi.org/10.1681/ASN.2017090989
https://doi.org/10.1093/ckj/sfaa002
https://doi.org/10.1016/j.jcrc.2011.06.003
https://doi.org/10.1053/j.jvca.2019.03.023
https://doi.org/10.1097/CCM.0b013e318228234b
https://doi.org/10.1186/cc9004
https://doi.org/10.1186/cc2872
https://doi.org/10.1016/j.jtcvs.2008.07.063
https://doi.org/10.1164/rccm.201511-2281OC
https://doi.org/10.1159/000480431
https://doi.org/10.1097/TP.0000000000002170
https://doi.org/10.1053/j.jvca.2018.04.007
https://doi.org/10.1186/s13054-018-2292-6
https://doi.org/10.1016/j.sbi.2012.07.003
https://doi.org/10.1097/MIB.0000000000000421
https://doi.org/10.1152/ajpheart.00218.2005
https://doi.org/10.1053/j.jvca.2020.10.007
https://doi.org/10.1186/s13054-015-1163-7
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Xu et al. Syndecan-1 and Acute Kidney Injury

35. Goldstein SL, Currier H, Graf JM, Cosio CC, Brewer ED, Sachdeva

R. Outcome in children receiving continuous venovenous hemofiltration.

Pediatrics. (2001) 107: 1309–12. doi: 10.1542/peds.107.6.1309

36. Gillespie RS, Seidel K, Symons JM. Effect of fluid overload and dose of

replacement fluid on survival in hemofiltration. Pediatr Nephrol. (2004)

19:1394–9. doi: 10.1007/s00467-004-1655-1

37. Wills BA, Oragui EE, Dung NM, Loan HT, Chau NV, Farrar JJ, et al. Size and

charge characteristics of the protein leak in dengue shock syndrome. J Infect

Dis. (2004) 190:810–8. doi: 10.1086/422754

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Xu, Jiang, Li, Li, Geng, Chen, Hu, Shen, Wang, Fang, Wang, Luo,

Tu, Hu, Ding, Teng and Xu. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 10 July 2021 | Volume 8 | Article 648397

https://doi.org/10.1542/peds.107.6.1309
https://doi.org/10.1007/s00467-004-1655-1
https://doi.org/10.1086/422754
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Association Between Syndecan-1, Fluid Overload, and Progressive Acute Kidney Injury After Adult Cardiac Surgery
	Introduction
	Methods
	Patient Selection
	Definitions
	Study Design
	Measurement of Syndecan-1
	Statistical Analysis

	Results
	Baseline Characteristics
	Postoperative Variables and Short-Term Outcomes
	Syndecan-1 and Progressive AKI
	Logistic Regression Analysis for the Risk Factors of Progressive AKI
	Syndecan-1 and Fluid Overload
	Syndecan-1, Fluid Overload, and Progressive AKI

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


