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Abstract

Background

Aquaporin 5 (AQP5) expression impacts on cellular water transport, renal function but also
on key mechanisms of inflammation and immune cell migration that prevail in sepsis and
ARDS. Thus, the functionally relevant AQP5 -1364A/C promoter single nucleotide polymor-
phism could impact on the development and resolution of acute kidney injury (AKI). Accord-
ingly, we tested the hypothesis that the AQP5 promoter -1364A/C polymorphism is
associated with AKI in patients suffering from pneumonia evoked ARDS.

Methods

This prospective study included 136 adult patients of Caucasian ethnicity with bacterially
evoked pneumonia resulting in ARDS. Blood sampling was performed within 24 hours of
ICU admission and patients were genotyped for the AQP5 promoter -1364A/C single nucle-
otide polymorphism. The development of an AKI and the cumulative net fluid balance was
described over a 30-day observation period and compared between the AA and AC/CC
genotypes, and between survivors and non-survivors.

Results

Incidence of an AKI upon admission did not differ in AA (58%) and AC/CC genotype carriers
(60%; p = 0.791). However, on day 30, homozygous AA genotypes (57%) showed an
increased prevalence of AKI compared to AC/CC genotypes (24%; p = 0.001). Furthermore,
the AA genotype proved to be a strong, independent risk factor for predicting AKI persis-
tence (odds-ratio: 3.35; 95%-Cl: 1.2-9.0; p = 0.017). While a negative cumulative fluid bal-
ance was associated with increased survival (p = 0.001) the AQP5 promoter polymorphism
had no impact on net fluid balance (p = 0.96).
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Conclusions

In pneumonia evoked ARDS, the AA genotype of the AQP5 promoter polymorphism is asso-
ciated with a decreased recovery rate from AKI and this is independent of fluid balance.
Consequently, the role of AQP5 in influencing AKI likely rests in factors other than fluid
balance.

Introduction

Following advances in acute respiratory distress syndrome (ARDS) treatment including main-
tenance of gas exchange by extracorporeal membrane oxygenation (ECMO), many patients do
not die from hypoxemia but from related organ failure [1, 2]. In ARDS, acute kidney injury
(AKI) occurs frequently [3, 4], and despite renal replacement therapies, the morbidity and
mortality associated with AKI remains unacceptably high [4, 5]. In fact, the duration and
severity of an AKI is recognized as important risk factors for adverse outcomes [6]. Therefore,
patients are stratified in distinct phenotypes of an AKI associated with recovery or with poor
prognosis [6, 7].

Some of the variability regarding the recovery from an AKI may be influenced by genetic
variations. A promising candidate gene for investigation of AKI in the context of ARDS is the
water channel aquaporin 5 (AQP5). AQP5 is associated not only with transcellular and renal
fluid transport [8, 9], cell proliferation [10], but also with key mechanisms of inflammation,
including immune cell migration [11, 12]. In humans, an altered AQP5 expression is linked
with a common single nucleotide polymorphism (SNP; -1364A/C; rs3759129) in the AQP5
gene promoter [13]. Substitution of cytosine for adenosine at position -1364 is associated with
decreased AQP5 expression [13] and had significant impact on survival in patients suffering
from sepsis [14]. Thus, an altered AQP5 expression due to the AQP5 -1364A/C promoter SNP
could impact on the development, duration and recovery of an AKI potentially explaining the
higher mortality of AA genotypes associated with an increased AQP5 expression [14].

Accordingly, we tested the hypothesis that the AQP5 -1364A/C promoter polymorphism is
associated with the duration and recovery of an acute kidney injury in patients with ARDS.

Material and methods

This study was reviewed and approved by the Ethics Committee of the Medical Faculty of the
University of Duisburg-Essen (protocol no. 01-97-1697) and written informed consent was
obtained from patients or their guardians. Patients admitted to the intensive care unit (ICU)
of University of Duisburg-Essen Medical School were eligible for enrollment if ARDS was
evoked by a bacterial pneumonia, their condition fulfilled the criteria of the Berlin definition
[15, 16], had received ventilation for less than 7 days and had no previous history of ARDS.
Exclusion criteria were an age less than 18 years, mechanical ventilation for 7 days or longer,
pregnancy, long-term chronic respiratory insufficiency treated with oxygen therapy or non-
invasive ventilation, severe chronic kidney disease (KDIGO category > G4) and a decision to
withhold or withdraw life sustaining therapies on the day of study inclusion.

One hundred thirty-six patients of Caucasian ethnicity with ARDS (79 males (58%), 57
females (42%), mean age: 43.7 years SD + 15.1) were prospectively included. Briefly, ARDS
was evoked in 110 cases (81%) by bacterial pneumonia and in 26 cases (19%) by a primary
extrapulmonary sepsis with a secondary bacterial pneumonia leading to ARDS. Bacterial infec-
tion was proven by positive pathogen detection from lung and/or blood cultures.
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Clinical and demographic data upon study entry, including pre-existing morbidities, Sep-
sis-related Organ Failure Assessment Score, net fluid balance per day, necessity for continuous
hemofiltration/-dialysis, PaO2/FiO2 ratio (Horowitz index), establishment of extracorporeal
membrane oxygenation therapy, pulmonary function variables (mean airway pressure, posi-
tive end-expiratory pressure, compliance, pulmonary arterial pressure, pulmonary vascular
resistance), medications and dosages of vasoactive drugs and blood chemistry values were
recorded. All patients were categorized daily according to the degree of acute kidney injury as
described in the recent KDIGO international guideline [17] on the basis of serum creatinine
concentration and urine output. The worse of both values was applied for AKI staging.
Patients were treated using a multimodal concept that included analgesia and sedation, fluid
administration and lung-protective mechanical ventilation, anticoagulation, as well as hemo-
dynamic, antibiotic and diagnostic management as described previously [14]. Continuous
dialysis, as required, was technically performed by the hospital’s Department of Nephrology,
according to standardized protocols. The observation period was defined from admission on
our ICU either to day 30 of hospital stay or death.

Study groups and end points

The ARDS patients were assigned to two groups (AA genotype vs. AC/CC genotype) depend-
ing on the -1364A/C polymorphism in the AQP5 gene promoter.

The primary end point was an AKI stage > 1 according to the KDIGO Clinical Practice
Guidelines for Acute Kidney Injury on day 30 of ICU stay. A secondary end point was the net
fluid balance on day 30 of ICU stay.

DNA-genotyping

DNA was extracted from whole blood using the QIAamp-Kit (QIAGEN, Hilden, Germany).
For genotyping the SNP -1364A/C in the AQP5 promoter, polymerase chain reaction was per-
formed with the forward AQP5-SE 5" -~GAAACTGCAGGATGAGAGAAAT-3 " and the biotiny-
lated reverse AQP5-AS 5" ~TCTCTGTTCTCCACCTCTCCA-3" followed by pyrosequencing,
as described previously [13, 14].

Statistical analysis

The characteristics of the patients at baseline were reported as percentages for categorical vari-
ables and as means with standard deviations (+ SD) or medians with interquartile ranges (25,
75" percentile) for continuous variables, as appropriate. Categorical variables were compared
with chi-square or Fisher’s exact tests, and continuous variables were compared with paramet-
ric Student’s t-test or non-parametric Wilcoxon-Mann-Whitney-Test. The potential link
between the AQP5 -1364A/C promoter SNP genotypes and AKI was assessed using a multivar-
iate logistic regression model. The regression model was adjusted for clinically pertinent con-
founding factors and factors significant in the univariate analysis.

The AQP5 -1364A/C promoter SNP distributions were tested for deviations from the
Hardy-Weinberg equilibrium (exact two-sided P value, significance value 0.05). Explorative
comparisons by AQP5 -1364A/C genotypes (AC/CC vs. AA) were performed for several clini-
cal patient characteristics (Table 1). AC and CC genotypes were combined because of the low
frequency (3.7%) of the CC genotype, referring to a dominant model with “A” as a risk allele
and “C” as a protective or low-risk allele.

All analyses were conducted at a two-sided alpha error level of 5%. All analyses were per-
formed using SPSS (version 24, IBM, Chicago, IL, USA). For graphical presentations Graph-
Pad Prism 7 (Graph-Pad, San Diego, CA, USA) was used.
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Table 1. Baseline characteristics upon ICU admission of patients with pneumonia evoked ARDS stratified for

AQP5 -1364A/C genotypes (n = 136).

Variable AA AC/CC P-value
n=93 n=43

Age yrs. (range/+ SD) 43.9 (18-77/+15.8) 43.4 (18-66/+13.8) 0.866

Male gender 55 (59%) 24 (56%) 0.715

Body-mass-index (kg/mz) 26.7 (+£6.6) 25.9 (£6.2) 0.558

ARDS severity * 0.489

- mild 17 (18%) 9(21%)

- moderate 27 (29%) 16 (37%)

- severe 49 (53%) 18 (42%)

Organ function assessment

Renal

- Creatinine concentration (mg/ml) 1.53 [0.97-2.94] 1.39 [1.00-1.93] 0.204

- Cont. hemofiltration/dialysis 47 (51%) 18 (42%) 0.346

- AKI stage 1 10 (11%) 4 (9%) 0.806

- AKI stage 2 23 (25%) 14 (33%)

- AKI stage 3 21 (23%) 8 (19%)

Circulatory

- Mean arterial pressure (mmHg) 76 [68-88] 82 [72-88] 0.178

- Cardiac index (L/min/m?) 4.1[2.9-4.9] 3.8 [3.2-4.8] 0.763

- Vasopressor support (n/%) 79 (85%) 34 (79%) 0.395

- Inotropic support (n/%) 36 (39%) 14 (33%) 0.489

- ECMO therapy (n/%) 23 (25%) 14 (33%) 0.340

Respiratory

- Mean airway pressure (mmHg) 28 [24-31] 27 [22-31] 0.441

- Lung compliance (ml/mbar) 29 [20-41] 28 [18-41.5] 0.854

- Horowitz index (paO,/F;O,) 89.5 [68-137] 113 [85-179] 0.129

- Lung injury score 3.3 (x0.5) 3.3 (£0.5) 0.867

Inflammatory

- C-reactive protein concentration (mg/dl) 20.3 [14.8-27.4] 18.5 [8,5-23.8] 0.091

- Procalcitonin concentration (ng/ml) 10.4 [1.0-55.5] 5.0 [1.0-29.0] 0.324

- Leukocyte concentration (*10°/1) 14.0 [9.0-23.1] 16.1 [11.4-23.3] 0.283

Hepatic

- Total bilirubin concentration (mg/dl) 1.0 [0.6-2.0] 0.9 [0.5-1.8] 0.633

- AST (U/I) 62 [33-157] 49 [31-114] 0.326

- ALT (U/) 36 [19-74] 31 [19-75] 0.872

Organ dysfunction scores

-SAPSII 51.7 (£17.2) 49.9 (£15.9) 0.566

- SOFA 13.4 (£4.9) 13.8 (£6.1) 0.716

Outcome

- ICU stay (days) 27.0 [+25.8] 25.0 [+14.6] 0.631

- Duration of mechanical ventilation (days) 14.6 [£9.1] 16.4 [+£8.3] 0.271

- Ventilator free days 9.5 (£9.6) 10.7 (£9.0) 0.504

- RRT free days 7.7 (£9.4) 10.6 (£9.3) 0.099

- 30-days mortality 35 (37.6%) 6 (13.9%) 0.005

Data are presented as n (%); means (+ SD), and medians (25th, 75th percentile)

*ARDS severity was stratified according to Berlin definition [16]

ECMO: extracorporeal membrane oxygenation; Horowitz index: paO,/F,0,; AST: Aspartate aminotransferase; ALT:

Alanine aminotransferase; SAPS II: Simplified Acute Physiology Score; SOFA: Sepsis-related Organ Failure

Assessment score, RRT: Renal replacement therapy

https://doi.org/10.1371/journal.pone.0208582.t001
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Results

The observed 30-day survival of the entire cohort was 69% and the median duration of the
ICU stay was 21 days [11; 34 days]. The baseline characteristics of the 136 patients stratified
for their AQP5 promoter SNP genotypes and for survivors vs. non-survivors are presented in
Tables 1 and 2, respectively.

Regarding distribution of the genetic variations according the Hardy-Weinberg equilib-
rium of the AQP5 SNPs we observed 93 AA genotypes (expected: 92.2), 38 for the AC genotype
(expected: 39.5), and 5 for the CC genotype (expected: 4.2). Accordingly, there was no devia-
tion from the Hardy-Weinberg equilibrium (p = 0.655).

Upon ICU admission, AA genotypes (58%) and AC/CC genotypes (60%) showed compara-
ble frequencies of acute kidney injury with an AKI stage > 1 (p = 0.791; Fig 1).

No differences were found between AA and AC/CC genotypes regarding serum creatinine
(p = 0.204), necessity for continuous hemofiltration/-dialysis (p = 0.346), vasopressor support
(p = 0.395), simplified Acute Physiology Score II (p = 0.566) or Sequential Organ Failure
Assessment score (p = 0.716; Table 1). Moreover, there was no genotype-dependent pattern
for infection type (p = 0.495) or primary diagnosis at hospital admission (p = 0.867). However,
despite similarity in these variables the AA genotype was associated with an increased mortal-
ity (p = 0.005).

A significantly higher rate of AKI persisted in AA genotypes from day 10 and on (p = 0.025;
Fig 1). On day 30, 57% of AA genotype patients still had an AKI stage >1, compared to only
24% in AC/CC genotypes (p = 0.001; Fig 1). Furthermore, the AA genotype of the AQP5 pro-
moter SNP was an independent risk factor for an AKI with an estimated odds ratio of 3.35
(CI-95%: 1.2-9.0; p = 0.017; Table 3).

Comparing the prevalence of AKI on admission between 30-day survivors (60%) and non-
survivors (56%) we also found no significant difference (p = 0.671; Fig 2).

However, with regard to organ functions (Table 2), non-survivors showed greater serum
creatinine concentrations (p = 0.038), greater total bilirubin concentrations (p = 0.011), a
greater aspartate aminotransferase (p = 0.007) and alanine aminotransferase activity
(p = 0.043), as well as lower mean arterial pressures (p = 0.034) and fewer ventilator free days
(p =0.001). On day 30 seventy-three per cent of non-survivors but only thirty-six per cent of
survivors had an AKI stage >1 (p<0.001; Fig 2).

The cumulative net fluid balance on days 1, 5, 10, 15, 20, 25, and 30 stratified for survivors
and non-survivors and for AA genotypes and AC/CC genotypes are depicted in Figs 3 and 4,
respectively.

A significant difference of the net fluid balance of survivors and non-survivors was
observed from day 10 and on (p = 0.017). The cumulative net fluid balance on day 30 for survi-
vors was -3.4 L (95%CI: -1.4 to -5.4) but +2.8L (95%CI: +0.1 to +5.6 for non-survivors
(p = 0.001; Fig 3) but was not different between AA genotypes (-1.4L; 95%CI: +0.6 to -3.4) and
AC/CC genotypes (-1.9L; 95%CIL: +1.2 to -5.1) (p = 0.959; Fig 4). Furthermore, we found a neg-
ative cumulative fluid balance on day 30 in almost all patients without AKI (95%-CI: -4.6L -
-0.4L), whereas patients with an AKI stage >1 showed a trend to more positive cumulative
fluid balance on day 30 (95%-CI: -3.1L - 1.6L), but without statistical significant difference
(p = 0.078; S1 Fig).

Discussion

We found a significant association between the AQP5 -1364A/C promoter SNP genotype and
recovery from AKI during treatment of patients suffering from pneumonia evoked ARDS.
Furthermore, the AA genotype is a strong and independent risk factor for AKI with an
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Table 2. Baseline characteristics upon ICU admission of patients with pneumonia evoked ARDS as stratified for 30-day survival and non-survival (n = 136).

Variable Survivors Non-Survivors P-value
n=95 n=41

Age yrs. (range/+ SD) 43.2 (18-77/+15.2) 449 (18-66/+15.1) 0.866

Male gender 54 (57%) 25 (61%) 0.654

Body-mass-index (kg/m°) 26.9 (£6.4) 25.5 (£ 6.5) 0.259

ARDS severity * 0.655

- mild 20 (21%) 6 (14%)

- moderate 30 (32%) 13 (32%)

- severe 45 (47%) 22 (54%)

Organ function assessment

Renal

- Creatinine concentration (mg/mi) 1.31 [0.88-2.61] 1.69 [1.34-2.79] 0.038

- Cont. hemofiltration/dialysis 43 (45%) 22 (54%) 0.368

- AKI stage 1 8 (8%) 6 (15%) 0.143

- AKI stage 2 32 (34%) 6 (15%)

- AKI stage 3 17 (12%) 11(27%)

Circulatory

- Mean arterial pressure (mmHg) 82 [72-89] 72.5 [68-81] 0.034

- Cardiac index (L/min/m?) 4.1 [3.2-4.8] 3.8 [2.7-5.2] 0.647

- Vasopressor support (n/%) 80 (84%) 33 (80%) 0.595

- Inotropic support (n/%) 31 (33%) 19 (46%) 0.128

- ECMO therapy (n/%) 25 (26%) 12 (29%) 0.723

Respiratory

- Mean airway pressure (mmHg) 28 [23-31] 28 [24-31] 0.899

- Lung compliance (ml/mbar) 28 [20-42] 29 [17-40] 0.623

- Horowitz index (paO,/F;0,) 105 [69.5-176] 90 [72-117] 0.297

- Lung injury score 3.3 (+0.5) 3.2 (+0.5) 0.585

Inflammatory

- C-reactive protein concentration (mg/dl) 18.0 [10.3-27.3] 19.6 [7.6-24.7] 0.811

- Procalcitonin concentration (ng/ml) 5.8 [0.6-35.4] 10.5 [3,8-47.3] 0.110

- Leukocyte concentration (*10°/1) 15.9 [10.1-23.6] 12.7 [8.8-17.2] 0.102

Hepatic

- Total bilirubin concentration (mg/dl) 0.9 [0.5-1.5] 1.3 [0.7-3.0] 0.011

- AST (U/I) 52 [31-110] 111 [44-360] 0.007

- ALT (U/) 31 [18-58] 39 [20-132] 0.043

Organ dysfunction scores

-SAPSII 48.4.7 (£16.4) 57.3 (£16.0) 0.004

- SOFA 12.8 (£5.7) 15.4 (+3.4) 0.011

Outcome

- ICU stay (days) 29.9 (+24.8) 18.2 (+14.8) 0.006

- Duration of mechanical ventilation (days) 16.9 (+8.6) 11.1 (+8.2) <0.001

- Ventilator free days 11.6 (+8.9) 5.9 (+9.2) 0.001

- RRT free days 10.1 (£9.5) 5.2 (+8.2) 0.005

Data are presented as n (%); means (+ SD), and medians (25th, 75th percentile)

*ARDS severity according to Berlin definition [16]

ECMO: extracorporeal membrane oxygenation; Horowitz index: paO,/F;0; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; SAPS II: Simplified

Acute Physiology Score; SOFA: Sepsis-related Organ Failure Assessment score; RRT: Renal replacement therapy

https:/doi.org/10.1371/journal.pone.0208582.t002
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Fig 1. Proportion of all patients (n = 136) with acute kidney injury (AKI stage > 1 according to KDIGO criteria) in AA
und AC/CC genotypes of the AQP5 -1364A/C promoter SNP. Measurements on day 1, 5, 10, 15, 20, 25 and 30.

https://doi.org/10.1371/journal.pone.0208582.9001

estimated odds-ratio of 3.35. While resolution of AKI was strongly linked to the AQP5 geno-
type it was not related to the patients‘net fluid balance suggesting that these genotype depen-
dent effects are mediated by pathways other than those related to renal excretory function.
Despite advances in therapy, the morbidity and mortality of ARDS and AKI still remains
unacceptably high, especially if multiple organ failures develop concurrently [4, 5] and persist

Table 3. Factors independently associated with AKI after adjustment for confounders (stepwise logistic regression).

(Co) variable
Initial
p-value

Aquaporin 5 -1364A/C genotype

-AC/CC -

-AA 0.025
Age [per year] 0.045
Dialysis [no] -
Dialysis [yes] 0.302
ECMO [no] -
ECMO [yes] 0.122

Cumulative fluid balance on day 30
-2.5L - +2.5L -

<-2.5L 0.432
> +2.5L 0.398

Multivariate

Restricted
OR 95%- CI p-value OR 95%- CI
1 - 1
3.203 1.516-8.874 0.017 3.350 1.244-9.021
1.033 1.000-1.067 0.048 1.020 1.000-1.046
1
0.584 0.210-1.622
1
0.404 0.132-1.235
1 1
0.639 0.209-1.953
1.728 0.486-6.139

OR: Odds ratio point estimates, 95% CI, and p-values (two-sided) are reported. Homer-Lemeshow statistics were as follows: k* = 13.2; p = 0.104

https://doi.org/10.1371/journal.pone.0208582.t003
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Fig 2. Proportion of all patients (n = 136) with acute kidney injury (AKI stage > 1 according KDIGO criteria) stratified
for survivors and non-survivors. Measurements on day 1, 5, 10, 15, 20, 25 and 30.
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Proportion AKI stage

longer [6, 18]. A growing evidence points to deleterious interactions between lung and kidney,
explaining at least in part the high incidence and mortality in patients suffering from ARDS
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Fig 3. Mean cumulative fluid balance with 95% CI for survivors and non-survivors until ICU day 30. The fluid balance in patients who died was markedly greater
than in the survivors.

https://doi.org/10.1371/journal.pone.0208582.9003
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Fig 4. Mean cumulative fluid balances with 95% CI stratified for AA and AC/CC genotypes of the AQP5 -1364A/C promoter SNP until ICU day 30. The fluid
balance showed no difference between the AQP5 genotypes.

https://doi.org/10.1371/journal.pone.0208582.9004

Mean cumulative fluid balance

and AKI [4, 19]. Experimental studies have revealed increased airway and alveolar pressure,
fluid overload and systemic inflammation as potential pathways evoking kidney dysfunction
[20-24]. Furthermore, excessive positive-pressure ventilation affects systemic inflammation
and immune cell migration [25] with higher frequencies of an inflammation-dependent AKI
[4, 19, 26].

However, notwithstanding a large number of reports suggesting an interaction between
respiratory failure, inflammation and AKI, only few studies have addressed genetic risk factors
in ARDS evoked renal dysfunction. In the present study, we reveal by demonstrating a signifi-
cant higher rate of AKI in AA genotypes on day 30 that the functionally relevant AQP5 pro-
moter polymorphism impacts on recovery of kidney function. In fact, the AA genotype turned
out to be a strong, significant and independent risk factor for AKI during the course of pneu-
monia evoked ARDS.

While the exact mechanisms cannot be pinpointed by our study, a few speculations can be
made. Many investigators reported an association of fluid balance with ARDS mortality [27,
28]. This is in full conformity with our data since we found that a negative fluid balance from
day 10 and on is associated with a significantly lower 30-days mortality. However, since the
AQP5 promoter polymorphism did not impact on cumulative net fluid balance, the genotype
dependent resolution of AKI and survival are probably due to mechanisms unrelated to APQ5
effects on renal excretory function and fluid balance. In this context, recent experimental stud-
ies of AQP5 expression in-situ in kidneys of mice, rats and humans failed to reveal an impact
of AQP5 in active transepithelial fluid absorption under normal conditions [29] or in acute
lung injury [8].

Decreased recovery from acute kidney injury and increased mortality in AA genotypes in
ARDS is more likely mediated by increased pulmonary inflammation than due to the role of
aquaporins in water transport or fluid balance. Previous studies have suggested that AQP5
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seems to be a key protein of inflammation in severe sepsis and ARDS [12, 30]. In this context,
wild type mice show an increased neutrophil migration into the lung and greater mortality
compared to AQP5-knock-out mice after intraperitoneal lipopolysaccharide injection [12].
Additionally, target-oriented migration of human neutrophils across a membrane is signifi-
cantly faster and more profound with increased AQP5 expression in the AA genotype of the
AQP5 -1364A/C SNP [12]. Given the presence of a large population of activated leukocytes
within the inflamed lung potentially also impacts on the kidneys by a harmful lung-kidney
organ crosstalk [31] with a recent study identifying markedly similar expression of 109 impor-
tant proinflammatory genes occurring homogenously in both lung and kidneys during an AKI
[32].

Limitations

Our study has limitations. First, the observational design and lack of histologic and mechanis-
tic examinations precludes verification about causality and mechanisms. Furthermore, more
detailed data regarding causes of death, side effects, and longer follow up period may have
expanded insights but were unavailable. Therefore, associations between the AQP5 promoter
SNP and AKI are limited to day 30 predictions. Second, we did not consider the long-term
renal recovery of survivors beyond the 30-days observation period. Third, unrecognized selec-
tion bias, inherent to many genetic association studies, cannot be excluded entirely. Since our
study was conducted in patients of European-Caucasian descent, findings cannot be general-
ized to subjects of other ancestries. However, the single center nature of this study may be an
advantage as it limits variation in therapeutic protocols among institutions.

Conclusion

In pneumonia evoked ARDS, the AA genotype of the AQP5 -1364A/C promoter SNP is associ-
ated with a decreased recovery rate from acute kidney injury and this is independent from the
patients net fluid balance. This suggests that mechanisms other than AQP5 effects on renal
water excretion and fluid balance are responsible.

Supporting information

S1 Fig. Mean cumulative fluid balance with 95% CI stratified for patients with AKI (AKI
stage > 1) and without AKI until ICU day 30. Measurements on day 1, 5, 10, 15, 20, 25, and
30.

(PDF)

S2 Fig. Proportion of all patients stratified for AKI stage 1, 2, and 3 according to KDIGO
criteria. Measurements on day 1, 5, 10, 15, 20, 25, and 30.
(PDF)

S1 File. Raw data set.
(XLSX)

Author Contributions

Conceptualization: Tim Rahmel, Hartmuth Nowak, Katharina Rump, Winfried Siffert, Jir-
gen Peters, Michael Adamzik.

Data curation: Tim Rahmel, Hartmuth Nowak, Katharina Rump, Winfried Siffert, Jiirgen
Peters, Michael Adamzik.

PLOS ONE | https://doi.org/10.1371/journal.pone.0208582 December 5,2018 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208582.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208582.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208582.s003
https://doi.org/10.1371/journal.pone.0208582

®PLOS | one

AQP5 SNP affects AKI recovery in ARDS

Formal analysis: Tim Rahmel, Hartmuth Nowak, Jiirgen Peters, Michael Adamzik.
Funding acquisition: Tim Rahmel.

Investigation: Tim Rahmel, Katharina Rump, Winfried Siffert, Jiirgen Peters, Michael
Adamzik.

Methodology: Tim Rahmel, Hartmuth Nowak, Katharina Rump, Jiirgen Peters, Michael
Adamzik.

Project administration: Tim Rahmel, Winfried Siffert, Jiirgen Peters, Michael Adamzik.
Resources: Katharina Rump, Winfried Siffert, Jiirgen Peters, Michael Adamzik.
Software: Tim Rahmel, Winfried Siffert, Jiirgen Peters, Michael Adamzik.

Supervision: Winfried Siffert, Jiirgen Peters, Michael Adamzik.

Validation: Tim Rahmel, Hartmuth Nowak, Katharina Rump, Winfried Siffert, Jiirgen Peters,
Michael Adamzik.

Visualization: Tim Rahmel, Jiirgen Peters, Michael Adamzik.
Writing - original draft: Tim Rahmel, Michael Adamzik.

Writing - review & editing: Tim Rahmel, Hartmuth Nowak, Katharina Rump, Winfried Sif-
fert, Jiirgen Peters, Michael Adamzik.

References

1. ChenYC, Tsai FC, Chang CH, Lin CY, Jenq CC, Juan KC, et al. Prognosis of patients on extracorporeal
membrane oxygenation: the impact of acute kidney injury on mortality. Ann Thorac Surg. 2011; 91:
137—42. https://doi.org/10.1016/j.athoracsur.2010.08.063 PMID: 21172502

2. Paladino JD, Hotchkiss JR, Rabb H. Acute kidney injury and lung dysfunction: a paradigm for remote
organ effects of kidney disease? Microvasc Res. 2009; 77: 8—12. https://doi.org/10.1016/j.mvr.2008.09.
001 PMID: 18929580

3. RabbH, Chamoun F, Hotchkiss J. Molecular mechanisms underlying combined kidney-lung dysfunc-
tion during acute renal failure. Contrib Nephrol. 2001: 41-52. PMID: 11395909

4. Darmon M, Clec’h C, Adrie C, Argaud L, Allaouchiche B, Azoulay E, et al. Acute respiratory distress
syndrome and risk of AKI among critically ill patients. Clin J Am Soc Nephrol. 2014; 9: 1347-53. https:/
doi.org/10.2215/CJN.08300813 PMID: 24875195

5. Cooke CR, Kahn JM, Caldwell E, Okamoto VN, Heckbert SR, Hudson LD, et al. Predictors of hospital
mortality in a population-based cohort of patients with acute lung injury. Crit Care Med. 2008; 36: 1412—
20. https://doi.org/10.1097/CCM.0b013e318170a375 PMID: 18434894

6. Federspiel CK, Itenov TS, Mehta K, Hsu RK, Bestle MH, Liu KD. Duration of acute kidney injury in criti-
cally ill patients. Ann Intensive Care. 2018; 8: 30. https://doi.org/10.1186/s13613-018-0374-x PMID:
29473104

7. Bellomo R, Ronco C, Mehta RL, Asfar P, Boisrame-Helms J, Darmon M, et al. Acute kidney injury in the
ICU: from injury to recovery: reports from the 5th Paris International Conference. Ann Intensive Care.
2017; 7: 49. https://doi.org/10.1186/s13613-017-0260-y PMID: 28474317

8. SongY, Fukuda N, Bai C, Ma T, Matthay MA, Verkman AS. Role of aquaporins in alveolar fluid clear-
ance in neonatal and adult lung, and in oedema formation following acute lung injury: studies in trans-
genic aquaporin null mice. J Physiol. 2000; 525 Pt 3: 771-9.

9. Verkman AS. Role of aquaporins in lung liquid physiology. Respir Physiol Neurobiol. 2007; 159: 324—
30. https://doi.org/10.1016/j.resp.2007.02.012 PMID: 17369110

10. ZhangZ, ChenZ, SongY, Zhang P, Hu J, Bai C. Expression of aquaporin 5 increases proliferation and
metastasis potential of lung cancer. J Pathol. 2010; 221: 210-20. https://doi.org/10.1002/path.2702
PMID: 20455256

11. Papadopoulos MC, Saadoun S, Verkman AS. Aquaporins and cell migration. Pflugers Arch. 2008; 456:
693-700. https://doi.org/10.1007/s00424-007-0357-5 PMID: 17968585

PLOS ONE | https://doi.org/10.1371/journal.pone.0208582 December 5,2018 11/13


https://doi.org/10.1016/j.athoracsur.2010.08.063
http://www.ncbi.nlm.nih.gov/pubmed/21172502
https://doi.org/10.1016/j.mvr.2008.09.001
https://doi.org/10.1016/j.mvr.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18929580
http://www.ncbi.nlm.nih.gov/pubmed/11395909
https://doi.org/10.2215/CJN.08300813
https://doi.org/10.2215/CJN.08300813
http://www.ncbi.nlm.nih.gov/pubmed/24875195
https://doi.org/10.1097/CCM.0b013e318170a375
http://www.ncbi.nlm.nih.gov/pubmed/18434894
https://doi.org/10.1186/s13613-018-0374-x
http://www.ncbi.nlm.nih.gov/pubmed/29473104
https://doi.org/10.1186/s13613-017-0260-y
http://www.ncbi.nlm.nih.gov/pubmed/28474317
https://doi.org/10.1016/j.resp.2007.02.012
http://www.ncbi.nlm.nih.gov/pubmed/17369110
https://doi.org/10.1002/path.2702
http://www.ncbi.nlm.nih.gov/pubmed/20455256
https://doi.org/10.1007/s00424-007-0357-5
http://www.ncbi.nlm.nih.gov/pubmed/17968585
https://doi.org/10.1371/journal.pone.0208582

®PLOS | one

AQP5 SNP affects AKI recovery in ARDS

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Rump K, Unterberg M, Bergmann L, Bankfalvi A, Menon A, Schafer S, et al. AQP5-1364A/C polymor-
phism and the AQP5 expression influence sepsis survival and immune cell migration: a prospective lab-
oratory and patient study. J Transl Med. 2016; 14: 321. https://doi.org/10.1186/s12967-016-1079-2
PMID: 27871297

Adamzik M, Frey UH, Bitzer K, Jakob H, Baba HA, Schmieder RE, et al. A novel-1364A/C aquaporin 5
gene promoter polymorphism influences the responses to salt loading of the renin-angiotensin-aldoste-
rone system and of blood pressure in young healthy men. Basic Res Cardiol. 2008; 103: 598—610.
https://doi.org/10.1007/s00395-008-0750-z PMID: 18846354

Adamzik M, Frey UH, Mohlenkamp S, Scherag A, Waydhas C, Marggraf G, et al. Aquaporin 5 gene pro-
moter—1364A/C polymorphism associated with 30-day survival in severe sepsis. Anesthesiology.
2011; 114: 912—7. https://doi.org/10.1097/ALN.0b013e31820ca911 PMID: 21427539

Ferguson ND, Fan E, Camporota L, Antonelli M, Anzueto A, Beale R, et al. The Berlin definition of
ARDS: an expanded rationale, justification, and supplementary material. Intensive Care Med. 2012; 38:
1573-82. https://doi.org/10.1007/s00134-012-2682-1 PMID: 22926653

Force ADT, Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, et al. Acute respira-
tory distress syndrome: the Berlin Definition. JAMA. 2012; 307: 2526—-33. https://doi.org/10.1001/jama.
2012.5669 PMID: 22797452

Khwaja A. KDIGO Clinical Practice Guidelines for Acute Kidney Injury. Nephron Clin Pract. 2012; 120:
C179-C84. https://doi.org/10.1159/000339789 PMID: 22890468

Pannu N, James M, Hemmelgarn B, Klarenbach S, Alberta Kidney Disease N. Association between
AKI, recovery of renal function, and long-term outcomes after hospital discharge. Clin J Am Soc
Nephrol. 2013; 8: 194-202. https://doi.org/10.2215/CJN.06480612 PMID: 23124779

Ranieri VM, Giunta F, Suter PM, Slutsky AS. Mechanical ventilation as a mediator of multisystem organ
failure in acute respiratory distress syndrome. JAMA. 2000; 284: 43—4. PMID: 10872010

Kuiper JW, Groeneveld AB, Slutsky AS, Plotz FB. Mechanical ventilation and acute renal failure. Crit
Care Med. 2005; 33: 1408-15. PMID: 15942363

Campanholle G, Landgraf RG, Goncalves GM, Paiva VN, Martins JO, Wang PH, et al. Lung inflamma-
tion is induced by renal ischemia and reperfusion injury as part of the systemic inflammatory syndrome.
Inflamm Res. 2010; 59: 861-9. https://doi.org/10.1007/s00011-010-0198-0 PMID: 20396927

Rabb H, Wang Z, Nemoto T, Hotchkiss J, Yokota N, Soleimani M. Acute renal failure leads to dysregula-
tion of lung salt and water channels. Kidney Int. 2003; 63: 600—6. https://doi.org/10.1046/j.1523-1755.
2003.00753.x PMID: 12631124

Basu RK, Wheeler D. Effects of ischemic acute kidney injury on lung water balance: nephrogenic pul-
monary edema? Pulm Med. 2011; 2011: 414253. https://doi.org/10.1155/2011/414253 PMID:
21660235

Annat G, Viale JP, Bui Xuan B, Hadj Aissa O, Benzoni D, Vincent M, et al. Effect of PEEP ventilation on
renal function, plasma renin, aldosterone, neurophysins and urinary ADH, and prostaglandins. Anesthe-
siology. 1983; 58: 136—41. PMID: 6337527

Ranieri VM, Suter PM, Tortorella C, De Tullio R, Dayer JM, Brienza A, et al. Effect of mechanical ventila-
tion on inflammatory mediators in patients with acute respiratory distress syndrome: a randomized con-
trolled trial. JAMA. 1999; 282: 54—61. PMID: 10404912

Acute Respiratory Distress Syndrome N, Brower RG, Matthay MA, Morris A, Schoenfeld D, Thompson
BT, et al. Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. N Engl J Med. 2000; 342: 1301-8. https://doi.org/
10.1056/NEJM200005043421801 PMID: 10793162

Rosenberg AL, Dechert RE, Park PK, Bartlett RH, Network NNA. Review of a large clinical series: asso-
ciation of cumulative fluid balance on outcome in acute lung injury: a retrospective review of the ARDS-
net tidal volume study cohort. J Intensive Care Med. 2009; 24: 35-46. https://doi.org/10.1177/
0885066608329850 PMID: 19103612

National Heart L, Blood Institute Acute Respiratory Distress Syndrome Clinical Trials N, Wiedemann
HP, Wheeler AP, Bernard GR, Thompson BT, et al. Comparison of two fluid-management strategies in
acute lung injury. N Engl J Med. 2006; 354: 2564—75. https://doi.org/10.1056/NEJMoa062200 PMID:
16714767

Procino G, Mastrofrancesco L, Sallustio F, Costantino V, Barbieri C, Pisani F, et al. AQP5 is expressed
in type-B intercalated cells in the collecting duct system of the rat, mouse and human kidney. Cell Phy-
siol Biochem. 2011; 28: 683-92. https://doi.org/10.1159/000335762 PMID: 22178880

Rump K, Brendt P, Frey UH, Schafer ST, Siffert W, Peters J, et al. Aquaporin 1 and 5 expression
evoked by the beta2 adrenoreceptor agonist terbutaline and lipopolysaccharide in mice and in the
human monocytic cell line THP-1 is differentially regulated. Shock. 2013; 40: 430-6. https://doi.org/10.
1097/SHK.0000000000000035 PMID: 24088990

PLOS ONE | https://doi.org/10.1371/journal.pone.0208582 December 5,2018 12/13


https://doi.org/10.1186/s12967-016-1079-2
http://www.ncbi.nlm.nih.gov/pubmed/27871297
https://doi.org/10.1007/s00395-008-0750-z
http://www.ncbi.nlm.nih.gov/pubmed/18846354
https://doi.org/10.1097/ALN.0b013e31820ca911
http://www.ncbi.nlm.nih.gov/pubmed/21427539
https://doi.org/10.1007/s00134-012-2682-1
http://www.ncbi.nlm.nih.gov/pubmed/22926653
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1001/jama.2012.5669
http://www.ncbi.nlm.nih.gov/pubmed/22797452
https://doi.org/10.1159/000339789
http://www.ncbi.nlm.nih.gov/pubmed/22890468
https://doi.org/10.2215/CJN.06480612
http://www.ncbi.nlm.nih.gov/pubmed/23124779
http://www.ncbi.nlm.nih.gov/pubmed/10872010
http://www.ncbi.nlm.nih.gov/pubmed/15942363
https://doi.org/10.1007/s00011-010-0198-0
http://www.ncbi.nlm.nih.gov/pubmed/20396927
https://doi.org/10.1046/j.1523-1755.2003.00753.x
https://doi.org/10.1046/j.1523-1755.2003.00753.x
http://www.ncbi.nlm.nih.gov/pubmed/12631124
https://doi.org/10.1155/2011/414253
http://www.ncbi.nlm.nih.gov/pubmed/21660235
http://www.ncbi.nlm.nih.gov/pubmed/6337527
http://www.ncbi.nlm.nih.gov/pubmed/10404912
https://doi.org/10.1056/NEJM200005043421801
https://doi.org/10.1056/NEJM200005043421801
http://www.ncbi.nlm.nih.gov/pubmed/10793162
https://doi.org/10.1177/0885066608329850
https://doi.org/10.1177/0885066608329850
http://www.ncbi.nlm.nih.gov/pubmed/19103612
https://doi.org/10.1056/NEJMoa062200
http://www.ncbi.nlm.nih.gov/pubmed/16714767
https://doi.org/10.1159/000335762
http://www.ncbi.nlm.nih.gov/pubmed/22178880
https://doi.org/10.1097/SHK.0000000000000035
https://doi.org/10.1097/SHK.0000000000000035
http://www.ncbi.nlm.nih.gov/pubmed/24088990
https://doi.org/10.1371/journal.pone.0208582

®PLOS | one

AQP5 SNP affects AKI recovery in ARDS

31. Abraham E. Neutrophils and acute lung injury. Crit Care Med. 2003; 31: S195-9. https://doi.org/10.
1097/01.CCM.0000057843.47705.E8 PMID: 12682440

32. Grigoryev DN, Liu M, Hassoun HT, Cheadle C, Barnes KC, Rabb H. The local and systemic inflamma-

tory transcriptome after acute kidney injury. J Am Soc Nephrol. 2008; 19: 547-58. https://doi.org/10.
1681/ASN.2007040469 PMID: 18235097

PLOS ONE | https://doi.org/10.1371/journal.pone.0208582 December 5,2018 13/13


https://doi.org/10.1097/01.CCM.0000057843.47705.E8
https://doi.org/10.1097/01.CCM.0000057843.47705.E8
http://www.ncbi.nlm.nih.gov/pubmed/12682440
https://doi.org/10.1681/ASN.2007040469
https://doi.org/10.1681/ASN.2007040469
http://www.ncbi.nlm.nih.gov/pubmed/18235097
https://doi.org/10.1371/journal.pone.0208582

