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Abstract: Background/Objectives: Acute respiratory distress syndrome (ARDS) is a life-
threatening condition that frequently complicates high-risk cardiac surgery. We evaluated
the circulating levels and transpulmonary gradient of intracellular proteins in patients at
risk of developing ARDS after cardiac surgery using large scale-proteomics. Methods:
We enrolled sixteen patients undergoing high-risk cardiac surgery, followed by planned
ICU admission. Circulating levels of intracellular proteins were measured at the onset
of the surgical procedure, at ICU admission (H0), and 24 h (H24) after surgery in blood
samples simultaneously drawn from both the pulmonary artery and the left atrium. The
primary endpoint was the occurrence of ARDS between ICU admission and the subsequent
48 h. Results: Among the studied proteins, the levels of intracellular lectin-like oxidized
low-density lipoprotein receptor-1 (LOX-1) were higher at H24 in the pulmonary artery in
patients who developed ARDS (6.96; 95% CI [6.83-7.23]) compared to patients who did not
(6.48; 95% CI [6.27-6.66]), p-value = 0.016. The transpulmonary gradient of intracellular
LOX-1 levels was not significantly different between ARDS and non-ARDS patients at
HO but it was more negative at H24 in ARDS (—0.23; 95% CI [—0.27, —0.14]) than in non-
ARDS patients (0.03; 95% CI [—0.14, 0.32]; p-value= 0.031), with a hazard ratio HR = 0.39
(95% CI[0.18-0.86]); p-value= 0.035. The area under the ROC curve of H24 LOX-1 transpul-
monary gradient to predict ARDS occurrence was 0.83 (95% CI [0.62-1.00]). Conclusions:
The transpulmonary gradient of intracellular LOX-1 levels was negatively associated with
the occurrence of ARDS within the first 48 h after high-risk cardiac surgery, suggesting that
lung trapping of LOX-1 may be linked to postoperative ARDS.
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1. Introduction

Acute respiratory distress syndrome (ARDS) is a frequent and life-threatening con-
dition, occurring in 10% of patients admitted to the intensive care unit (ICU) and in 23%
of mechanically ventilated patients [1]. Acute respiratory distress syndrome is associated
with poor outcomes [1]. Its definition, based on Berlin and Global criteria [2], includes an
onset within 7 days of a known clinical insult (or new or worsening respiratory symptoms),
bilateral opacities on chest imaging, a decreased PaO;/FiO, ratio < 300, and a minimum
PEEP setting or CPAP [3,4]. The pathophysiology of ARDS is not completely understood,
but it likely includes capillary congestion, atelectasis, and intra-alveolar hemorrhage, lead-
ing to diffuse alveolar damage in the early stage. Alveolar edema later gives way to hyaline
membrane formation, epithelial cell hyperplasia, and fibrosis [5]. Causes and risk factors
are diverse and include pneumonia and non-pulmonary sepsis, as well as trauma and
major surgery [6]. As a matter of fact, ARDS is observed after cardiac surgery with a
variable incidence, exceeding 8% after extensive procedures [7]. The pathophysiology of
ARDS following cardiac surgery remains incompletely understood, but it may result from
a combination of preoperative risk factors, tissue attrition, cardiopulmonary bypass (CBP),
and mechanical ventilation with the transfusion of blood products, which is sometimes
responsible for transfusion-related acute lung injury [8]. The main risk factors for ARDS
following cardiothoracic surgery include the use of cardiopulmonary bypass, long bypass
durations, ischemia-reperfusion episodes triggering reactive oxygen species generation,
lung transplantation (with primary graft dysfunction), transfusion-related acute lung injury,
and drug toxicity (notably amiodarone). Although ARDS diagnosis has been simplified
thanks to the Berlin and Global criteria, its prevention and prediction remain major chal-
lenges for ICU physicians, anesthesiologists, and cardiac surgeons [9,10]. Biomarkers could
fill this gap and play a central role in the early identification and prognosis of ARDS [11].
For instance, von Willebrand Factor, angiopoietin 2, and interleukine-8 (among others)
have been found to be elevated and associated with ARDS outcomes [11-13]. Low-density
lipoprotein receptor-1 (LOX-1) is a scavenger receptor expressed on several cell types,
including endothelial cells in many vascular-rich organs (the aorta, thoracic arteries, lungs,
brain, liver, and placenta) [14,15], but also on polymorphonuclear cells, macrophages,
platelets, and vascular smooth-muscle cells [16]. Several studies have shown that LOX-1
is involved in inflammatory processes, including atherosclerosis, cell death, and inflam-
matory cytokine production [17,18]. Recently, Korkmaz et al. demonstrated that LOX-1
accumulates in the lungs of patients with ARDS, confirmed this finding in pneumonia-
induced ARDS in mice, and suggested a potential protective role for this receptor [14].
However, the precise role of LOX-1 in the pathophysiology and development of ARDS
remains unknown. Moreover, current ARDS prediction models are primarily designed for
general ICU populations and do not adequately account for cardiac surgery-specific risk
factors such as cardiopulmonary bypass, fluid shifts, transfusions, and intraoperative venti-
latory strategies. Existing studies on postoperative ARDS often rely on small cohorts, lack
external validation, or are not easily applicable in clinical practice. A dedicated prediction
model incorporating these specific variables and biomarkers is needed to improve early
identification and management of at-risk patients. Thus, we still lack sensitive and specific
biomarkers for predicting postoperative ARDS in cardiac surgery patients, and the primary
site of biomarker release into the systemic circulation remains unclear. Indeed, identifying
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the release site (either systemic circulation or lungs) of ARDS-triggering and biologically
active biomarkers would provide clues to develop targeted strategies. We leveraged the
routine invasive hemodynamic monitoring performed in selected high-risk cardiac surgery
patients, which allowed us to simultaneously sample blood from the pulmonary artery
and the left atrium. This approach enabled us to investigate the association between the
transpulmonary gradient of biomarker levels and the occurrence of postoperative ARDS.
Using large-scale proteomics, the aim of this study was to assess the ability of a biomarker
panel to predict the occurrence of ARDS within the first 48 postoperative hours in patients
undergoing high-risk cardiac surgery.

2. Materials and Methods
2.1. Study Design and Population

This was an interventional, prospective, and monocentric study performed at Hopitaux
Universitaires de Strasbourg, France, between November 2013 and October 2015. The
recruitment period started on 12 November 2013 and ended on 25 October 2015. All
procedures were performed in compliance with relevant laws and institutional guidelines.
This study was conducted in accordance with the Declaration of Helsinki and was approved
by the local research ethics committee (Comité de Protection des Personnes, approval #
IDRCB 2013-A00462-43, on 14 May 2013). The privacy rights of all subjects were respected,
and written informed consent was obtained from all patients before study inclusion. The
study protocol was registered on ClinicalTrials.gov before study initiation (NCT01723930,
registered 6 November 2012).

The inclusion criteria were as follows: age > 18 years, cardiac surgery followed by
planned ICU admission for postoperative observation, predicted high risk for postoperative
respiratory compromise according to Kor et al.’s criteria [14] (high-risk cardiac surgery,
diabetes mellitus, chronic obstructive pulmonary disease, gastroesophageal reflux disease,
and alcohol abuse), planned insertion of left atrial and pulmonary artery catheters, and
planned duration of cardiopulmonary bypass (CPB) exceeding 120 min. As published by
Kor et al.,, a Surgical Lung Injury Prediction (SLIP) score > 22 points is associated with
a much higher risk of postoperative ARDS [19]. Non-inclusion criteria were emergent
surgery (making informed consent impossible), acute heart failure, preoperative mechanical
ventilation, latex allergy, guardianship, pregnancy, and breastfeeding. The criteria for high-
risk cardiac surgery in our cohort included combined cardiac surgery (valve replacement
associated with coronary artery bypass graft surgery), three-vessel coronary artery bypass
graft surgery, double or triple valve replacement surgery, and redux cardiac surgery (either
valve or coronary artery bypass graft).

2.2. Measurements

The study protocol is summarized in Figure 1. Briefly, on the day of cardiac surgery, the
included patients were anesthetized under general anesthesia according to local practices.
Patients were sampled at the onset of the surgical procedure (day 0 sample, DO) upon ICU
admission post-surgery (hour 0, HO), and after 24 h of ICU care (hour sample 24, H24)
(Figure 1). At HO and H24, blood was simultaneously sampled from two different locations
along the circulatory pathway surrounding the lungs: the main pulmonary artery using
a pulmonary artery catheter (PAC samples) and through a surgically inserted left atrial
catheter (left atrium (LA) samples). At the time this study was conducted, LA catheters
were routinely inserted in all cardiac surgery patients to monitor left atrial pressure and
estimate left ventricular preload. They were typically removed on postoperative day 2,
along with the mediastinal drains. Pulmonary artery catheters were inserted in selected
patients when the attending anesthesiologist considered that continuous monitoring of
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cardiac output and pulmonary artery pressure was required to steer intraoperative and
postoperative management. The difference in plasma biomarker concentration between
the left atrium and the pulmonary artery (LA-PA) determined whether the biomarker was
released by the lungs into the circulation (when this difference was positive) or captured by
the lungs (when this difference was negative). Using a similar methodology, Bendjelid et al.
demonstrated lactate release after hypothermic CPB [20]. We refined this process and
addressed their acknowledged limitation of potential systemic biomarker release by blood
sampling from the left atrium—exiting the lung circulation—rather than a more distal site,
such as the radial artery.

Cardiac surgery <—| Postoperative care in intensive care unit l—»
DO HO

»
/ Blood samples

H24 H-48
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Figure 1. Protocol of the study, from day 0 (surgery) to H-48 (48 h after surgery). (DO = day 0: onset
of the surgical procedure).

2.3. Data Collection

Clinical variables (including age, sex, body mass index, smoking status, medical his-
tory, treatments, and preoperative laboratory values), details of the surgical procedure (type,
bypass duration, and duration of aortic cross-clamping), and key oxygenation parameters
(PaO, /FiO, ratio and alveolo-arterial oxygenation difference [AaDO;] at HO and H24)
were electronically recorded. Cardiac output, pulmonary artery pressure, pulmonary artery
wedge pressure, pulmonary capillary pressure, left atrial pressure, and pulmonary vascular
resistance (including arterial and venous contribution) were determined using conventional
formulas and recommended maneuvers [21] at each time point as long as pulmonary artery
and left atrial catheters were in place. EDTA plasma samples were centrifuged for 10 min
at 3000 rpm, and the supernatant was frozen and stored at —80 °C.

2.4. Proteomics Assay

Measurements of intracellular protein levels were performed using the Olink® as-
say (Proseek® Multiplex Cardiovascular II and Cardiovascular III panels, Olink Pro-
teomics, Boston, MA, USA). The Olink immunoassay uses a proximity extension technology
with dual-recognition DNA-coupled readout to provide normalized protein expression
values [22,23]. The Olink® Cardiovascular IT and III panels sample 184 proteins and provide
log2 normalized protein expression values with relative quantification.

2.5. Endpoints

The primary endpoint was the occurrence of ARDS, defined according to the Berlin
definition as bilateral opacities consistent with pulmonary edema on chest X-ray or com-
puted tomography, not fully explained by cardiac failure or fluid overload, with PaO, /FiO,
ratio < 300 and with a minimum positive end expiratory pressure or continuous positive
airway pressure of 5 cm of water [1] between ICU admission and H48. As our cardiosurgical
patients were equipped with a pulmonary artery catheter and left atrial pressure catheter
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and monitored with repeated echocardiography (transthoracic and transesophageal), we
considered that pulmonary edema was not fully explained by cardiac failure and fluid
overload in the following cases:

O  The transmural left atrial pressure or the transmural pulmonary artery occlusion
pressure were inferior or equal to 18 mmHg.

O  The ratio of early diastolic mitral inflow velocity to early diastolic mitral annulus ve-
locity (E/e’ ratio), estimated using tissue Doppler imaging, was inferior or equal to 14.

O The left ventricular ejection fraction had not decreased by more than 15% compared
to a previous assessment when the patient was not hypoxemic.

2.6. Bioinformatics Analysis

Proteins measured by Olink® assay are known to be involved in several biological
domains. We performed an extensive search of the biomedical literature to identify effects
of proteins and potential involvement in the pathophysiology of ARDS. A volcano plot
analysis was chosen to identify candidate proteins whose expression would be associated
with postoperative ARDS. We identified differentially expressed proteins as those fulfilling
the two following independent criteria: (i) |log2 fold change| > log2(1.1), corresponding
to a >10% increase from baseline (log2 fold change > 0.1375), and (ii) a false discovery
rate g-value (FDRq) < 1%, which applies a Benjamini—-Hochberg correction to the raw
p-value, in order to minimize inflation of a false-positive error rate due to multiplicity of
comparisons [23,24].

2.7. Statistical Analysis

The normality of data distribution was tested by a Kolmogorov—Smirnov normality
test. Continuous variables were expressed as median and interquartile ranges (IQRs) and
were compared with the Mann-Whitney U test. Categorical variables were expressed
as counts and percentages and were compared with Fisher’s exact test or the chi square
test, as appropriate. Potential association between biomarkers and between hemodynamic
variables and biomarkers were graphically assessed using correlograms before formal
statistical tests for association were performed, when considered relevant. Odds ratios
(ORs) or hazard ratios (HRs) are presented with their 95% confidence interval (CI). Statistical
analysis was conducted using R software (R Core Team, version 4.4.3 (2025)). R Foundation
for Statistical Computing, Vienna, Austria) and figures were produced using ggplot2
package [25]. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Baseline Characteristics

Between November 2013 and October 2015, 16 patients were enrolled in this study.
The patients’ characteristics are summarized in Table 1. Briefly, the cohort was mainly
composed of men (10 (62%)) with a median age of 74 (66-80) years old. Concerning medical
history, diabetes mellitus, hypertension, and dyslipidemia were the most common diseases,
in seven (44%), twelve (75%) and eight (50%) patients, respectively; four (25%) patients
had previously experienced valvular replacement. Eleven (69%), ten (62%), and eight
(50%) patients were daily treated with diuretics, beta-blockers, and angiotensin-converting
enzyme inhibitors, respectively (Table 1). Median preoperative left ventricular ejection
fraction was 55% (IQR 36-61%). Surgical procedures were mainly valve replacement
(9 (56%)) and valve replacement combined with coronary artery bypass graft (6 (38%)).
Median bypass duration was 129 (IQR 106-178) minutes, with aortic cross-clamping of
93 (IQR 74-119) minutes.
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Table 1. Characteristics of the patients.
. Overall No ARDS ARDS +
Variables (n = 16) * (n = 10) * (n=6* p-Value
Patient characteristics
Age, years (IQR) 74 (66-80) 74 (68-77) 78 (62-84) 0.6
Female, n (%) 6 (38) 4 (40) 2 (33) >0.9
Body mass index, kg/ m? (IQR) 23.8 (22.4-28.6) 23.8 (22.7-26.6) 25.8 (21.8-29.2) >0.9
Medical history, n (%)
Smoking 1(6.3) 0(0) 1(17) 04
Diabetes mellitus 7 (44) 5 (50) 2 (33) 0.6
Hypertension 12 (75) 7 (70) 5 (83) >0.9
Dyslipidemia 8 (50) 5 (50) 3 (50) >0.9
Atrial fibrillation 7 (44) 4 (40) 3 (50) >0.9
Previous valvular replacement 4 (25) 2 (20) 2 (33) 0.6
Chronic obstruction pulmonary disease 5(31) 3 (30) 2 (33) >0.9
Medication, n (%)
Beta-blockers 10 (63) 6 (60) 4 (67) >0.9
Angiotensin-converting enzyme inhibitors 8 (50) 7 (70) 1(17) 0.12
Angiotensin receptor blockers 4 (25) 2 (20) 2 (33) 0.6
Diuretics 11 (69) 8 (80) 3 (50) 0.3
Preoperative biology and transthoracic echocardiography
Plasmatic creatinine, pmol/L (IQR) 73 (65-88) 71 (66-82) 80 (61-90) >0.9
Ejection fraction, % (IQR) 55 (36-61) 55 (35-60) 53 (47-60) 0.7
Surgery
Surgical procedure >0.9
Coronary artery bypass, n (%) 1(6.3) 1(10) 0(0)
n foronary artery bypass with valve placement, 6 (38) 4 (40) 2 (33)
Valve replacement, n (%) 9 (56) 5 (50) 4 (67)
Bypass duration, min (IQR) 129 (106-178) 140 (120-185) 111 (105-130) 0.2
Aortic cross clamping, min (IQR) 93 (74-119) 104 (88-126) 77 (73-95) 0.4

* Data are shown as median with interquartile ranges or n (%). T Continuous variables were compared with the
Mann-Whitney U test; categorical variables were compared with Fisher’s exact test or the chi square test, as
appropriate. Abbreviations: ARDS, acute respiratory distress syndrome; IQR, interquartile range.

3.2. Occurrence of ARDS After Cardiac Surgery

Among the 16 patients enrolled in the study, 6 (38%) developed ARDS between ICU
admission (HO) and H48. In every case, respiratory failure was not explained by cardiac
failure or fluid overload (LAP measurement and echocardiography allowed for an objective
assessment of left ventricular telediastolic pressure to exclude hydrostatic edema as the
only cause for respiratory failure). Volcano plots of levels of intracellular proteins measured
by the Olink® assay at HO and H24 after cardiac surgery in pulmonary artery and left
atrium are depicted in the Supplemental Data, Figure S1. We identified several candi-
date intracellular proteins differentially expressed between patients who developed ARDS
after cardiac surgery and those who did not, including lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1) (see Supplemental Data, Figure S1). Levels of intracellular
LOX-1 in the pulmonary artery and left atrium in patients after cardiac surgery pm D0 and
HO were not different between patients who developed ARDS and patients who did not
(Table 2), but we observed higher H24 levels of intracellular LOX-1 in the pulmonary artery
in patients who developed ARDS (6.96; 95% CI [6.83—7.23]) when compared to patients
who did not (6.48; 95% CI [6.27-6.66]), with p-value = 0.016 (Figure 2). The transpul-
monary gradient of LOX-1 levels was non-significantly different between ARDS and non-
ARDS patients at HO but it was more negative at H24 in patients who developed ARDS
(—0.23; 95% CI [-0.27, —0.14]) than in those who did not (0.03; 95% CI [-0.14, 0.32];
p-value = 0.031), with a HR = 0.39 (95% CI 0.18-0.86), p-value = 0.035 (Figure 3). As de-



Biomedicines 2025, 13, 800

7 of 14

picted in Figure 4, the more negative the value of the transpulmonary gradient of LOX-1
plasma levels, the higher the risk of developing postoperative ARDS. Finally, the area under
the receiver operating characteristic (ROC) curve (AUC) of H24 LOX-1 transpulmonary
gradient plasma expression to predict ARDS occurrence was 0.83 (95% CI [0.62-1.00]). The
venous contribution of pulmonary vascular resistances and the difference between capillary

and left atrial pressures were associated with the alveolo-arterial oxygenation difference
(Spearman’s rank correlation coefficient r = 0.5, p-value < 0.05). It is worth mentioning that
the correlogram analysis did not find any statistical or meaningful association between

the hemodynamic variables and the biomarkers assayed (Spearman’s rank correlation
coefficient r < 0.5, p-value > 0.05) (Supplementary Figure S2A-H).

Table 2. LOX-1 expression within the first 48 h after cardiac surgery in patients who developed ARDS
and in those who did not.

Time Point  Site of Sampling No ARDS ARDS Difference 95% CI p-Value
Do *t Pulmonary artery 5.89 (5.81, 6.16) 5.81 (5.75, 5.90) —0.20 —-1.3,0.85 0.7
HO * Pulmonary artery 7.11 (6.90, 7.23) 6.90 (6.78,7.64) —0.05 —0.94, 0.84 0.9
HO * Left atrium 7.01 (6.85, 7.38) 6.81 (6.64, 7.50) 0.05 —0.67,0.78 0.9
H24 * Pulmonary artery 6.48 (6.27, 6.66) 6.96 (6.83,7.23) —0.65 —-1.3, —0.02 0.016
H24 * Left atrium 6.54 (6.27, 6.81) 6.75 (6.64, 6.97) —0.36 —1.0,0.26 0.2

* DO corresponds to the onset of the surgical procedure, HO to ICU admission, and H24 to 24 h after ICU admission.
T At DO, the left atrial catheter had not been inserted yet, so the left atrial blood sample could not be drawn at this
time point. Abbreviations: ARDS, acute respiratory distress syndrome; CI, confidence interval.

8.0-

LOX1 levels at H24 in pulmonary artery

6.0-

75-

70-

6.5-

Wilcoxon, p = 0.016

No ARDS (n=10)

ARDS (n=6)

Figure 2. Levels of intracellular LOX-1 at H24 after cardiac surgery measured in the pulmonary
artery in patients who developed acute distress respiratory syndrome (red) and in those who did not

(green). (ARDS: acute respiratory distress syndrome).
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4. Discussion

Our results established that, after cardiac surgery (mainly valve replacement and/or
coronary artery bypass graft), the intracellular concentration levels of LOX-1, a scavenger
receptor involved in inflammatory processes, were increased during the first 24 h after
surgery in the pulmonary artery of patients who developed ARDS. In addition, we observed
that the more negative the value of the transpulmonary gradient of LOX-1 levels, the higher
the risk of developing postoperative ARDS within 48 h of surgery.

Acute respiratory distress syndrome is a common condition with various etiologies,
mainly observed in severely ill patients and associated with high morbidity and mortal-
ity [6]. The Berlin definition and its recent update [2] codified the clinical definition of
this syndrome in different stages according to the value of PaO, /FiO, ratio [3,4]. Recent
research described a large heterogeneity of types of ARDS [26,27], reflecting its complex
pathophysiology, in which precision medicine could provide clues for an effective therapy.

To date, the pathophysiology of ARDS is not completely understood, and it involves
several pathways [6] which may be differentially activated across the multiple phenotypes,
including postoperative ARDS after cardiac surgery. Local and systemic inflammation
are prominent features in ARDS, leading to lung injury [28]. Several varieties of media-
tors, including reactive oxygen species, proteases, and pro-inflammatory mediators (e.g.,
prostaglandins and leukotrienes), have been observed in the early course of ARDS in
lungs [28,29]. A central role of the activation NRLP3 inflammasome initiating a local re-
lease interleukin-1-f3 and interleukin-18 has also been described [30], testifying to the large
complexity of the pathophysiology of ARDS.

It is demonstrated that the progression of lung damage to ARDS depends on integrated
contributions of host systems, reducing pathogen burden (in case of infectious etiology)
and limiting tissue injuries [17,18], which lead to ARDS [18]. Low-density lipoprotein
receptor-1 (LOX-1) is a scavenger receptor (50-kDA transmembrane glycoprotein) expressed
by various cell types and playing a central role in inflammatory processes [18,31,32]. Recent
findings suggest an accumulation in lungs of patients with ARDS, confirmed by murine
model of pneumonia [18]. However, its precise role is currently unknown and needs to be
studied. LOX-1 contributes to endothelial dysfunction and apoptosis. Recently, Korkmaz
et al. demonstrated the central role of LOX-1 in the development of sepsis-induced ARDS
by pneumonia in human and mice [18]. Indeed, authors demonstrated that LOX-1 was
accumulating in the lungs of patients with ARDS. Based on an experimental model of
bacterial pneumonia, they also observed a protective role of LOX-1 in the pulmonary
airspaces, mainly expressed by alveolar macrophages and recruited neutrophils, limiting
proteinaceous and edema inflammation [14]. These observations are in opposition to
previous studies, where LOX-1 was involved in vascular inflammation, atherosclerosis [18],
and the production of reactive oxygen species and inflammatory cytokines [32]. In our
study, we observed a negative association between the transpulmonary gradient of the
intracellular concentration of LOX-1 and the development of ARDS during the first 48
h after cardiac surgery. Although our results are based on immunoassay and not on
the concentration and/or activity of the protein, the negative gradient of intracellular
LOX-1 levels between the left atrium and pulmonary artery at H24 in patients developing
postoperative ARDS could testify to an increased lung capture of the protein. This is in line
with the main results of Korkmaz et al. [14]. As macrophages and neutrophils were the two
prominent sites of LOX-1 expression in the pulmonary airspaces in Korkmaz's findings, the
24 h delay we observed between the end of surgery and negative transpulmonary LOX-1
levels is consistent with similar sites of expression.

Using a methodology similar to ours but in a larger cohort of patients, Wang et al. were
able to identify three proteins which were differentially expressed after cardiopulmonary



Biomedicines 2025, 13, 800

10 of 14

bypass in patients who subsequently developed ARDS: thioredoxin domain containing 5
(TXNDCS5), cathepsin L (CTSL), and NPC intracellular cholesterol transporter 2 (NPC2).
It is interesting to emphasize that both LOX-1 and NPC2 are glycoproteins dealing with
cholesterol transport [33].

Comparing LOX-1 expression on the surface of polymorphonuclear neutrophils (PMN)
assayed simultaneously in blood (cPMN) and tracheal aspirates (tPMN) in ARDS and
control patients, Kraus et al. showed that LOX-1 expression on tPMN was largely increased,
while it remained stable in cPMN, reinforcing our findings of a negative transpulmonary
gradient and lung trapping of LOX-1 in ARDS patients [34]. In patients suffering from
viral (COVID-19) or bacterial sepsis, Coudereau et al. explored the phenotype, morphology,
and immunosuppressive functions of whole-blood LOX-1+ cells. These LOX-1+ cells were
polymorphonuclear myeloid-derived suppressor cells with immunosuppressive properties
(repression of T-cell response ascertained by reduced IFN-y production); they peaked some
days (3 to 9 days) after intensive care unit admission and significantly increased within the
first three days in COVID-19 patients who developed ARDS within this time frame [35]. In
ARDS complicating cardiac surgery, increased LOX-1 expression and lung sequestration
may participate both in the dampening of tissue inflammation and in the development of
persistent inflammation, immunosuppression, and catabolism syndrome (PICS).

In the light of our results, several questions remain unanswered. To date, it is not clear
whether the negative transpulmonary gradient of intracellular LOX-1 levels after cardiac
surgery, as observed in our study, is either (i) involved in inflammatory processes, leading
to ARDS development or (ii) contributes to a dampening effect on local inflammation
signaling or (iii) remains an inactive bystander of the inflammatory process. The design
of our clinical study precludes any supplemental mechanistic approach, which may be
addressed in experimental animal studies. Based on the previous results obtained by
Korkmaz et al. [14], including experimental pneumonia in LOX-1 KO mice and anti-LOX-1
antibodies, and the long-standing description of neutrophil lung sequestration during
ARDS [36], we may speculate that neutrophils and macrophages were captured in the lung
parenchyma where they expressed LOX-1 to promote M2-like macrophage polarization and
tissue repair in postoperative ARDS patients. This hypothesis should be further validated.

To our knowledge, this is the first study describing a potential association between a
negative transpulmonary gradient of intracellular LOX-1 levels 24 h after cardiac surgery
and the development of postoperative ARDS. We found a negative association between the
transpulmonary levels of intracellular LOX-1 after cardiac surgery and the development of
ARDS during the first 48 h, with a potentially fair predictive performance which should be
confirmed on a larger scale. While preliminary, these new findings appear promising and
give us the opportunity to make hypotheses concerning the pathophysiology of postop-
erative ARDS for future research. Indeed, future research should focus on validating the
proposed ARDS prediction model in larger multicenter cohorts to ensure its generalizability
and clinical applicability. Additionally, mechanistic studies on LOX-1 in lung injury are
needed to elucidate its role in ARDS pathophysiology, potentially identifying new thera-
peutic targets. Combining predictive modeling with biomarker-driven approaches could
further enhance early risk stratification and personalized management strategies. Future
research should also prioritize large-scale, multicenter validation studies to confirm the
predictive value of LOX-1 and refine ARDS risk stratification models in cardiac surgery
patients. Prospective clinical trials integrating LOX-1 measurements into perioperative
risk assessment could help determine its utility in guiding early therapeutic interventions.
Additionally, mechanistic research using preclinical animal models is essential to elucidate
the role of LOX-1 in lung endothelial dysfunction, inflammation, and permeability changes
leading to ARDS. Experimental studies could also explore potential therapeutic strategies
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targeting LOX-1 to mitigate lung injury. A translational approach, combining clinical
validation with fundamental research, may ultimately lead to novel precision medicine
strategies for ARDS prevention and management in high-risk surgical populations.

Our study has some limitations. First, the number of patients enrolled is low, limiting
the interpretation of results and external validity of this work. These were high-risk
cardiosurgical patients, selected on stringent criteria and invasively monitored, limiting
recruitment. In the same way, while the ROC AUC of 0.83 suggests promising predictive
performance, the wide confidence interval reflects the small sample size and inherent
variability, suggesting that the results should be interpreted with caution. These proof-of-
concept results need to be confirmed by further studies. Second, the Olink® assay provides
the intracellular concentration levels of a protein of interest and does not correspond to
a concentration and/or a protein activity. Therefore, no extrapolation of our results and
no comparison with other studies (i.e., studying concentration and activity) can be made.
Third, the soluble form of LOX-1 (as measured by the Olink® assay) may have biological
actions different from its membrane-bound counterpart, which was not addressed in our
study. Fourth, the Olink® assay is not in use in daily practice, which limits its integration
in routine clinical care for prediction purposes.

5. Conclusions

The findings of this study showed that the transpulmonary gradient of intracellular
LOX-1 was negative in patients developing ARDS during the first 48 h after cardiac surgery,
suggesting increased pulmonary uptake of LOX-1. This observation aligns with previous
studies highlighting the role of LOX-1 in inflammatory and endothelial processes, but its
precise involvement in ARDS pathophysiology remains to be elucidated. While our study
provides a novel perspective on LOX-1 dynamics in the postoperative setting, the small
sample size limits the generalizability of our findings and warrants cautious interpretation.
Our proof-of-concept results highlight the potential of LOX-1 as a biomarker for early
ARDS detection in high-risk surgical patients. Mechanistic studies in experimental models
should investigate whether LOX-1 plays a causative or compensatory role in lung injury
and whether its modulation could have therapeutic implications. These findings could
open new avenues for precision medicine approaches in perioperative care.

Supplementary Materials: The following supporting information can be downloaded at https:
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intracellular proteins measured by the Olink® assay. (A), HO in the pulmonary artery; (B), HO in the
left atrium; (C), H24 in the pulmonary artery; and (D), H24 in the left atrium. Figure S2: Correlograms
depicting the relationship between gradient biomarkers and hemodynamic variables between the left
atrial and pulmonary artery at HO and the left atrial and pulmonary artery at H24.
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Abbreviations

The following abbreviations are used in this manuscript:

AaDO2  Alveolo-arterial oxygenation difference
ARDS  Acute respiratory distress syndrome
AUC Area under the curve

CI Confidence interval

CPB Cardiopulmonary bypass

DO Day 0

FDRq False discovery rate g-value

HO Hour 0

H24 Hour 24

HR Hazard ratios

ICU Intensive care unit

IOR Interquartile ranges

LA Left atrium

LOX-1  Lectin-like oxidized low-density lipoprotein receptor-1
OR Odds ratios

PA Pulmonary artery

PAC Pulmonary artery catheter

ROC Receiver operating characteristic curve

SLIP Surgical Lung Injury Prediction

References

1. Thompson, B.T.; Chambers, R.C.; Liu, K.D. Acute Respiratory Distress Syndrome. N. Engl. . Med. 2017, 377, 562-572. [CrossRef]
[PubMed]

2. Matthay, M.A,; Arabi, Y.; Arroliga, A.C.; Bernard, G.; Bersten, A.D.; Brochard, L.J.; Calfee, C.S.; Combes, A.; Daniel, B.M,;
Ferguson, N.D.; et al. A New Global Definition of Acute Respiratory Distress Syndrome. Am. J. Respir. Crit. Care Med. 2024, 209,
37-47. [CrossRef] [PubMed]

3. Ferguson, N.D,; Fan, E.; Camporota, L.; Antonelli, M.; Anzueto, A.; Beale, R.; Brochard, L.; Brower, R.; Esteban, A.; Gattinoni, L.;
et al. The Berlin definition of ARDS: An expanded rationale, justification, and supplementary material. Intensive Care Med. 2012,
38,1573-1582. [CrossRef] [PubMed]

4. ARDS Definition of Task Force; Ranieri, V.M.; Rubenfeld, G.D.; Thompson, B.T.; Ferguson, N.D.; Caldwell, E.; Fan, E.; Camporota,
L.; Slutsky, A.S. Acute respiratory distress syndrome: The Berlin Definition. JAMA 2012, 307, 2526-2533. [CrossRef]

5. Ashbaugh, D.G.; Bigelow, D.B.; Petty, T.L.; Levine, B.E. Acute respiratory distress in adults. Lancet 1967, 2, 319-323. [CrossRef]

6. Meyer, N.J.; Gattinoni, L.; Calfee, C.S. Acute respiratory distress syndrome. Lancet 2021, 398, 622—637. [CrossRef]

7. Sanfilippo, E; Palumbo, G.J.; Bignami, E.; Pavesi, M.; Ranucci, M.; Scolletta, S.; Pelosi, P.; Astuto, M. Acute Respiratory Distress
Syndrome in the Perioperative Period of Cardiac Surgery: Predictors, Diagnosis, Prognosis, Management Options, and Future
Directions. J. Cardiothorac. Vasc. Anesth. 2022, 36, 1169-1179. [CrossRef]

8. Vlaar, A.P; Toy, P.; Fung, M.; Looney, M.R; Juffermans, N.P; Bux, J.; Bolton-Maggs, P.; Peters, A.L.; Silliman, C.C.; Kor, D.].; et al.
A consensus redefinition of transfusion-related acute lung injury. Transfusion 2019, 59, 2465-2476. [CrossRef]

9.  Chen, S.W,; Chang, C.H.; Chu, PH.; Chen, TH.; Wu, V.C.C,; Huang, YK ; Liao, C.H.; Wang, S.Y.; Lin, PJ.; Tsai, F.C. Risk factor

analysis of postoperative acute respiratory distress syndrome in valvular heart surgery. J. Crit. Care 2016, 31, 139-143. [CrossRef]


https://doi.org/10.1056/NEJMra1608077
https://www.ncbi.nlm.nih.gov/pubmed/28792873
https://doi.org/10.1164/rccm.202303-0558WS
https://www.ncbi.nlm.nih.gov/pubmed/37487152
https://doi.org/10.1007/s00134-012-2682-1
https://www.ncbi.nlm.nih.gov/pubmed/22926653
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1016/s0140-6736(67)90168-7
https://doi.org/10.1016/S0140-6736(21)00439-6
https://doi.org/10.1053/j.jvca.2021.04.024
https://doi.org/10.1111/trf.15311
https://doi.org/10.1016/j.jcrc.2015.11.002

Biomedicines 2025, 13, 800 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Christenson, J.; Lavoie, A.; O’Connor, M.; Bhorade, S.; Pohlman, A.; Hall, ].B. The incidence and pathogenesis of cardiopulmonary
deterioration after abrupt withdrawal of inhaled nitric oxide. Am. J. Respir. Crit. Care Med. 2000, 161, 1443-1449. [CrossRef]
Matthay, M.A.; Zemans, R.L.; Zimmerman, G.A.; Arabi, Y.M.; Beitler, ].R.; Mercat, A.; Herridge, M.; Randolph, A.G.; Calfee, C.S.
Acute respiratory distress syndrome. Nat. Rev. Dis. Primers 2019, 5, 18. [CrossRef] [PubMed]

Rubin, D.B.; Wiener-Kronish, J.P.; Murray, ].F.,; Green, D.R,; Turner, J.; Luce, ]. M.; Montgomery, A.B.; Marks, ].D.; Matthay, M.A.
Elevated von Willebrand factor antigen is an early plasma predictor of acute lung injury in nonpulmonary sepsis syndrome. J.
Clin. Investig. 1990, 86, 474-480. [CrossRef] [PubMed]

Agrawal, A.; Matthay, M. A ; Kangelaris, K.N.; Stein, J.; Chu, ].C.; Imp, B.M.; Cortez, A.; Abbott, J.; Liu, K.D.; Calfee, C.S. Plasma
angiopoietin-2 predicts the onset of acute lung injury in critically ill patients. Am. J. Respir. Crit. Care Med. 2013, 187, 736-742.
[CrossRef] [PubMed]

Korkmaz, F.T.; Shenoy, A.T.; Symer, EIM.; Baird, L.A.; Odom, C.V.; Arafa, E.I.; Dimbo, E.L.; Na, E.; Molina-Arocho, W.; Brudner,
M.; et al. Lectin-like oxidized low-density lipoprotein receptor 1 attenuates pneumonia-induced lung injury. JCI Insight 2022, 7,
€149955. [CrossRef]

Sawamura, T.; Kume, N.; Aoyama, T.; Moriwaki, H.; Hoshikawa, H.; Aiba, Y.; Tanaka, T.; Miwa, S.; Katsura, Y.; Kita, T.; et al. An
endothelial receptor for oxidized low-density lipoprotein. Nature 1997, 386, 73-77. [CrossRef]

Zeya, B.; Chandra, N.C. LOX-1: Its cytotopographical variance and disease stress. . Biochem. Mol. Toxicol. 2019, 33, e22375.
[CrossRef]

Quinton, L.J.; Mizgerd, J.P.; Hilliard, K.L.; Jones, M.R.; Kwon, C.Y.; Allen, E. Leukemia inhibitory factor signaling is required for
lung protection during pneumonia. . Immunol. 2012, 188, 6300-6308. [CrossRef]

Traber, K.E.; Symer, EM.; Allen, E.; Kim, Y,; Hilliard, K.L.; Wasserman, G.A.; Stewart, C.L.; Jones, M.R.; Mizgerd, J.P.; Quinton, L.J.
Myeloid-epithelial cross talk coordinates synthesis of the tissue-protective cytokine leukemia inhibitory factor during pneumonia.
Am. ]. Physiol. Lung Cell Mol. Physiol. 2017, 313, L548-L558. [CrossRef]

Kor, D.J.; Warner, D.O.; Alsara, A.; Fernandez-Pérez, E.R.; Malinchoc, M.M.; Kashyap, R.; Li, G.; Gajic, O. Derivation and
diagnostic accuracy of the surgical lung injury prediction model. Anesthesiology 2011, 115, 117-128. [CrossRef]

Bendjelid, K.; Treggiari, M.M.; Romand, J.A. Transpulmonary lactate gradient after hypothermic cardiopulmonary bypass.
Intensive Care Med. 2004, 30, 817-821. [CrossRef]

Takala, J. Pulmonary capillary pressure. Intensive Care Med. 2003, 29, 890-893. [CrossRef] [PubMed]

Lundberg, M.; Thorsen, S.B.; Assarsson, E.; Villablanca, A.; Tran, B.; Gee, N.; Knowles, M.; Nielsen, B.S.; Couto, E.G.; Martin, R,;
et al. Multiplexed homogeneous proximity ligation assays for high-throughput protein biomarker research in serological material.
Mol. Cell Proteomics. 2011, 10, M110.004978. [CrossRef] [PubMed]

Assarsson, E.; Lundberg, M.; Holmquist, G.; Bjorkesten, J.; Thorsen, S.B.; Ekman, D.; Eriksson, A.; Dickens, E.R.; Ohlsson, S.;
Edfeldt, G.; et al. Homogenous 96-plex PEA immunoassay exhibiting high sensitivity, specificity, and excellent scalability. PLoS
ONE 2014, 9, €95192. [CrossRef]

Zannad, F; Ferreira, ].P.; Butler, ].; Filippatos, G.; Januzzi, J.L.; Sumin, M.; Zwick, M.; Saadati, M.; Pocock, S.J.; Sattar, N.; et al.
Effect of empagliflozin on circulating proteomics in heart failure: Mechanistic insights into the EMPEROR programme. Eur. Heart
J. 2022, 43, 4991-5002. [CrossRef]

Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer International Publishing: Cham, Switzerland, 2016; 260p.
Calfee, C.S.; Delucchi, K.L.; Sinha, P.; Matthay, M. A.; Hackett, J.; Shankar-Hari, M.; McDowell, C.; Laffey, ].G.; O'’Kane, C.M,;
McAuley, D.F; et al. Acute respiratory distress syndrome subphenotypes and differential response to simvastatin: Secondary
analysis of a randomised controlled trial. Lancet Respir. Med. 2018, 6, 691-698. [CrossRef]

Calfee, C.S.; Delucchi, K.; Parsons, P.E.; Thompson, B.T.; Ware, L.B.; Matthay, M.A. Subphenotypes in acute respiratory distress
syndrome: Latent class analysis of data from two randomised controlled trials. Lancet Respir. Med. 2014, 2, 611-620. [CrossRef]
Bos, L.D.J.; Ware, L.B. Acute respiratory distress syndrome: Causes, pathophysiology, and phenotypes. Lancet 2022, 400, 1145-1156.
[CrossRef]

Lin, W.C,; Fessler, M.B. Regulatory mechanisms of neutrophil migration from the circulation to the airspace. Cell Mol. Life Sci.
2021, 78, 4095-4124. [CrossRef]

Lefrangais, E.; Mallavia, B.; Zhuo, H.; Calfee, C.S.; Looney, M.R. Maladaptive role of neutrophil extracellular traps in pathogen-
induced lung injury. JCI Insight 2018, 3, €98178. [CrossRef]

Mehta, J.L.; Sanada, N.; Hu, C.P; Chen, J.; Dandapat, A.; Sugawara, F.; Satoh, H.; Inoue, K.; Kawase, Y.; Jishage, K.-L; et al.
Deletion of LOX-1 Reduces Atherogenesis in LDLR Knockout Mice Fed High Cholesterol Diet. Circ. Res. 2007, 100, 1634-1642.
[CrossRef]

Kattoor, A.J.; Goel, A.; Mehta, J.L. LOX-1: Regulation, Signaling and Its Role in Atherosclerosis. Antioxidants 2019, 8, 218.
[CrossRef]


https://doi.org/10.1164/ajrccm.161.5.9806138
https://doi.org/10.1038/s41572-019-0069-0
https://www.ncbi.nlm.nih.gov/pubmed/30872586
https://doi.org/10.1172/JCI114733
https://www.ncbi.nlm.nih.gov/pubmed/2384595
https://doi.org/10.1164/rccm.201208-1460OC
https://www.ncbi.nlm.nih.gov/pubmed/23328529
https://doi.org/10.1172/jci.insight.149955
https://doi.org/10.1038/386073a0
https://doi.org/10.1002/jbt.22375
https://doi.org/10.4049/jimmunol.1200256
https://doi.org/10.1152/ajplung.00482.2016
https://doi.org/10.1097/ALN.0b013e31821b5839
https://doi.org/10.1007/s00134-004-2179-7
https://doi.org/10.1007/s00134-003-1749-4
https://www.ncbi.nlm.nih.gov/pubmed/12736776
https://doi.org/10.1074/mcp.M110.004978
https://www.ncbi.nlm.nih.gov/pubmed/21242282
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1093/eurheartj/ehac495
https://doi.org/10.1016/S2213-2600(18)30177-2
https://doi.org/10.1016/S2213-2600(14)70097-9
https://doi.org/10.1016/S0140-6736(22)01485-4
https://doi.org/10.1007/s00018-021-03768-z
https://doi.org/10.1172/jci.insight.98178
https://doi.org/10.1161/CIRCRESAHA.107.149724
https://doi.org/10.3390/antiox8070218

Biomedicines 2025, 13, 800 14 of 14

33. Wang, Y,; Chen, L.; Yao, C.; Wang, T.; Wu, J.; Shang, Y.; Li, B.; Xia, H.; Huang, S.; Wang, F; et al. Early plasma proteomic
biomarkers and prediction model of acute respiratory distress syndrome after cardiopulmonary bypass: A prospective nested
cohort study. Int. J. Surg. Lond. Engl. 2023, 109, 2561-2573. [CrossRef]

34. Kraus, R.F; Ott, L.; Utpatel, K.; Kees, M.G.; Gruber, M. A ; Bitzinger, D. Neutrophils in the Spotlight-An Analysis of Neutrophil
Function and Phenotype in ARDS. Int. J. Mol. Sci. 2024, 25, 12547. [CrossRef]

35. Coudereau, R.; Waeckel, L.; Cour, M.; Rimmele, T.; Pescarmona, R.; Fabri, A.; Jallades, L.; Yonis, H.; Gossez, M.; Lukaszewicz,
A.-C; et al. Emergence of immunosuppressive LOX-1+ PMN-MDSC in septic shock and severe COVID-19 patients with acute
respiratory distress syndrome. J. Leukoc. Biol. 2022, 111, 489-496. [CrossRef] [PubMed]

36. Balamayooran, G.; Batra, S.; Fessler, M.B.; Happel, K.I; Jeyaseelan, S. Mechanisms of neutrophil accumulation in the lungs against
bacteria. Am. ]. Respir. Cell Mol. Biol. 2010, 43, 5-16. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/JS9.0000000000000434
https://doi.org/10.3390/ijms252312547
https://doi.org/10.1002/JLB.4COVBCR0321-129R
https://www.ncbi.nlm.nih.gov/pubmed/33909917
https://doi.org/10.1165/rcmb.2009-0047TR
https://www.ncbi.nlm.nih.gov/pubmed/19738160

	Introduction 
	Materials and Methods 
	Study Design and Population 
	Measurements 
	Data Collection 
	Proteomics Assay 
	Endpoints 
	Bioinformatics Analysis 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Occurrence of ARDS After Cardiac Surgery 

	Discussion 
	Conclusions 
	References

