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Objective: Cardiopulmonary bypass (CPB) can lead to systemic inflammation, which is associated with higher morbidity. Therefore, we investigated the metabolism of isolated blood monocytes before and after CPB compared to healthy controls.

Methods: In this prospective, monocentric, observational study, we included 30 patients undergoing CPB and 20 controls. We isolated monocytes from heparinized blood and investigated their metabolism by using Seahorse technology before (t0), 4 h (t4), and 24 h (t24) after the start of the CPB. We also examined programmed cell death 1 ligand (PD-L1), PD-L2, V-domain Ig suppressor of T cell activation (VISTA), and human leukocyte antigen-DR isotype (HLA-DR) using fluorescence-activated cell sorting analysis. Additionally, we investigated plasma cytokine levels in patients without and after ex vivo stimulation.

Results: CPB-induced inflammatory responses are shown by significantly elevated plasma interleukin-6 levels in the CPB group compared to baseline and controls [t0: 0 ng/ml (95%CI 0-0 ng/ml); t4: 0.16 ng/ml (95%CI 0.1-0.197 ng/ml), p < 0.0001; t24: 0.11 ng/ml (95% CI 0.1-0.16 ng/ml), p < 0.0001, and controls: 0 ng/ml (95% CI 0-0 ng/ml)]. The cytokine release in the ex vivo stimulation is reduced for lipopolysaccharide stimulation at t4 [t0: 35.68 ng/ml (95% CI 22.17-46.57 ng/ml) vs. t4: 15.02 (95% CI 10.25-24.78 ng/ml), p < 0.0001]. Intracellular metabolism of monocytes after CPB showed a protracted shift to aerobic glycolysis [t0: 179.2 pmol/min (95% CI 138.0-205.1 pmol/min) vs. t24: 250.1 pmol/min (95% CI 94.8-300.2 pmol/min), p < 0.0001]. Additionally, we observed an altered metabolism in monocytes in patients undergoing cardiac surgery compared to controls even before any surgical procedure [t0: 179.2 pmol/min (95% CI 138.0-205.1) vs. controls 97.4 (95% CI 59.13-144.6 pmol/min), p = 0.0031].

Conclusion: After CPB, patients' monocytes show a shift in metabolism from oxidative phosphorylation to aerobic glycolysis, which is associated with energy-demanding and proinflammatory processes. This is the first study to show changes in monocyte immunometabolism in cardiac surgery. Monocytes of patients undergoing cardiac surgery were leaning toward aerobic glycolysis even before any surgical procedure was conducted. Leaving the question of the pathophysiological mechanisms for future studies to be investigated and paving the way for potential therapy approaches preventing inflammatory effects of CPB.
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INTRODUCTION

For many cardiac surgery procedures, the usage of cardiopulmonary bypass (CPB) is implemented. Various mechanisms during surgery, including the CPB, cause an immune response, which can be recognized by an increase in plasma cytokines [such as interleukin (IL)-1β, IL-6, IL-8, tumor necrosis factor-alpha (TNF-α)] and activation of the complement system (C3a and C5a) (1–4).

The trauma of surgery releases intracellular and tissue proteins [damage-associated molecular patterns (DAMPs)], which activate the innate and acquired immune system (5). Besides the surgical trauma, a transient aortal clamping induces an inflammatory response by transient ischemia, which causes cell damage and an oxidative stress reaction (6). The immunological responses are partly caused by the CPB itself (7), as shown by preventing activation of the complement system in patients undergoing off-pump coronary artery bypass graft (8). The contact between blood and the nonphysiological surface of the CPB tubes leads to an activation of immune cells (9). Also, the nonpulsatile systemic blood flow, with an increased shear stress and a decreased endothelial NO synthesis, influences the immune response (10). Another potential cause of oxidative stress is hyperoxia during and after the CPB to prevent hypoxemia (11). This also indicates that CPB is one factor that increases oxidative stress (12). In addition, common surgical events affect the immune system, such as blood loss, transfusion, body temperature, duration of surgery, and others (10). Activation of the immune system after surgery is quite physiological, e.g., following tissue damage (5). The response can be local, such as an influx of monocytes and neutrophils with the release of cytokines. However, cardiac surgery using CPB can cause systemic inflammation, which is associated with higher morbidity. A systemic reaction in terms of a systemic inflammatory response syndrome (SIRS) can lead to a multi-organ dysfunction syndrome (MODS) (5).

In recent years, immunometabolism has gained more and more interest, providing a deeper understanding of metabolic pathways in immune cells being linked to their functionality (13, 14). The Warburg effect, first described in tumor cells by Otto Warburg (15), is a well-known change of intracellular metabolism to aerobic glycolysis, which also occurs in immune cells, such as monocytes. Monocytes are bone marrow-originated leukocytes and play an important role after tissue damage and during infections (16, 17). Before being activated, monocytes are primarily using oxidative phosphorylation (OXPHOS) for efficient production of energy. Inflammatory stimuli can activate monocytes and their metabolism shifts to the faster but less efficient glycolysis, despite the presence of oxygen (Warburg effect) (13, 14). Immune cells using aerobic glycolysis are known to be proinflammatory, thereby making use of the faster glycolysis to match high-energy demands during activation (18).

With the knowledge of immunometabolism, we took a closer look at the function and metabolism of monocytes in patients undergoing cardiac surgery using CPB. This is the first time monocyte immunometabolism has been assessed in cardiac surgery. We examined the metabolism of blood monocytes before, 4 h, and 24 h after CPB compared to healthy controls. We hypothesize a metabolic shift to glycolysis in monocytes after CPB according to the Warburg effect. Additionally, we measured the cytokine plasma level, the cytokine release after ex vivo full-blood stimulation, and surface receptor expression [programmed cell death 1 ligand (PD-L1), PD-L2, V-domain Ig suppressor of T cell activation (VISTA), and human leukocyte antigen-DR isotype (HLA-DR)] to determine their functionality. As HLA-DR has shown changes after cardiac surgery and CPB, other surface markers, such as PD-L1, which are also involved in immunometabolism, need a closer look in this field (19, 20).



METHODS


Study Design

This is a prospective, monocentric, noninterventional observational study. We report the results of an exploratory pilot study to evaluate the occurrence of metabolic changes in monocytes over the course of cardiac surgery. With no predecessor study available, we conducted convenience sampling adapted for number of patients in our center, aiming to understand effect size and statistical estimates for upcoming studies.

We included 30 adult patients undergoing elective cardiac surgery with CPB and 20 healthy individuals without surgery or anesthesia as a control group, matched for age and gender. Participants of both groups were excluded, having an infectious viral disease, a diagnosed autoimmune disease, diabetes mellitus, pharmacologically-induced immunosuppression, mitochondrial diseases, or pregnancy. Participants of the control group were not included if they show signs of current illness of infectious origin (e.g., rhinopharyngitis), recent injuries, or recent extensive dental or surgical procedures.

The study was approved by the ethics committee of the medical faculty of the Heidelberg University, and each participant was fully informed and gave written consent before inclusion (Az: S-112/2018).

In patients undergoing cardiac surgery, blood samples were collected from the arterial line at three time points, namely, (t0) after induction of general anesthesia before surgery, (t4) 4 h after the start of CPB, and (t24) 24 h after the start of CPB. In the control group, blood was collected once after peripheral venipuncture.



Isolation of Peripheral Blood Mononuclear Cells

Heparinized blood was centrifuged at 1,200 × g for 5 min to separate the plasma from the cellular parts of the blood. Plasma was removed and stored in aliquots at −80°C until further analysis. The residual cellular fraction was diluted with Dulbecco's phosphate-buffered saline solution (DPBS) (Thermo Fisher Scientific, Welham, USA), transferred to prefilled Leucosep™ density gradient centrifugation tubes, and centrifuged at 800 × g for 15 min without break. After removing the thrombocyte-containing plasma, the PBMCs were aspirated and washed a total of three times with isolation buffer [500 ml DPBS, Thermo Fisher Scientific, Welham, USA; 0.5% bovine serum albumin (BSA), Carl Roth GmbH + Co. KG, Karlsruhe, Germany; 2 mM ethylenediaminetetraacetic acid (EDTA), Sigma-Aldrich Chemie GmbH, München, Germany) (first centrifugation 500 × g for 5 min, second and third centrifugation 300 × g for 5 min)].



Isolation of CD14+ Monocytes

To purify the CD14+ cells, we used the magnetic-activated cell sorting (MACS) method based on CD14-specific antibodies conjugated to magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Separation was performed according to the instructions of the manufacturer. The final positive cell sorting was performed with an autoMACS Pro (Miltenyi Biotec, Bergisch Gladbach, Germany) using the “possel” program. The purity after sorting was checked by fluorescence-activated cell sorting (FACS) analysis.



Metabolic Analysis of Monocytes

The metabolic state of isolated monocytes was determined using the Seahorse® technology (Agilent Technologies, Santa Clara, USA) on a Seahorse XFp analyzer and the Seahorse Wave Desktop Software (version 2.4). The technology is capable of measuring the extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) of living cells in real-time.

To ensure proper attachment of monocytes, the corresponding culture plates were coated with Cell-Tak™ (Corning, New York, USA). Every well was incubated with 25 μl of the coating mixture (250 μl 0.1 M NaHCO3, pH = 8, and 4.7 μl Cell-Tak) for 20 min at room temperature (RT) with a closed lid, followed by removal of the solution and two washes with sterile water. After drying, it was stored overnight at RT and closed lid.

A total of 150,000 monocytes were used in each well for metabolic analysis in a total of 180 μl Seahorse medium (Seahorse XF base medium, Agilent Technologies, Waldbronn, Germany), 10 mM glucose, 1 mM pyruvate, 2 mM glutamine, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.4 ± 1. After seeding, plates were centrifuged at 300 × g for 1 min without a brake to accelerate cellular attachment. Before measurement, the plate was stored in a non-CO2 incubation chamber for 1 h. Analysis was performed using the Seahorse XFp Cell Mito Stress Kit and the Seahorse XFp Glycolytic Rate Assay Kit (both Agilent Technologies, Santa Clara, USA) according to the instructions of the manufacturer. Both kits are based on the sequential addition of different inhibitors [Oligomycin, FCCP (carbonyl cyanide-p-trifluoromethoxyphenylhydrazone), Rotenone/Antimycin A, 2-deoxy-D-glucose] to the cultured cells and the assessment of resulting changes in ECAR and OCR. In general, all tests were performed according to the instructions of the manufacturer. The Mito Stress test provided the parameters of basal respiration, adenosine triphosphate (ATP) production (from oxygen), spare respiratory capacity, and proton leak. From the glycolytic rate test, basal glycolysis and compensatory glycolysis were calculated.



Flow Cytometry

All cellular analyses were run on a FACSVerse flow cytometer (BD Biosciences, San Jose, USA) with BD FACSuite™ software (version 1.0.5).


Measurement of Isolation Purity

After isolation of CD14+ monocytes, 100 μl of the cell solution was mixed with 5 μl Human TruStain FcX™ (BioLegend, San Diego, USA) and incubated for 10 min to block unspecific Fc receptor bindings. Thereafter, we added 20 μl fluorescein isothiocyanate (FITC) anti-CD14 antibodies (clone: M5E2) (BD Biosciences, Heidelberg, Germany), followed by mixing and incubation for 15 min at RT in the dark. Then, the suspension was washed with 2 ml of FACS Flow solution (BD Biosciences, San Jose, USA) and centrifuged at 300 × g at RT for 5 min. The supernatant was removed and the pellet was resuspended in 300 μl FACSFlow. Gating was adjusted first on the cellular events in forward scatter (FSC) and side scatter (SSC), excluding particles smaller than 3 μm, followed by the assessment of CD14+ cells (Figure 1). Purity referred to all cellular events was calculated. All samples reached purities (fraction of CD14+ cells from all cells) of >80%.
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FIGURE 1. Representative gating strategy for monocytes and antibody staining of surface markers. (A) Chronological from left to right: debris were excluded from all cellular events. Afterward, single cells were identified via FSC-A and FSC-H. Using CD14 FITC antibodies, monocytes were finally detected as CD14+. (B–D) Antibody staining of PD-L1, PD-L2, and VISTA in CD14+ monocytes. The gray line represents FMO, and the red line represents stained monocytes. APC, allophycocyanin; FMO, fluorescence minus one; FSC-A, forward scatter area; FSC-H, forward scatter height; PE, phycoerythrin; SSC-A, side scatter area.




Surface Staining and FACS Analysis of PD-L1, PD-L2, and VISTA

A total of 100 μl heparinized blood was used for each staining. Then, 5 μl Human True Stain FcX™ was added to each tube and vortexed, followed by incubation for 10 min at RT. Later, we stained the cells with Human VISTA/B7-H5/PD-1H PE-conjugated antibodies (clone: 730804; R&D Systems, Minneapolis, USA), PE-Cy™7 Mouse Anti-Human CD274 (clone: MIH1; BD Biosciences, Heidelberg, Germany), APC anti-human CD273 (B7-DC, PD-L2) (clone: MIH18; BioLegend, San Diego, USA), and FITC anti-CD14 (clone: M5E2, BD Biosciences, Heidelberg, Germany). Incubation was performed for 30 min at 4°C in the dark. Subsequent erythrocyte lysis was achieved by adding 2 ml FACS Lysing Solution (BD Biosciences, San Jose, USA) and incubation for 15 min in the dark. Before analysis, cells were centrifuged (5 min at 300 × g, RT), washed once with 2 ml FACS Cell Wash (BD Biosciences, San Jose, USA), and resuspended in 300 μl FACSFlow.

First, single-cellular events were gated via FSC and SSC to exclude debris and cellular aggregates. Then, CD14+ monocytes were identified and the mean fluorescence intensity (MFI) of surface markers was assessed. The CD14-FITC staining was conducted to identify CD14+ monocytes. Fluorescence minus one (FMO) controls were used to determine background fluorescence levels. Expression levels of PD-L1, PD-L2, and VISTA were finally measured in ΔMFI (MFI minus background fluorescence levels) (Figure 1).



Quantification of Monocyte HLA-DR Expression

We used 50 μl heparinized blood per staining. In every tube, we added 20 μl of Anti-Human HLA-DR antibodies (antibody mix of anti-CD14-PerCP-5.5 and anti-HLA-DR-PE; clone: L243/MϕP9; BD Biosciences, San Jose, USA). After mixing, an incubation of 30 min at RT in the dark was performed. Subsequently, 450 μl FACS Lysing Solution was added, mixed, and incubated for additional 15 min to lyse the erythrocytes. The following procedure was conducted with Anti-Human HLA-DR PE/Monocyte PerCP-Cy™5.5 (BD Biosciences, San Jose, USA) according to the protocol of the manufacturer. As each HLA-DR antibody is attached to one molecule of fluorescence dye, the obtained MFI reflects the mean number of HLA-DR-molecules per monocyte.




Ex vivo Stimulation

The ex vivo stimulation was conducted in a 96-well TC plate (Sarstedt, Nümbrecht, Germany). Six wells were each filled with 150 μl heparinized blood and 150 μl prewarmed medium (RPMI 1640 Medium, GlutaMAX™ Supplement, HEPES; Thermo Fisher Scientific, Waltham, USA). The first two control wells were not stimulated. The third and fourth were each stimulated with 100 ng/ml ultrapure lipopolysaccharide (LPS). The last two wells were exposed to 100 μg/ml depleted zymosan. The whole plate was stored in a CO2 incubator (5% CO2, 37°C). After 24 h, the plate was centrifuged (5 min at 1,200 × g, RT) to obtain supernatant for further cytokine analyses.



Enzyme-Linked Immunosorbent Assay

Analyses of the cytokines IL-6,−8, and−10 were performed using the respective DuoSet® enzyme-linked immunosorbent assay (ELISA) and DuoSet® ELISA Ancillary Reagent Kits 2 (Bio-Techne, Minneapolis, USA) following the user manual.



Statistics

The visualization of the data and statistical analysis was performed using GraphPad Prism (version 8.0.1, GraphPad Software, La Jolla, USA). Exact Fisher's test was used for categorical data. Measurements from repeated sampling were tested by the Friedman test for global difference; if significant, Dunn's test for multiple testing between groups was performed, yielding adjusted p-values. For comparison of healthy controls to different time points of patients, the Kruskal-Wallis test for global differences among independent samples was performed, followed again by Dunn's post-test. Results were visualized as median and whiskers spanning the 5th and 95th percentile. p < 0.05 were considered significant.




RESULTS


Demography

We examined 30 patients undergoing cardiac surgery and CPB and 20 healthy controls (Table 1). There was no significant difference in age between the two groups (p = 0.095).


Table 1. Group characteristics.
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Leukocytes

While leukocytes significantly increase over time, the proportion of CD14+ monocytes shows a transient dip 4 h after CPB, with a rapid recovery to baseline values within 24 h after CPB (Figure 2).
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FIGURE 2. Leukocytes, CD14+ monocytes, and surface markers HLA-DR, PD-L1, PD-L2, and VISTA. Leukocyte count of patients (A) and the percentage of CD14+ monocytes (B) in full blood; FACS analyses of surface marker: (C) expression of HLA-DR on isolated blood monocytes; (D) expression of PD-L1 on isolated blood monocytes; (E) expression of PD-L2 on isolated blood monocytes; (F) expression of VISTA on isolated blood monocytes; all measurements in (C–F) were taken from isolated blood monocytes before surgery (baseline), 4 h after CPB (4 h CPB), 24 h after CPB (24 h CPB), and compared to the healthy control group; data shown as median and the whiskers of the 5th and 95th percentile; MWU test was used to test for significance; CPB, cardiopulmonary bypass; FACS, fluorescence-activated cell sorting; HLA, human leukocyte antigen system; ΔMFI, delta mean fluorescence intensity; PD-L, programmed cell death ligand; VISTA, V-domain Ig suppressor of T-cell activation.




Metabolism

ATP production in healthy individuals was significantly higher than in patients (24.97 vs. 12.05 pmol/min; p = 0.0181) (Table 2, Figure 3H). ATP production during cardiac surgery decreased (t0 12.05 pmol/min to t4 10.13 pmol/min; p = 0.0024) and thereafter increased again to 17.26 pmol/min after 24 h. The basal glycolysis of healthy individuals was lower than in patients (97.4 vs. 179.2 pmol/min; p = 0.0035). It rose from baseline to t24 from 179.2 pmol/min to 250.1 pmol/min (p < 0.0001) (Table 2, Figure 3A). The compensatory glycolysis was elevated in patients undergoing cardiac surgery compared with healthy individuals (189.1 vs. 124.8 pmol/min; p = 0.0031) and increased 24 h after CPB to 270.9 pmol/min (p = 0.0024) (Table 2, Figures 3A,B). Maximum respiration (90.98 vs 60.03 pmol/min, p = 0.0002) and spare respiratory capacity (71.43 vs 48.64 pmol/min, p = 0.0001) had a transient dip 4 h after CPB (Table 2, Figures 3D,E). Proton leak and non-mitochondrial respiration showed no signifikant changes during surgery (Table 2, Figures 3F,G).


Table 2. Cell metabolism.
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FIGURE 3. Analyses of metabolic flux. Basal glycolysis (A), compensatory glycolysis (B), basal respiration (C), maximum respiration (D), spare respiratory capacity (E), non-mitochondrial respiration (F), proton leak (G), and ATP production (H) were taken from isolated blood monocytes before surgery (baseline), 4 h after CPB (4 h CPB), 24 h after CPB (24 h CPB), and compared to monocytes of the healthy control group; data shown as median and the whiskers of the 5th and 95th percentile; MWU test was used to test for significance; ATP, adenosine triphosphate; CPB, cardiopulmonary bypass; OCR, oxygen consumption rate; PER, proton efflux rate.


Basal respiration in healthy individuals was significantly higher than in patients (25.07 vs. 16.68 pmol/min; p = 0.0294). The basal respiration rate decreased between baseline (16.68 pmol/min) and t4 (13.25 pmol/min) and was elevated again at t24 (19.78 pmol/min; p = 0.0024) (Table 2, Figures 3C,H).



Plasma Cytokines and ex vivo Stimulation

We found an increase in the pro-inflammatory cytokines IL-6 and IL-8 4 h after CPB and a further decrease 24 h after CPB for IL-6 and IL-8 (Table 3, Figures 4A–C). The anti-inflammatory cytokine IL-10 showed no significant change.


Table 3. Cytokines and ex vivo whole-blood stimulation.
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FIGURE 4. Cytokine levels in plasma and after ex vivo stimulation. ELISA analyses of cytokine levels in plasma (A–C), after ex vivo stimulation with LPS (D–F) and zymosan (G–I); all measurements were taken from blood samples before surgery (BL), 4 h after CPB (4 h), 24 h after CPB (24 h), and compared among each other and to the healthy control group; the y-axis in (A–C) is presented in a log scale and zero data has been set to 0.001; cytokine levels after stimulation were only compared to controls (D–I); data shown as median and the whiskers of the 5th and 95th percentile; MWU test was used to test for significance; CPB, cardiopulmonary bypass; IL, interleukins.


After ex vivo stimulation with LPS, there was an increase in the cytokines in all groups (Table 3, Figures 4D–I). At t4, IL-6 levels were lower in patients than in the control group. The IL-8 levels at every point in time were lower than in stimulated healthy controls. IL-10 showed only at the 4 h time point a significant decline. After ex vivo stimulation with zymosan, there were higher or similar levels of the cytokines IL-6, IL-8, and IL-10 in healthy controls compared to patients. The CPB group showed at t4 lower IL-6 levels than the control group. In the same manner, the IL-8 level at the 4 h time point was lower than the healthy at baseline. The remaining IL-8 level was at no time significantly different from the control group at baseline. For IL-10, there was no significant and relevant change at any point in time compared to healthy controls.



Fluorescence-Activated Cell Sorting
 
Human Leukocyte Antigen-DR Isotype

There was a significant decrease in HLA-DR expression 4 h after the start of the CPB, and this depression lasted at least till 24 h after the start of the CPB (Table 4, Figure 2C).


Table 4. Results of FACS: HLA-DR, PD-L1/2, and VISTA.
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Programmed Cell Death 1 Ligand, Programmed Cell Death 2 Ligand, and V-Domain Ig Suppressor of T Cell Activation

We found a significant decrease in PD-L2 expression at the 4 h time point (107 vs. 56 ΔMFI; p < 0.0001), but no changes in PD-L1 and VISTA expression in the course of surgery were seen. However, the preoperative VISTA and PD-L1 expression was reduced compared to the healthy individuals (258 vs. 392 ΔMFI; p = 0.0467) (257.5 vs. 391.5 ΔMFI; p = 0.0467, and 1,005 vs 689.5 ΔMFI; p = 0.0092) (Table 4, Figures 2D–F).





DISCUSSION

This observational study shows for the first time a change in immunometabolism during cardiac surgery. In the course of surgery, the monocytes display an increase in glycolysis and a transient decrease in OXPHOS, which is characteristic of aerobic glycolysis. The change of intracellular metabolic pathways in monocytes according to a Warburg effect can be led back to inflammatory stimuli during cardiac surgery and CPB.

An increase in the plasma cytokine levels of the inflammatory cytokines IL-6 and IL-8, as shown in this study, is typical for patients undergoing cardiac surgery (2, 3, 21). IL-6 can increase the expression of glycolytic enzymes and promote aerobic glycolysis in macrophages (22, 23). Likewise, IL-8 has been shown to mediate the enhancement of glycolysis (24). Pro- and anti-inflammatory cytokines are capable of changing the metabolism in immune cells in a variety of ways. The hypoxia-inducible factor 1α (HIF-1α) is a transcription factor and a strong inducer of glycolysis (25). Recent studies showed the effects of commonly used anesthetics, such as sevoflurane, on increasing HIF-1α and thereby aerobic glycolysis (26). Even though anesthesia has an impact on inflammation and immunometabolism, it is one part of a complex arrangement of immunological stimuli in cardiac surgery using CPB. All patients included in our study have received a comparable regimen of anesthetics and halogenated gases for the maintenance of anesthesia. In this study, we therefore consider anesthesia as an indelible part of cardiac surgery using CPB. Besides hypoxia, HIF-1α can be activated by the cytokines IL-6, TNF-α, and IL-1β, which are elevated during cardiac surgery using CPB (1–3, 27, 28). Dendritic cells and macrophages are primarily using aerobic glycolysis after being stimulated by proinflammatory cytokines, such as interferons (29, 30). The anti-inflammatory cytokine IL-10 can regulate aerobic glycolysis in macrophages by preserving OXPHOS (31). IL-10 showed no changes in this study, which could be explained by the early points in time measuring. In previous studies, a peak of IL-10 was detected at the third postoperative day (32). A significant increase in IL-10 after injury only occurs in a few cases and needs a severe trauma (33). In addition, some authors postulate a genetic predisposition to be a relevant influencing factor on the cytokine response after cardiac surgery (34).

Immunometabolism is also modulated by the complement system and Toll-like receptors (TLRs) via DAMPS, which are inevitably released during surgery (4, 7). The stimulation of TLRs results in enhanced glycolysis and depending on TLR type in an increase or decrease of OXPHOS (25). Besides DAMPS, exogenous molecules are known to activate monocytes and initiate metabolic changes. LPS of bacteria is elevated in the bloodstream during cardiac surgery, which is probably caused by transmission of gut bacteria through dysfunctional barriers of the intestine during CPB (35, 36). Especially LPS has been reliably used to generate aerobic glycolysis in monocytes (25). Hypoxia is a strong inducer of glycolysis via HIF-1α. To prevent ischemia, perioperative oxygen levels are usually kept above physiological values during cardiac surgery (11). Although an extensive and frequent systemic hypoxia during cardiac surgery seems to be unlikely, local ischemia (e.g., of the myocardium) due to aortic clamping is not (37) and could lead to metabolic changes in monocytes.

The change in monocytes in the course of surgery can also be seen in their expression of surface markers, such as the observed decrease in HLA-DR and PD-L2. This effect has been detected during and after cardiac surgery procedures using CPB, as well as after severe trauma or during sepsis (19, 38, 39). The HLA-DR downregulation is linked to an inhibition of OXPHOS and is associated with complications (such as infections) as a sign of monocyte anergy (40, 41). This is consistent with a lower IL-6 and IL-8 response to LPS or zymosan stimulation at this point in time. Decreased monocytic function and cytokine levels after full blood stimulation have been observed in pediatric cardiac surgery with CPB (42). However, the percentage of CD14+ monocytes decreases 4 h after CPB, which could mask a trained immunity with high cytokine levels after ex vivo stimulation. The reduction in PD-L2 during surgery indicates higher inflammatory responses by immune cells and could explain elevated cytokine levels of IL-6 and IL-8 measured after CPB and at the same time a lower IL-10 release after LPS stimulation (43). Inflammatory effects and cytokine release are also associated with the suppression of PD-L1 and VISTA. Furthermore, the expression of PD-L1 is linked directly to the activity of HIF-1α and consequently to immunometabolism (20). Both were already downregulated in patients before surgery, with PD-L1 remaining low during surgery.

Surprisingly, this study detected a Warburg effect in monocytes of patients even before surgery, which can be seen compared to monocytes of healthy controls. This means that there has been a preexisting shift from OXPHOS to glycolysis in terms of a trained immunity with no acute trigger, such as surgery or hypoxia (44). Considering potential previous stimuli directly leads to common diseases in cardiac surgery patients, such as atherosclerosis. Monocytes of patients with atherosclerosis showed a higher glycolytic rate and an increased mRNA expression of IL-6 and IL-1β compared to healthy controls (45). Although this has only been described after in vitro stimulation (with LPS and INF-γ), monocytes of atherosclerotic patients seem to be pre-exposed to activating stimuli. Riksen et al. propose that long-time changes in monocytes are caused by changes in bone marrow progenitors and are leading to epigenetic and metabolic modifications in the form of trained immunity, which are important factors in atherosclerosis (46). Increased levels of pro-atherosclerotic markers, such as lipoprotein (a) and oxidized low-density lipoprotein (oxLDL), already affect glycolysis in progenitor cells and can set off aggravated long-term immune responses in monocytes (47–49). In patients with symptomatic coronary artery disease, monocytes showed an increased immune response to LPS and RNA analysis of whole blood, suggesting a high glycolytic rate, compatible with aerobic glycolysis (50).



LIMITATIONS

This study is an observation trial with an explorative design. We cannot demonstrate any causality. Because of the many influencing factors, it is difficult and not implemented to match the patients and the healthy volunteers according to all potentially influencing factors of metabolism, such as comorbidities. For instance, atherosclerosis, including coronary heart disease, is an inflammatory disease of the arterial wall. We excluded patients with diagnosed diabetes mellitus, but there is the possibility of underdetection and prediabetes. Moreover, we hereby excluded a large proportion of patients undergoing cardiac surgery because of the common occurrence of this illness in the cardiovascular patient collective. Also, we excluded controls receiving statin treatment because of the potential influence on cell metabolism (45). But hyperlipidemia is a frequent comorbidity of patients undergoing cardiac surgery and therefore is a statin treatment. In this context, different authors have shown that some commonly used drugs, such as aspirin, metoprolol, lisinopril, and simvastatin, can lower a trained immunity in macrophages (34) and statins also prevent a trained immunity of monocytes in vivo (39).

The stimulation with LPS and zymosan was performed on full blood, with individual variations in the number of monocytes. This could impair the comparability between patients and make it difficult to evaluate the extent of monocytic cytokine response.

Because of methodical reasons, we did not differentiate between different monocyte subpopulations; consequently, we could not make any statement about the influence of the different populations. This influence on the inflammatory reaction is described by different authors (51, 52). In respect thereof, it is likely that this change in monocyte population had an influence on the measurements we made during our trial.



CONCLUSION

Our data suggest that in the typical patient undergoing cardiac surgery collective is a switch from OXPHOS to aerobic glycolysis compared to healthy individuals. After surgery and usage of a CPB, there have already been described multicausal inflammatory reactions. Furthermore, there is a shift in metabolism favoring aerobic glycolysis during the examined 24 h after CPB. Both effects seem equivalent to the Warburg effect, which has been described in different cell types. These findings extend the understanding of inflammation in patients undergoing cardiac surgery and could reveal new therapeutic approaches before and during surgery. Further research will be necessary to ensure the mechanisms for the switch in metabolism and its pathophysiological implications.
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