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Recent studies demonstrate the involvement of inflammatory processes in the development of depression and the anti-inflammatory effects of antidepressants. Infiltration and adhesion of neutrophils to nerve tissues and their aggressive secretion are considered as possible causes of inflammatory processes in depression. We studied the effect of the antidepressant imipramine on the adhesion and accompanied secretion of neutrophils under control conditions and in the presence of lipopolysaccharides (LPS). As a model of integrin-dependent neutrophil infiltration into tissues, we used integrin-dependent adhesion of neutrophils to the fibronectin-coated substrate. Imipramine inhibited neutrophil adhesion and concomitant secretion of proteins, including matrix metalloproteinase 9 (MMP-9) and neutrophil gelatinase-associated lipocalin (NGAL), which modify the extracellular matrix and basement membranes required for cell migration. Imipramine also significantly and selectively blocked the release of the free amino acid hydroxylysine, a product of lysyl hydroxylase, an enzyme that affects the organization of the extracellular matrix by modifying collagen lysine residues. In contrast, imipramine enhanced the release of ROS by neutrophils during adhesion to fibronectin and stimulated apoptosis. The anti-inflammatory effect of imipramine may be associated with the suppression of neutrophil infiltration and their adhesion to nerve tissues by inhibiting the secretion of neutrophils, which provides these processes.
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INTRODUCTION
Imipramine, the oldest tricyclic antidepressant, is used to treat chronic psychiatric disorders, including major depressive disorder (MDD) and related diseases (Wille et al., 2008). Although antidepressants have been used in therapy for over 50 years, the mechanism of action of these drugs remains unclear. Recently, new pharmacological effects of antidepressants have been discovered, including anti-inflammatory effects. Stimuli such as inflammation, chronic stress and infection can trigger the activation of microglia, the brain’s immune cells, to release pro-inflammatory cytokines that may lead to MDD and neurodegeneration (Kopschina Feltes et al., 2017). The neuroprotective effect of imipramine and other antidepressants may be associated, at least in part, with the inhibition of the inflammatory response of glial cells (Hashioka, 2011; Obuchowicz et al., 2014). Other immune cells that can play a key role in inflammation associated with chronic psychiatric disorders are neutrophils.
A characteristic property of neutrophils is the ability to migrate from the bloodstream and penetrate into the tissues of the body during infection or certain metabolic disorders, such as reperfusion after ischemia or diabetes (Patel, 2009; Schofield et al., 2013). Once in the tissues of the body, aggressive products of neutrophil secretion, designed to destroy pathogenic microbes, aggravate inflammatory processes in the vessels and surrounding tissues. Aggressive secretion of neutrophils includes bactericidal enzymes and pore-forming peptides, which are localized in intracellular granules of three types, and reactive oxygen species (ROS) formed by the NADPH oxidase complex, which collects on the membranes of activated neutrophils (Segal, 2005; Winterbourn and Kettle, 2013).
Infiltration of neutrophils in the CNS, their adhesion and concomitant secretion can contribute to the development of inflammation and numerous neurological and neurodegenerative diseases, including MDD (Prinz and Priller, 2017; Kanashiro et al., 2020). Repetitive social defeat stress induces the mobilization of neutrophils in mice, which may contribute to the development of mental illness (Ishikawa et al., 2020). Genetic analysis revealed that MDD is associated with increased expression of innate immune and neutrophil-related genes in peripheral blood (Wittenberg et al., 2020). Depression cases, compared with controls, had significantly increased immune cell counts, especially neutrophils and monocytes (Maes et al., 1992; Lynall et al., 2020). Increased neutrophil/lymphocyte ratio was observed in patients with depression or other psychiatric diagnoses (Mazza et al., 2018; Brinn and Stone, 2020). Elevated neutrophil-to-lymphocyte ratio was shown to predict depression after intracerebral hemorrhage (Gong et al., 2020). Neutrophils are the first cells which are recruited into the brain within minutes after stroke. They increase ischemic injury and impair behavior in stroke (Neumann et al., 2015; Ruhnau et al., 2017; Ritzel et al., 2018).
Bacterial lipopolysaccharides (LPS, endotoxins) of the outer membrane of gram-negative bacteria can play an important role in the regulation of neutrophil activity and infiltration (Alexander and Rietschel, 2001). The source of LPS can be bacteria that have entered the body from the environment, or bacteria in the gastrointestinal tract. The interaction between the gastrointestinal tract and brain function has recently become a topic of growing interest in psychiatric research (Carlessi et al., 2019). Immune activation associated with intestinal LPS has been observed in major depression and other mental illnesses (Maes et al., 2008; Rudzki and Szulc, 2018).
In this work, we studied how imipramine affects the activity of neutrophils under control conditions and in the presence of LPS. We have used neutrophil adhesion to fibronectin as a model for integrin-dependent adhesion (Galkina et al., 2019; Galkina et al., 2021). Our previous data revealed that neutrophils adhered well and spread on fibronectin-coated substrates. Concomitant secretion included: a component of primary granules myeloperoxidase, secondary granule components, albumin and some cytosolic proteins (Galkina et al., 2012; Galkina et al., 2017). The morphology of neutrophils attached to fibronectin in the presence of LPS was practically similar, but the secretion of neutrophils was enriched with tertiary granular components such as matrix metalloproteinases (MMPs) and primary granular components such as cathepsin G and defensins (Galkina et al., 2017). MMPs play an important role in neutrophil migration and recruitment into tissue (Dejonckheere et al., 2011). Aggressive bactericides cathepsin G and defensins, once in the environment, can initiate inflammatory processes (Eipper et al., 2016).
Amino acid analysis showed that adhesion to fibronectin sharply and selectively stimulates the secretion of hydroxylysine by neutrophils (Galkina et al., 2019; Galkina et al., 2021) but does not affect the release of other amino acids. Hydroxylysine is a lysine metabolite produced by lysyl hydroxylase (LH 1-3 or procollagen lysine, 2-oxoglutarate-5-dioxygenase, PLOD 1-3) that modifies collagen lysine residues in the rough endoplasmic reticulum and plays a key role in collagen deposition and extracellular matrix organization (Risteli et al., 2009). In tumor cells, LH is also secreted outside and modifies proteins in the extracellular environment (Salo et al., 2006; Wang et al., 2012; Chen et al., 2016). PLOD3 and PLOD2 are overexpressed and secreted by cells of lung cancer (Baek et al., 2018; Baek et al., 2019) glioma (Tsai et al., 2018), glioblastoma (Verano-Braga et al., 2018) and pancreatic duct adenocarcinoma (Schiarea et al., 2010). These enzymes promote cancer development and metastasis and are considered potential targets for cancer treatment.
To assess whether the neuroprotective effect of imipramine is associated with inhibition of neutrophil infiltration and neutrophil-induced inflammation, we examined the effect of imipramine on neutrophil adhesion to a fibronectin-coated substrate and concomitant secretion of proteins, free amino acids and reactive oxygen species, as well as on apoptosis under control conditions or upon stimulation with LPS. We used scanning and transmission electron microscopy to study neutrophil morphology, electrophoretic separation and mass spectrometric identification of secreted proteins, amino acid analysis to study the composition of free amino acid secretion, and flow cytometry to study apoptosis.
MATERIALS AND METHODS
Materials
Bicarbonate-free Hank’s solution, Ca2+-free Dulbecco PBS, imipramine, LPS (lipopolysaccharide from Salmonella enterica serovar Typhimurium) and E64 were obtained from Sigma (Steinheim, Germany). Ficoll-Paque was obtained from Pharmacia (Uppsala, Sweden). Fibronectin was from Calbiochem (La Jolla, United States). Coomassie Brilliant Blue G-250 was obtained from Serva, PMSF from MP Biomedical, trypan blue from Fluka AG, glutaraldehyde from Ted Pella. Trypsin was from Promega, carboxy-H2DCF-DA from Molecular probe, United States. Analytical chromatography conditions: eluent MCI Buffer L-8800-PH-1–4 and ninhydrin coloring solution kit for Hitachi 29970501 (Wako Chemicals GmbH, United States).
Neutrophil Isolation
Neutrophils were isolated from the blood of healthy volunteers who had not taken medication for 2 weeks. All donors gave their informed consent. The study was approved by the Bioethics Commission of M.V. Lomonosov Moscow State University, application # 6-h version 3, approved during the Bioethics Commission meeting # 131-days held on May 31, 2021.
Erythrocytes were precipitated in the presence of 3% T-500 dextran at room temperature. Neutrophils were isolated from plasma by centrifugation through Ficoll-Paque at a density of 1.077 g/ml, followed by hypotonic lysis of the remaining erythrocytes in buffer (114 mM NH4Cl, 7.5 mM KHCO3, 100 μM EDTA) and washing in PBS. Before experiments, neutrophils were stored in Dulbecco PBS containing 1 mg/ml glucose (no CaCl2). Neutrophils accounted for 96–97% of the total number of cells in the preparation. The viability of neutrophils was determined by staining with trypan blue dye, which stains dead cells but does not penetrate viable cells. Neutrophils were incubated with 0.5 mM trypan blue in Hanks solution for 15 min at 37°C, washed, and the number of dead cells was counted. The percentage of dead cells did not exceed 1–2% of the total number of counted cells (3,000 cells per group).
Adhesion of Neutrophils to Culture Plates Coated With Fibronectin
Cellstar six-well culture plates (Frichenhausen, Germany) were coated with fibronectin for 2 h incubation with fibronectin (5 μg/ml) in Hank’s solution at room temperature and washed. Neutrophils were attached to fibronectin-coated wells (3 × 106 cells in 1.3 ml/well) for 20 min incubation in Hank’s solution containing 10 mM HEPES (pH 7.35) at 37°C. LPS and imipramine were added to the cells prior to incubation. After incubation, samples of the extracellular medium were taken and mixed with inhibitors of metalloproteinase, serine and cysteine proteinases, and myeloperoxidase (EDTA, 5 mM; PMSF, 200 μM; E64, 10 μM; and sodium azide, 0.025%, respectively). Neutrophils remaining in the extracellular medium were removed by centrifugation (5 min at 400 x g at room temperature). Extracellular medium samples from three identical wells were pooled for amino acid analysis. To determine the protein content in the secretion of neutrophils, samples from six identical wells were combined.
Quantification of Neutrophil Adhesion
Neutrophils (2 × 105 cells/probe) in HBSS/HEPES, supplemented or not with imipramine, were incubated in fibronectin-coated 96-well plates for 30 min at 37°C in 5% CO2. Supernatants were then carefully removed followed by double washing with warm PBS to remove free-floating or weakly attached cells. Quantification of adhesion was carried out according to the method described by Ngo and coauthors (Ngo and Lenhoff, 1980; Sud’ina et al., 2001). Briefly, hydrogen peroxide (4 mM final concentration) in permeabilizing buffer (67 mM Na2HPO4, 35 mM citric acid, 0.1% Triton X-100) supplemented with 5.5 mM o-Pphenylenediamine dihydrochloride (OPD) was added to substrate-bound neutrophils for 5 min. MPO-catalyzed oxidation of OPD by H2O2 leading to the formation of colored product 2, 3-diaminophenazine was stopped by adding of 1M H2SO4. The absorption was measured at a wavelength of 490 nm and compared with the calibration values.
Isolation of Proteins and Separation by Electrophoresis in Polyacrylamide Gel with Sodium Dodecyl Sulfate.
Proteins from samples of the extracellular medium were extracted with an equal volume of chloroform-methanol (2: 1, v/v), as previously published (Galkina et al., 2012). The chloroform phase was separated by centrifugation for 20 min at 11,000 x g, collected and, after evaporation of the solvent, subjected to electrophoresis. Proteins were separated by one-dimensional electrophoresis in the presence of sodium dodecyl sulfate under non-reducing conditions on a 15% polyacrylamide gel in a Mini-PROTEAN 3 cell (Bio-Rad). Aliquots of the samples were boiled for 3 min in lysis buffer (Tris-HCl 30 mM, pH 6.8; SDS 1%; urea 3 M; glycerol 10%; bromophenol blue 0.02%) before electrophoresis. Protein bands were stained with 0.22% Coomassie brilliant blue G-250.
Protein Identification by Mass Spectrometry
Matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) analysis of proteins was performed with a MALDI-ToF-ToF mass spectrometer Ultraflextreme (Bruker, Karlsruhe, Germany) as previously described (Galkina et al., 2021). Protein hydrolysis with trypsin was performed directly in the gel. Gel pieces were excised from each protein band, washed, dehydrated, air dried, and subjected to trypsin digestion in the gel. The peptides resulting from hydrolysis were extracted with 0.5% trifluoroacetic acid. Aliquots were taken from each sample and mixed on a steel target with 2,5-dihydroxybenzoic acid (30 mg/ml in 30% acetonitrile and 0.5% trifluoroacetic acid), dried and subjected to mass spectrometric analysis. The [MH]+ molecular ions were measured in reflector mode; the accuracy of mass peak measurement was within 30 ppm. Identification of proteins was carried out by a peptide fingerprint search using Mascot software 2.5.01 (http://www.matrixscience.com, accessed on January 3, 2021), SwissProt database through the mammalian proteins. When the score was >68, protein matches were considered significant (p < 0.05).
Sample Preparation and Amino Acid Analysis
Samples of the extracellular medium, which were combined from three identical wells, were concentrated using a Centrivap Concentrator Labconco (United States), then the proteins were precipitated with sulfosalicylic acid (4.4%). The sediments were removed by centrifugation for 30 min at 18,000 x g. Supernatants were centrifuged through Vivaspin 500 Membrane 3000 PES MWCO membrane ultrafilters (Sartorius, Germany) and subjected to amino acid analysis.
The amino acid analysis was conducted on an L-8800 amino acid analyzer (Hitachi, Tokyo, Japan) in the standard mode according to the manufacturer’s user manual (Hitachi High-Technologies Corporation, Japan, 1998) as described previously (Galkina et al., 2019). The prepared samples were separated on a 2622SC-PH ion-exchange column (Hitachi, Ltd., P/N 855-3,508, 4.6*80 mm) by step gradient of four sodium-acetate buffers at an elution rate 0.4 ml/min at 57°C. The stained products were detected by measuring the absorbance at 570 nm for all amino acids except proline and at 440 nm for proline. MultiChrom for Windows software (Ampersand Ltd., Moscow, Russia) was used for processing the chromatographic data.
Scanning Electron Microscopy
For coating with fibronectin the cover slips were incubated in a buffer containing 5 μg/ml fibronectin for 2 h at room temperature and washed. Neutrophils were attached to the fibronectin-coated cover slips (3 × 106 cells in 2 ml per well) during 20 min incubation in a Hanks solution containing 10 mM HEPES (pH 7.35) at 37°C. LPS (10 μg/ml) and imipramine (100 µM) were added to the cells before incubation. After incubation, attached neutrophils were fixed in 2.5% glutaraldehyde in Hanks buffer without Ca2+ or Mg2+ ions, but containing 5 mM EDTA and 0.5 mM phenylmethylsulfonyl fluoride (PMSF), metalloproteinase and serine proteases inhibitors, and 10 mM HEPES at pH 7.3. In addition, the cells were fixed with a 1% solution of osmium tetroxide in 0.1 M sodium cacodylate containing 0.1 M sucrose at pH 7.3. Then the cells were dehydrated in a series of acetones (10–100%) and dried in a Balzer apparatus at the critical point with liquid CO2 as a transition liquid. Samples coated with gold/palladium sputtering were then examined at 15 KV with a scanning electron microscope Camscan S-2. The area occupied by the cells on the substrate was measured quantitatively using an ImageJ-win64 software in scanning electron microscopy images.
Transmission Electron Microscopy
Neutrophils attached to fibronectin-coated coverslips under control conditions or in the presence of imipramine were fixed in the same way as for scanning electron microscopy. Fixed samples were dehydrated in the usual way (70% ethanol containing 2% uranyl acetate), embedded in Epon 812 (Fluka), cut into ultrathin sections with a Reichert Ultra Cut III and stained with lead citrate. The internal morphology of the cell was examined using a JEM-1400 transmission electron microscope.
Actin Cytoskeleton Staining
Neutrophils attached to coverslips under control conditions or in the presence of imipramine were fixed in 4% paraformaldehyde in HEPES buffer free of Ca2+ and Mg2+ containing 5 mM EDTA (pH 7.3). Then the cells were treated with 0.1% Triton X-100 solution for 10 min to increase the permeability. FITC phalloidin was used to stain actin. Phase contrast and fluorescence images of neutrophils were observed using a Zeiss Axiovert 200M microscope.
Monitoring of ROS Formation
The formation of intracellular ROS was monitored by measuring the green fluorescence of the oxidation product (DCF) of dichlorodihydrofluorescein diacetate (H2DCF-DA, Molecular probe, United States). Human neutrophils were incubated with 5 μM carboxy-H2DCF-DA for 60 min at room temperature and washed with PBS according to the manufacturer’s protocol. The cells were then plated onto fibronectin-coated 96-well plates (1 × 106/ml HBSS/HEPES) during incubation according to the experimental protocol at 37°C in 5% CO2 under control conditions and in the presence of 10 or 100 µM imipramine. DCF fluorescence signals (excitation 485 nm, emission 538 nm) were monitored at 10 min intervals on ClarioStar fluorescence microplate reader (BMG Labtech, Ortenberg, Germany).
Apoptosis Assessment
We studied phosphatidylserine externalization and membrane integrity of neutrophils exposed to imipramine using simultaneous staining with Annexin V-Alexa Fluor 488 and nonvital dye propidium iodide (AnnV/PI) followed by flow cytometry. Neutrophils were suspended at a density of 1 × 106 cells/mL in HBSS containing 10 mM HEPES under control conditions or in the presence of 10 or 100 μM imipramine and incubated for 4 h at 37°C in a 5% CO2 incubator. After incubation, cells were sedimented by centrifugation at 270 × g and resuspended in Annexin V-Alexa Fluor 488 commercial solution (Merck, Germany) according to the manufacturer’s instructions. After 10 min on ice, propidium iodide (Merck, Germany) solution (10 μg/ml HBSS/HEPES) was added for 5 min. The samples were analyzed on CytoFLEX flow cytometer (Beckman Coulter, Krefeld, Germany) using CytExpert 2.0 software. Fluorescence was detected by photomultipliers at 525 nm (AnnV) and 620 nm (PI). Leukocyte subpopulations were plotted as a dot plot and gated according to size and granularity. 20,000 data events were collected for each acquisition.
For DNA fragmentation assessment, PMNLs were suspended at a density of 1 × 106 cells/mL in RPMI 1640 medium (10% fetal bovine serum) and incubated for 18 h at 37°C in a 5% CO2 incubator. Then cells were harvested, supplemented with ice-cold 0.05% BSA in PBS, collected by centrifugation and permeabilized in cold hypotonic PI solution (20 μg/ml PI, 0.2 mg/ml RNase in 0.1% Triton X-100 in 0.1% sodium citrate). The tubes were placed at 4°C in the dark for 10–15 min before flow cytometric analysis using CytoFLEX flow cytometer (Beckman Coulter, Krefeld, Germany) with excitation and emission wavelengths of 480 ± 10 and 585 ± 20 nm, respectively.
Statistics
Each experiment to determine the amino acid or protein composition of neutrophil secretion was performed at least three times using blood from different donors. Experiments on electron microscopic determination of the morphology of neutrophils were repeated three times using the blood of different donors. Results are represented as mean ± SEM. The statistical significance was estimated using GraphPadPrism7 software.
RESULTS
Effect of Imipramine on the Morphology and Actin Cytoskeleton of Neutrophils Attached to Fibronectin.
We compared the morphology of neutrophils that were attached to the extracellular matrix protein fibronectin under control conditions and in the presence of imipramine using scanning and transmission electron microscopy. Neutrophils adhered and spread on fibronectin under control conditions (Figures 1A,C), while cell adhesion was partially inhibited in the presence of imipramine (Figures 1B,D). Imipramine reduced the area occupied by neutrophils on the substrate, which was measured in images of control and imipramine-treated cells obtained by scanning electron microscopy using ImageJ-win64 software (Figure 1E). The average area of the control cells was 232 μm2 more than two times overcame the area of cells attached in the presence of imipramine 104 μm2 (Figure 1E). In contrast to the well-attached control cells, the edges of imipramine-treated neutrophils were attached to the substrate only in part indicating poor attachment. The number of firmly attached control and imipramine treated neutrophils were compared after double washing with warm PBS to remove free-floating or weakly attached cells. Our data indicated that 10–100 μM imipramine statistically significant reduced cell attachment (Figure 1F). Internal morphology of neutrophils, examined by transmission electron microscopy, did not reveal specific differences in the intracellular structures of control neutrophils and neutrophils treated with imipramine (Figures 1C,D).
[image: Figure 1]FIGURE 1 | Effect of imipramine on the morphology of neutrophils attached to a fibronectin-coated substrate. Scanning (A, B) and transmission (C, D) electron microscopy images of human neutrophils that were attached to fibronectin-coated substrates for 20 min under control conditions (A, C) or in the presence of 100 μM imipramine (B, D). Images are typical images observed in three independent experiments. The effect of imipramine on the area occupied by attached neutrophils on the substrate (E). Neutrophils were attached to the substrate during 20 min under control conditions or in the presence of 100 µM imipramine. The cell area was measured in images of cells obtained by scanning electron microscopy using ImageJ-win64 software. ****—p < 0.0001 as indicated by unpaired t test (n = 11) The effect of imipramine on the proportion of neutrophils firmly attached to the substrate as the percentages of total number of cells (F). Neutrophils were attached to the substrate during 20 min under control conditions or in the presence of 1, 10 or 100 µM imipramine. After double washing with warm PBS to remove free-floating or weakly attached cells the number of adherent cells was estimated by chromogenic assay of myeloperoxidase-coupled o-phenylenediamine dihydrochloride oxidation. *—p < 0.05; **—p < 0.01, compared with control as indicated by ordinary one-way ANOVA (n = 3).
We also compared the organization of actin cytoskeleton in neutrophils that adhered to fibronectin under control conditions and in the presence of imipramine using fluorescent microscopy technique. The actin cytoskeleton undergoes depolymerization during the adhesion of neutrophils to fibronectin. The concentration of filamentous actin decreases, while monomeric actin increases during the first minutes of adhesion and then partial remodeling of the actin filaments occurs (Ginis et al., 1992; Wang et al., 1993). In our experiments, fluorescent actin staining showed that neutrophils placed on fibronectin under control conditions had diffuse actin staining of the entire cell with small actin filaments. There was no discernible difference in actin cytoskeleton between neutrophils that were attached to fibronectin under control conditions or in the presence of imipramine (Figure 2).
[image: Figure 2]FIGURE 2 | Effect of imipramine on the actin cytoskeleton of neutrophils attached to a fibronectin-coated substrate. Fluorescent (A, C) and phase contrast (B, D) images of neutrophils attached to fibronectin-coated substrates under control conditions (A, B) or in the presence of 100 μM imipramine (C, D) for 20 min at 37°C. Neutrophils were stained for actin with phalloidin FITC. Images are typical images observed in three independent experiments.
Dose-Dependent Pro-Oxidant Action of Imipramine
We studied the effect of imipramine on intracellular ROS production by neutrophils during adhesion to fibronectin by measuring the green fluorescence of DCF, an oxidized product of H2DCF-DA. The adhesion of neutrophils to the fibronectin-coated substrate occurs via integrin β-1 and β-2. The binding of β-2 integrin leads to the spreading of neutrophils along the substrate, the production of ROS and the outflow of chloride ions (Menegazzi et al., 1999). Assembly of the NADPH oxidase complex also occurs in response to the binding of β-1 integrin to the high-affinity binding site on fibronectin and following assembly and activation of focal adhesion complexes (Umanskiy et al., 2003). Our data demonstrated that adhesion to fibronectin itself initiated the ROS formation by neutrophils (Figure 3). Imipramine in the concentration range from 10 to 100 μM did not suppress, but significantly stimulated the production of ROS by neutrophils (Figure 3).
[image: Figure 3]FIGURE 3 | Imipramine stimulated the ROS production by neutrophils during adhesion to fibronectin. (A) H2DCF-DA-stained neutrophils were incubated in fibronectin-coated 96-well plates for 60 min at 37°C in 5% CO2 under control conditions and in the presence of 10 µM or 100 µM imipramine. Green DCF fluorescence was measured for every 10 min throughout the entire incubation period. Values represent the means ± SEM of DCF fluorescence intensity (relative units) 30 min after adding stimuli from three independent experiments.*p < 0.05, ****p < 0.0001 compared with control as indicated by ordinary one-way ANOVA. (B) Exemplary kinetic curves show an increase of DCF fluorescence, meaning an increase of intracellular ROS in neutrophils.
Apoptogenic Effect of Imipramine
Neutrophils make up the main and rapidly renewing part of blood leukocytes. It is generally agreed that the physiological form of cell death in neutrophils is apoptosis (Geering and Simon, 2011). The entry of a cell into apoptosis takes a time. Neutrophils did not undergo apoptosis during 20 min adhesion (Galkina et al., 2021). To study the effect of imipramine on neutrophil apoptosis, we used standard methodological protocols, which provide for long-term incubation of cells with the test substance. In our case, neutrophils were incubated with imipramine for 4 or 18 h. We studied phosphatidylserine externalization and membrane integrity of neutrophils exposed to imipramine for 4 at 37°C using Alexa Fluor-conjugated Annexin V/propidium iodide double labeling followed by flow cytometry. Аfter 4 h incubation with 100 µM imipramine only 1.9% of cells underwent late apoptosis (Figure 4A A, region B2) and 0.2% of cells underwent necrosis (Figure 4A, region B1). Incipient apoptosis is evidenced by an increase in the number of cells with early apoptosis (Figure 4A, region B4), in which phosphatidylserine is exposed on the cell surface, but the cells retain their integrity. The effect of imipramine at a concentration of 10 μM was insignificant for early apoptosis.
[image: Figure 4]FIGURE 4 | A dose-dependent apoptogenic effect of imipramine on neutrophils were cultured in RPMI-medium at 37°C, 5% CO2 under control conditions or in the presence of 10 or 100 µM imipramine. Early apoptosis (4 h incubation) was assessed by the severity of membrane changes using double AnnexinV/PI-labeling. Late apoptosis (18 h) was judged by DNA fragmentation quantifying using PI-labeling of permeabilized cells (B). (A) Representative dot plots indicative of apoptosis by phosphatidylserine externalization, as well as the proportions of viable (region B3), early apoptotic (region B4), and late apoptotic and necrotic cells (regions B2 and B1), are indicated for the control and imipramine-treated neutrophils. (B) Representative histograms of nuclear DNA fragmentation. K shows the degree of hypodiploid (apoptotic) cells.
To assess DNA fragmentation (Figure 4B), we incubated neutrophils with imipramine for 18 h. Neutrophils are short-lived cells. The incubation period, which lasts 18 h, seems too long for neutrophils, as a significant proportion of control cells (12.5%) die during this time (Figure 4B, control). Imipramine at concentrations of 10 or 100 μM stimulated the death of neutrophils, but the effect of imipramine was weakly concentration dependent (Figure 4B).
Imipramine Blocks Protein Secretion by Control and LPS-Stimulated Neutrophils When Adhering to Fibronectin
We studied the effect of imipramine on the composition of protein secretion by neutrophils, which adhere to fibronectin under control conditions or in the presence of LPS. Extracellular medium samples were taken from neutrophils after 20 min adhesion to fibronectin coated substrates. Proteins were extracted with a chloroform-methanol mixture. After evaporation of the solvent, the proteins of the chloroform fraction were separated by electrophoresis, subjected to hydrolysis with trypsin directly in the gel, and identified by mass spectrometric analysis (Galkina et al., 2012). Electrophoretic gels were stained with Coomassie brilliant blue, which allows the identification of proteins by mass spectrometry. Coomassie brilliant blue stained not all, but the main secreted proteins that form a stable protein profile of neutrophil secretion, specific for each treatment (Galkina et al., 2012; Galkina et al., 2017).
The protein profile of secretion of neutrophils that adhered to fibronectin under control conditions included proteins of primary (MPO) and secondary (LF, NGAL, lysozyme) granules, albumin and cytosolic S100A8 and S100A9 proteins (Figure 5A). This protein profile coincided with the protein content in the secretion of neutrophils during adhesion to fibronectin, which was previously published (Galkina et al., 2012). When neutrophils adhered to fibronectin in the presence of imipramine the protein profile of secretion did not contain NGAL and lysozyme, but was enriched with primary granule bactericide protease cathepsin G (Figure 5A, Table 1). The Mascot files obtained for all protein bands of the control + imipramine gel (Figure 5A) are presented in the supplementary file. The Mascot files contain all information about protein identification, including accuracy.
[image: Figure 5]FIGURE 5 | Inhibition of protein secretion of control and LPS-treated neutrophils during adhesion to fibronectin by imipramine. (A) Human neutrophils were attached to fibronectin-coated substrates during 25 min incubation under control conditions or in the presence of 100 μM imipramine. (B) Human neutrophils were attached to fibronectin-coated substrata for 25 min in the presence of 10 μg/ml LPS or 10 µg/ml LPS in combination with 100 μM imipramine. Samples of extracellular medium were collected, and proteins were extracted and subjected to separation in 15% SDS-PAGE under unreduced conditions. Gels are stained with Coomassie brilliant blue. Pictures represent typical protein profiles observed in the three independent experiments.
TABLE 1 | List of proteins secreted by control and LPS-stimulated neutrophils in adherence to fibronectin in the presence of imipramine. Neutrophils were attached to fibronectin for 25 min in the presence of 100 μM imipramine or in the presence of 10 μg/ml LPS plus 100 μM imipramine. Proteins were separated by SDS-PAGE and identified by mass spectrometric analysis. Proteins identified in three analogous experiments were included in the list.
[image: Table 1]The secretion of neutrophils, which attach to fibronectin in the presence of LPS, contained the same proteins as the control cells, plus the tertiary granule component MMP-9, the primary granule components cathepsin G and defensins, and the cytoplasmic protein actin (Figure 5B). This profile coincided with the protein profile of neutrophil secretion during adhesion to fibronectin in the presence of LPS previously published (Galkina et al., 2017). The data showed that LPS stimulated the release of MMP-9, which play an important role in neutrophil adhesion and migration through its ability to modulate the extracellular matrix and remove basement membrane barriers (Dejonckheere et al., 2011). MMP-9 was secreted in parallel with NGAL, which forms complexes with MMP-9 after these components enter the extracellular environment. The NGAL complex supports allosteric activation of MMP-9 and/or protects MMP-9 from degradation by tissue metalloproteinase inhibitors, thereby maintaining enzyme activity (Tschesche et al., 2001; Yan et al., 2001).
LPS also stimulated the secretion of cathepsin G and HNP 1-3 (human neutrophil peptides 1-3 or defensins), aggressive primary granule bactericides that can initiate inflammation in surrounding tissues. In the extracellular environment, cathepsin G can interact with LF, which can serve as an allosteric enhancer of its proteolytic activity (Eipper et al., 2016).
Imipramine inhibited protein secretion by neutrophils treated with LPS upon adhesion to fibronectin. Only two major proteins, LF and S100A9, were identified in the extracellular environment of neutrophils, which attached to fibronectin in the presence of LPS and imipramine (Figure 5B, Table 1). The Mascot files obtained for all protein bands of the LPS + imipramine gel (Figure 5B) are presented in the supplementary file. Imipramine excluded MMP-9 and NGAL, cathepsin G, defensins and other proteins from neutrophil secretion during adhesion to fibronectin in the presence of LPS.
Imipramine Selectively Inhibits the Secretion of the Free Amino Acid Hydroxylysine by Neutrophils During Adhesion Under Control Conditions or in the Presence of LPS
Using amino acid analysis, we compared the free amino acid composition of the extracellular environment of neutrophils taken after adhesion of cells to fibronectin under control conditions or in the presence of imipramine. Proteins from the extracellular medium were removed by precipitation with sulfosalicylic acid and subsequent centrifugation. To make sure that the presence of free amino acids in the extracellular medium is not a consequence of cell destruction, we stained neutrophils after collecting the extracellular medium with trypan blue. The percentage of stained (dead) cells was less than 1% for control or imipramine-treated cells. In the previous studies, the amino acid composition of the extracellular medium sampled after adhesion of neutrophils to fibronectin was determined. The free amino acid profile of neutrophil secretion includes branched-chain (valine, isoleucine, and leucine), aromatic (tyrosine and phenylalanine), and positively charged amino acids (hydroxylysine, ornithine, lysine, histidine, and arginine) (Galkina et al., 2019). A similar profile of free amino acids in the extracellular medium of control neutrophils was observed in this work, which indicates that the amino acid composition of the secretion is a characteristic and stable property of neutrophils (Figure 6A). Further studies showed that the secretion of only one amino acid depends on cell adhesion—hydroxylysine, and the secretion of all other amino acids is a characteristic property of neutrophils and does not depend on cell adhesion. Almost complete and selective blocking of hydroxylysine secretion occurred in experiments when neutrophils were incubated not over fibronectin, but over a non-sticky substrate (Galkina et al., 2019). In this work, imipramine selectively and almost completely suppressed the release of hydroxylysine and caused a statistically significant increase in the content of phenylalanine (Figure 6A). Imipramine had practically no effect on the release of other amino acids by neutrophils.
[image: Figure 6]FIGURE 6 | Imipramine changed the composition of free amino acid secretion by neutrophils during adhesion. (A) Human neutrophils were attached to fibronectin-coated substrata for 25 min under control conditions or in the presence of 100 μM imipramine. The amount of amino acid is represented as a percentage of the total content of the detected free amino acids (mean ± SEM). Amino acid profiles were obtained by summing the results of three independent experiments. ****- significant differences when compared to the value for the same amino acid in the control cells (p < 0.0001) as indicated by a two-way ANOVA with a Tukey’s multiple comparisons test. (B) Human neutrophils were attached to fibronectin-coated substrata for 25 min in the presence of 10 μg/ml LPS or in the presence of 10 μg/ml LPS and 100 μM imipramine. The amount of amino acid is represented as a percentage of the total content of the detected free amino acids (mean ± SEM). Amino acid profiles were obtained by summing the results of three independent experiments. ****- significant differences when compared to the value for the same amino acid in the presence of LPS only (p < 0.0001) as indicated by a two-way ANOVA with a Tukey’s multiple comparisons test.
The secretion profile of neutrophils that adhered to the substrate in the presence of LPS did not differ significantly from that of control cells, but the release of hydroxylysine was significantly increased compared to control cells (Figure 6B). In the presence of LPS, the percentage of hydroxylysine from the total content of detected amino acids was 27 ± 4%, but 19 ± 2% (mean ± standard error of the mean) under control conditions (n = 5; p < 0.001). Imipramine caused a statistically significant decrease in the release of hydroxylysine in the presence of LPS, but did not significantly affect the release of other amino acids by neutrophils treated with LPS (Figure 6B).
DISCUSSION
A growing body of research demonstrates a strong link between oxidative stress and MDD and related diseases. Repetitive stress can contribute to depressive behavior through the activation of NADPH oxidase and the resulting metabolic oxidative stress. Moreover, inhibition of NADPH oxidase has an antidepressant effect, which was found in experiments on mice (Seo et al., 2012). Neutrophils can contribute significantly to oxidative stress. The production of ROS by the NADPH complex is the characteristic ability of neutrophils to fight microbes (Segal, 2005; Winterbourn and Kettle, 2013). However, our data showed that the anti-inflammatory effect of imipramine is not associated with inhibition of ROS production by neutrophils. In the concentration range from 10 to 100 μM, imipramine stimulated but did not inhibit the production of ROS in neutrophils during adhesion to fibronectin (Figure 3). Similar results were obtained in experiments on rats. Liver oxidative stress caused by chronic mild stress was not prevented, but increased by long-term imipramine therapy (Duda et al., 2016).
At the same time, imipramine induced apoptosis in neutrophils (Figure 4). It is the accumulation of intracellular ROS that often leads to apoptosis of neutrophils (Geering and Simon, 2011; Golenkina et al., 2019). Our data demonstrating the ability of imipramine to induce apoptosis of neutrophils (Figure 4) are consistent with previously published studies demonstrating that imipramine can induce apoptosis by activating of caspase-3 and the production of ROS in YL-60 cells of acute myeloid leukemia (Xia et al., 1999a; Xia et al., 1999b). Imipramine successfully triggered apoptosis and suppressed the ability of glioblastoma cells to invade/migrate (Hsu et al., 2020).
The anti-inflammatory effect of imipramine may be related to its ability to suppress the secretion of neutrophils, which supports the processes of invasion and adhesion. The protein secretion profile of control neutrophils that attach to fibronectin in the presence of imipramine did not contain NGAL (Figure 5A, Table 1). NGAL is a 25 kDa glycoprotein of the lipocalin superfamily (Schmidt-Ott et al., 2007) originally purified from human neutrophils (Kjeldsen et al., 2000), which mediates an innate immune response to bacterial infection by sequestrating iron (Flo et al., 2004). Elevated plasma levels of this protein are associated with both cardiovascular disease and depression (Naudé et al., 2014; Gouweleeuw et al., 2015). Increased circulating NGAL levels are significantly associated with depression in the elderly and in late-life depression (Naudé et al., 2013). NGAL was demonstrated to have chemotactic properties, as neutrophils were shown to migrate along increasing concentrations of NGAL. Neutrophils of NGAL−/− mice showed a decreased neutrophil adherence and a reduced chemotactic activity (Schroll et al., 2012). In this regard, the suppression of NGAL secretion by imipramine can reduce recruitment of neutrophils to the nervous tissues. The concentration of NGAL in the CNS is very low under physiological conditions, but it is strongly induced by the administration of peripheral lipopolysaccharides (LPS). These data mean that peripheral inflammation leads to an upregulation of NGAL in the brain (Marques et al., 2008). In our experiments, LPS stimulated the secretion of a number of proteins by neutrophils (Figure 5B). Imipramine inhibited the secretion of many of these, including MMP-9, NGAL, and cathepsin G (Figure 5B, Table 1). MMP-9 plays a key role in neutrophil migration. Inhibition of MMP activity impairs neutrophil migration into the airspace of the lungs and reduces acute lung injury caused by Streptococcus pneumoniae, LPS, or lung injury associated with pancreatitis (Fujita et al., 2007; Sochor et al., 2009; Moon et al., 2012). The degradation of tight junction proteins by MMP-2 and MMP-9 secreted by leukemic cells increases the permeability of blood-brain barrier, which promotes invasion of leukemic cells into the central nervous system. (Feng et al., 2011). Inhibition of the secretion of MMP-9 and NGAL that form a complex supporting the enzymatic activity of MMP-9, by imipramine can significantly reduce the ability of neutrophils to invade.
We also hypothesize that blocking the release of hydroxylysine by control and LPS-stimulated neutrophils by imipramine may also interfere with the invasion of neutrophils into tissue (Figures 6A,B). The formation of hydroxylysine appears to be the result of the activation of lysyl hydroxylase during adhesion. The increased expression of this enzyme correlates with the increased ability of tumor cells to form metastases (Schiarea et al., 2010; Baek et al., 2018; Tsai et al., 2018; Verano-Braga et al., 2018; Baek et al., 2019). PLOD3 knockdown suppresses the malignant progression of renal carcinoma (Xie et al., 2020). PLOD2 knockdown inhibited glioma cell proliferation, migration and invasion (Song et al., 2017). PLOD2 can act as a direct regulator of cancer invasion/metastasis through specific interactions with integrin β1, a member of the integrin family of adhesion receptors. It has been shown that PLOD2 is able to activate β1 integrin expressed in the head and neck squamous cell carcinomas (Ueki et al., 2020; Saito et al., 2021). Inhibition of the release of hydroxylysine by imipramine in neutrophils upon adhesion to fibronectin may reflect inhibition of lysyl hydroxylase activity required for neutrophil invasion and adhesion. Our previous data have shown that adhesion-induced LH activation in neutrophils occurs in close interaction with MMPs, the PI3K/Akt pathway and intact actin cytoskeleton (Galkina et al., 2021).
The ability of neutrophils to migrate and penetrate into the tissues of the body has similarities with the ability of tumor cells to form metastases. The anti-invasive and anti-proliferative activity of imipramine has been demonstrated on various cancer cells such as small cell lung cancer, neuroendocrine pancreatic cancer, and prostate cancer cells (Jahchan et al., 2013; Barlaz Us et al., 2019). Imipramine (50–100 μM) attenuates cell migration and invasion of metastatic castration-resistant PC-3 prostate cancer cells or colorectalcancer cells (Alburquerque-González et al., 2020; Lim et al., 2020). Recently, imipramine blue, an organic derivative of the antidepressant drug imipramine, has been shown to effectively repress invasion of glioma or head and neck squamous carcinoma cells (Munson et al., 2012; Yang et al., 2016).
The results of our work suggest that imipramine can suppress the recruitment of neutrophils in the tissues of the nervous system by inhibiting cell adhesion and concomitant secretion. At the same time, imipramine demonstrated a pro-oxidant effect by stimulating the production of ROS by neutrophils. Treatment of depression and related diseases with imipramine is carried out for a long time therefore, the reduction of the toxic effect of the drug is of great importance. We suggest that the combined use of imipramine, which blocks the invasion of neutrophils in tissue, and antioxidants, which block the pro-oxidative effect of imipramine, can significantly increase the effectiveness of this antidepressant. This kind of work is being done. The synergistic effect of the combined use of classical antioxidants α-tocopherol or N-acetylcysteine with imipramine was obtained in the treatment of depressive-like behavior in experimental animals (Costa-Campos et al., 2013; Manosso et al., 2013).
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