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Editorial on the Research Topic
 Women in science - translational medicine 2021




Gender diversity in research, ranging from team composition to methods and questions, can benefit scientific innovation (1) and impact (2). While the representation of women in early-career research roles is relatively equal to that of men, there is an under-representation in later-stage career roles (3), in corresponding authorship (4), and in lead authorship positions [first and last (5, 6)]. Globally, the pandemic has specific pressure on women's work, likely due to differences in family responsibilities (9–11). In science, women's research output has been affected disproportionately (7, 8), with a larger decrease in the number of pre-prints compared to men (12), and in the number of new projects and authorship—the medical literature included (7). Other special issues have addressed factors underlying gender gaps in science [e.g., (13)]. Here, we take action, by promoting the equal participation of women and men in science through the Research Topic “Women in Translational Medicine.” We create a space for translational studies by teams with female leaders, where the first and last authors are researchers identifying as female.

What comes across strongly in this collection, is the drive of female researchers to move translational medicine by reporting experimental data in unexplored and/or intricate fields (12 of the 13 papers consist of original research) and by highlighting novel approaches, such as a new paradigm in cancer diagnostics, presented by Glyn and Purcell in our only review of the series. The review exemplifies critical scientific discourse, providing a refreshing voice with strong and informative messaging: it demonstrates how whole-genome sequencing of microbiomes can discriminate between healthy and cancer subjects, even at early stages I and II. Advantages and limitations of this approach are compared to the diagnostic value of other types of DNA markers in cancer.

In the collection, over half the papers (7/13; including the review) are dedicated to diagnostic procedures for timely and effective intervention to treat complex pathologies and predict their course. One of the papers has acquired the highest number of views (>6,000 in 2 months post-publication) of all papers published in Translational Medicine over the past year. The work by González-Cebrián et al. offers a novel approach to diagnosing Chronic Fatigue Syndrome, which is a debilitating condition that can occur post-virally. The authors compared 15 female patients and 15 controls, and yet, reached significant discriminative power (healthy vs. patient), by analyzing 817 variables. As the microRNA profiles in the blood of patients are limited in diagnostic power, Raman micro-spectroscopy of blood extracellular vesicles along with other differences abundant in human patients are added to consideration. The authors stress that omics-based diagnostics should be enriched with statistical methods to reveal complex interactions among variables, which go beyond changes in individual markers. This approach is certainly key to personalized medicine.

The practical and financial costs of routinely measuring a wide array of data for single patients in clinical settings can be challenging, and several papers address the use of more feasible biomarkers. For example, biological markers of age correlate with the severity of chronic pulmonary obstructive disease (Campisi et al.), or can serve in organ transplantation (Pavanello et al.). These papers illustrate how determining biological age through cellular DNA methylation and telomere length can address various medical challenges. The use of another biomarker, a vitamin B3 derivative, NAD+, is presented by Balashova et al. Unlike previous findings in other human and animal tissues, NAD+ concentration in human blood does not decrease significantly with age. However, its decrease marks demyelinating neurological diseases and cardiopathologies, pointing to potential diagnostic applications of this test easily incorporated into routine blood analyses. Pia-Mara Wippert et al. show that readily available biomarkers, such as indicators of glucose metabolism in blood or the cortisol content in hair, complement psychometric tests in evaluating stress levels and long-term development of chronic low back pain. As the differential expression of symptoms may depend on individual levels of specific vitamins or other metabolic/hormonal indicators, devising and introducing biochemical tests in clinical practice improves the interpretation of symptoms and disease treatment.

Investigation of biochemical parameters is useful, yet often limited to smaller patient samples (e.g., dozens of patients in all the papers cited above), whereas questionnaires can readily be used in a wider segment (e.g., hundreds in Pia-Mara Wippert et al., and thousands in Hüfner et al.). In addition to the material and labor costs of biochemical tests, patient willingness is also a limiting factor: only one third of patients with chronic low back pain committed to an additional biochemical test battery even if it could assist in diagnosis (Wippert et al.). Fortunately, questionnaire scales can be highly informative: analyzing the response patterns of stress ratings, Hüfner et al. suggest that these profiles may be linked to published findings on neuroinflammation, levels of vitamin D, gut dysbiosis, and mitochondrial dysfunction. This link points to the importance of incorporating biochemical indicators with scales, to (1) increase diagnostic power, (2) refine scale interpretation by linking symptom profiles to specific underlying conditions, and (3) aid in the faster development of pointed scales for assessment of specific conditions.

In addition to the development of clinically accessible tests, the integration of biochemical parameters with diagnostic procedures is promoted through the understanding that similar symptoms may arise from different molecular mechanisms. This implies that personalized treatment should consider a panel of biochemical markers that could point to a specific underlying molecular origin. To support these approaches, infrastructure in translational medicine should be created, helping the research to address patient needs and new treatments. Matera-Witkiewicz et al. characterize Poland's biobanking network across research infrastructure, quality management, and private-public comparisons, to ascertain quality processes, materials, and data for research and preclinical work that could serve patients world-wide. The piece by Knoppers et al. investigates the rarely-addressed patient and caregiver voices in personalized medicine, exploring the relationship between research and specifically affected communities, such as patients with cystic fibrosis and their caregivers. Findings show that a lifelong progressive and terminal disease stimulates the relationship between the patients/caregivers and researchers, with patients/caregivers considering research intrinsic to their experience and seeking greater access to research results and advancements. Promoting such interactions would foster awareness that the joint effort greatly enriches translation of new therapies and personalized medicine. The communication between patients, caregivers, researchers, and clinicians in designing and implementing research would not only address patient needs, but also feed into advancement through diversity in research.

While there have been significant advances in the technologies and standards involved in storing and analyzing human samples, certain types of questions cannot be answered using human cells or organoids, but require animal experiments due to complex regulation of physiological functions by subordination and interaction of different cells/tissues in the organism. Translational medicine via animal models is presented in four of the 13 papers in this collection, which are dedicated to molecular mechanisms of pathologies and/or their therapies. Boyko et al. study a recently discovered DHTKD1-encoded enzyme whose expression is associated with obesity and diabetes, but the underlying mechanisms are unknown. They show that the enzyme impacts biological function through protein glutarylation and that pyruvate dehydrogenase complex is among the glutarylated proteins. As the complex is essential for glucose oxidation, its DHTKD1-dependent glutarylation may explain DHTKD1 involvement in diabetes. Yang et al. address molecular mechanisms of the osteogenesis stimulation by the widely used hypoglycemic drug metformin. This drug has potential therapeutic effects in both the diabetes-induced and postmenopausal osteoporosis. The researchers reveal molecular markers and pathways involved in the metformin-induced osteogenic differentiation, which may be useful for personalized medicine to control the different actions of metformin. Two papers of the collection deal with exaggerated systemic inflammation, which has drawn extensive attention during the recent pandemic. Müllebner et al. aim at dissecting specific pathways during the exaggerated systemic inflammation, leading to tissue damage in a model of peritonitis and its surgical treatment. The authors reveal a causal relationship between unfolded protein response and onset of systemic inflammation, which must be accounted for in therapeutic approaches to prevent liver damage. A “cytokine storm” is a key feature of the exaggerated inflammation observed in SARS-CoV-2 infection and sepsis. In vitro and in vivo models are used by Schapovalova et al. to demonstrate beneficial effects of a herbal treatment on the excessive pro-inflammatory responses associated with changed blood formula and “sickness behavior”. Such herbal compositions are intensely studied within the PhytoAPP project supported by the European Union's Horizon 2020 research and innovation program, as they offer affordable solutions in communities that are in need of stronger healthcare systems.

Through this collection findings, insights, and future directions, we would like to highlight the importance of diversity in research across any dimension, including ethnicity, age, and health status. We offer our thanks to the participants, authors, reviewers, and editors involved in this collection to promote women in translational medicine. We look to the diversity of current and future work in contributing to the highest quality of research in health science and translation.
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Aging is the predominant risk factor for most degenerative diseases, including chronic obstructive pulmonary disease (COPD). This process is however very heterogeneous. Defining the biological aging of individual tissues may contribute to better assess this risky process. In this study, we examined the biological age of induced sputum (IS) cells, and peripheral blood leukocytes in the same subject, and compared these to assess whether biological aging of blood leukocytes mirrors that of IS cells. Biological aging was assessed in 18 COPD patients (72.4 ± 7.7 years; 50% males). We explored mitotic and non-mitotic aging pathways, using telomere length (TL) and DNA methylation-based age prediction (DNAmAge) and age acceleration (AgeAcc) (i.e., difference between DNAmAge and chronological age). Data on demographics, life style and occupational exposure, lung function, and clinical and blood parameters were collected. DNAmAge (67.4 ± 5.80 vs. 61.6 ± 5.40 years; p = 0.0003), AgeAcc (−4.5 ± 5.02 vs. −10.8 ± 3.50 years; p = 0.0003), and TL attrition (1.05 ± 0.35 vs. 1.48 ± 0.21 T/S; p = 0.0341) are higher in IS cells than in blood leukocytes in the same patients. Blood leukocytes DNAmAge (r = 0.927245; p = 0.0026) and AgeAcc (r = 0.916445; p = 0.0037), but not TL, highly correlate with that of IS cells. Multiple regression analysis shows that both blood leukocytes DNAmAge and AgeAcc decrease (i.e., younger) in patients with FEV1% enhancement (p = 0.0254 and p = 0.0296) and combined inhaled corticosteroid (ICS) therapy (p = 0.0494 and p = 0.0553). In conclusion, new findings from our work reveal a differential aging in the context of COPD, by a direct quantitative comparison of cell aging in the airway with that in the more accessible peripheral blood leukocytes, providing additional knowledge which could offer a potential translation into the disease management.

Keywords: DNA methylation age, age acceleration, induced sputum, chronic obstructive pulmonary disease, lung aging, telomere length


INTRODUCTION

The aging of the population, also called the “gray” revolution, is undoubtedly an emerging social and public health problem. Aging is an individual and very complex process characterized by a progressive decline in the body's ability to respond to internal and/or external stressors (1). This deterioration is the primary risk factor for major human degenerative pathologies, including cancer and cardiovascular, neurodegenerative, and respiratory diseases (1). Chronic obstructive pulmonary disease (COPD) is one of the major causes of chronic morbidity (2) and the third leading cause of death worldwide1 which is projected to rise (3) because of the aging population. Some individuals, however, have a physiological senescence that is faster than that of others (1). In fact, not all individuals grow older in the same way (4); consequently, chronological age may not be a reliable indicator of physiological decline (5).

Exploring the aging process, defining measurable estimates of “biological aging” (in contrast to chronological aging), has become a major initiative in medical research (6). Two “pillars of aging” have been proposed as the most promising early indicators for aging (6), i.e., telomere shortening and epigenetic alterations in DNA, which primary cause damage to cellular functions. Telomeres act as a mitotic clock that, by reducing itself at each cell division, leads to cellular senescence (replicative senescence) or cell death. A powerful emerging marker of non-mitotic cellular aging is the epigenetic age often defined as DNA methylation age (DNAmAge) (7, 8). DNAmAge in human (9–11) is assessed from methylation at a species-specific subset of cytosine–guanine dyads (CpG), and it is strongly correlated with chronological age (9–13). Development of epigenetic predictors has addressed to an “epigenetic clock” theory of aging, according to which the difference between DNAmAge and chronological age is defined as “age acceleration” (AgeAcc) (14), which is indicative of altered biological functions (8) and elevated risk for morbidity and mortality (15).

COPD shows striking lung aging-associated features including the reduction of function, pulmonary inflammation (2), and progressive airway obstruction (16, 17). Understanding of age-related pathomechanisms associated with COPD is decisive to also uncovering novel strategies for disease treatment. Smoking is the primary cause for COPD worldwide (18), and in developing countries, COPD also arises as a result of exposure to household air pollution (18, 19). The mechanisms linking tobacco smoke and other air pollutants with COPD have not yet been fully elucidated. One main working hypothesis is that air pollutants, especially the particulate matter (PM) of aerodynamic diameter of 2.5 μm or less, can deeply penetrate into the lung, deposit in the alveolar area, and locally trigger oxidative stress and inflammatory response (20). The pulmonary local oxidative–inflammatory reaction damages lung tissue, leading to structural pathological changes such as lung parenchyma destruction (emphysema), fibrosis of peripheral airways, and an increase in mucus-producing cells, with a consequent airflow limitation, which are all signs of an accelerated aging of the lung (20). This local oxidative–inflammatory reaction leads to a subsequent systemic inflammation (21). Several blood inflammatory markers, including C-reactive protein (CRP) (22), interleukin (IL)-6 (23), and blood leukocytes, are all found altered in COPD patients (24). Altered inflammatory responses and induced oxidative stress are two key mechanisms accelerating biological aging detected by early signs of cellular aging, including alterations in telomere length (TL) (25) and DNA methylation (26). Shorter TL in blood leukocytes has been described from patients with COPD (27) and in a meta-analysis of 14 studies (28). One recent study from two independent longitudinal large cohort studies relates DNAmAge in blood leukocytes to COPD incidence (29). However, no epigenetic age estimation was performed in the target organ of the disease, i.e., the lung.

While lung tissue is not routinely accessible, sputum induction represents a validated noninvasive method of lower respiratory tract sampling for analysis of cell components in the airways lumen and fluid-phase constituents (30). It has been successfully applied for assessing disease severity and progression in COPD, producing reliable results comparable to biopsy and bronchoalveolar lavage (31).

This study has two main objectives:

i) To determine the biological age of the induced sputum (IS) cells and peripheral blood leukocytes, by measuring the mitotic age (TL) and non-mitotic epigenetic age (DNAmAge).

ii) To compare blood leukocytes and IS cells in order to assess the reliability of blood leukocytes as an accurate indicator of lower respiratory tract biological age.

To these aims, COPD patients were examined as a positive paradigm of lung aging, taking into consideration their demographic data, life style and occupational exposure, lung function, and clinical and blood parameters.



MATERIALS AND METHODS


Study Design

The present study includes n = 18 moderate patients with COPD, diagnosed according to GOLD guidelines (32), enrolled at the ambulatory of Respiratory Physiopathology Ward – Occupational Medicine, Department of Cardio-Vascular-Thoracic Science and Public Health, University of Padova. The local Ethics Committee - University of Padova approved the study protocols (3843/AO/16 and 3054/AO/14). The recruiting of COPD patients was carried out between September 2018 and September 2019. The inclusion criteria for the study participation were post-bronchodilator forced expiratory volume in a 1-s (FEV1)/forced vital capacity (FVC) ratio of <70% on spirometry and no acute exacerbation for at least 6 weeks. All patients were informed of the purpose of the study by trained interviewers and asked to sign an informed consent form. The study was conducted in accordance with the Declaration of Helsinki. Participants were interviewed with structured questionnaires to collect information regarding demographic data (age, gender), age of parents at birth and educational level (years), smoking history and pack-years, alcohol intake in the last 12 months and habitual alcohol consumption measured as unit of drink/day (1 unit = 10–12 g alcohol intake), environmental exposure (diet, indoor, home, traffic, outdoor), physical activity (IPAQ score), clinical determinants (e.g., leukocytes, blood red cells, hemoglobin, glycemia, CRP), medical history, and therapy. Therapy information included inhalation device types available, such as metered-dose inhalers (MDIs), dry-powder inhalers (DPIs), and soft mist inhalers (SMIs). Specifically, therapy has been prescribed according to the GOLD guidelines (32), in which from 2011 the assessment approach acknowledges the limitations of FEV1 in making treatment decisions for individualized patient care and highlights the importance of patient symptoms and exacerbation risk in guiding therapies in COPD, the “ABCD” assessment tool. All patients underwent a physical examination, and lung function was assessed by spirometry recording forced expiratory volume in 1 s (FEV1), FVC, vital capacity (VC), total lung capacity (TLC), residual volume (RV), and FEV1/VC ratio also defined as Tiffeneau index. For each patient, blood samples were collected in vacutainer K3EDTA tubes and PAXgene tubes, for basic biochemistry, TL determination, and DNAmAge assessment. A plasma sample was also collected and stored in a freezer at −80°C for further investigations. During medical examination, the procedure of sputum induction was carried out for each patient to collect a sample of airways cells on which to analyze TL and DNAmAge.



IS Procedure and Spirometry

All lung function measurements were measured using a spirometer (MasterScreen PFT, PRO, Viasys Sanità, Firenze, Italy) according to the guidelines/recommendations of the American Thoracic Society/European Respiratory Society (ATS/ERS) (33). FEV1 was used as the primary variable of lung function which was measured both before and 10 min after the use of the post-bronchodilator. FEV1 was expressed as liters and as a percentage of the predicted normal value (FEV1%) according to reference values based on age, height, weight, sex, and race for each subject using the European Community for Steel and Coal as reference values (34). These values obtained are in turn used as reference standards/assessments for consecutive spirometries performed during the IS standard procedure (35). Nebulized sterile saline solutions (hypertonic at 3 and 4%) were consecutively administered using a nebulizer [UltraNeb, DeVilbiss, Desio (MB), Italy] with an output flow of ~1 ml∙min in four sequential 5-min inhalation periods. Since saline inhalation may cause bronchoconstriction, after each inhalation period FEV1 was measured for the detection and monitoring of lung function during the process, stopping the procedure when FEV1 decreased over 20% compared with that of post-salbutamol baseline. During the procedure, the patient was asked to cough and expectorate. Once collected, IS was processed according to a standard technique (35). The weight of the selected sputum plugs was recorded and the sample was diluted with a volume of phosphate-buffered solution (PBS) and 0.1% dithiothreitol (DTT) equal to 4:1 of selected plugs. After filtration with a nylon mesh (52–56 μm), the sample was centrifuged (3,000 rpm for 3 min) to separate cells and supernatant. The cell pellet was resuspended in 1 ml of PBS. The cells were stained for viability assessment using an equal volume (10 μl) of both sample and Trypan Blue. The cell concentration was adjusted to obtain a final concentration of ~300,000 cells/ml. The cells were cytocentrifuged (Cytospin, Shandon Scientific, Milano, Italy) at 450 rpm for 6 min, onto glass slides treated with aptex (3-aminopropyltriethoxysilane) according to a standard method (36) and stained with Diff-Quik (Dade Behring, Milano, Italy). The differential cell count in IS was measured counting 400 nucleated cells per each of two slides stained reporting the percentage of eosinophils, neutrophils, macrophages, lymphocytes, and bronchial epithelial cells. The IS sample is considered acceptable and adequate if the percentage of squamous cells is <20% of the total cells, warranting the reproducibility of cell counts.



DNA Extraction From Blood Samples

DNA was extracted from whole blood using the QIAamp DNA Mini Kit (Qiagen, Milano, Italy) on a QIAcube System (Qiagen, Milano, Italy) for automated high-throughput DNA purification, according to a customized protocol as previously described (13). In particular, 400 μl of whole blood from each sample was processed for DNA extraction. DNA was quantified and checked for quality using QIAxpert Quantification System (Qiagen, Milano, Italy).



DNA Extraction From IS Samples

Once the IS sample was collected to analyze the differential cell count, a second aliquot of the same sample was processed as indicated in the protocol reported in IS procedure and spirometry up to the centrifugation step (3,000 rpm for 3 min) to separate cells and supernatant. The cell pellet was then resuspended in 180 μl of PBS. DNA extraction was performed on the automated QIAcube System (Qiagen, Milano, Italy) using QIAamp DNA Mini Kit (Qiagen, Milano, Italy) according to a customized protocol developed for highly viscous samples. After extraction, DNA was quantified and checked for quality using the QIAxpert Quantification System (Qiagen, Milano, Italy).



TL Analysis

TL was measured after DNA extraction from both whole blood and IS samples, by using quantitative real-time PCR as previously described (37, 38). This assay measures relative TL in genomic DNA by determining the ratio of telomere repeat copy number (T) to a single nuclear copy gene (S) in experimental samples relative to the T/S ratio of a reference pooled sample. The single-copy gene used was human (beta) globin (hbg). The PCR runs were conducted in triplicate on a StepOnePlus Real-Time PCR System (Applied Biosystems, Milano, Italy), and the average of the three T/S ratio measurements was used in the statistical analyses. Details of TL analysis are reported in the Supplementary Materials.



DNAmAge and AgeAcc Analyses

DNAmAge was determined by analyzing the methylation levels from selected markers using the bisulfite conversion and Pyrosequencing® methodology as previously reported (12, 13). This method is based on determination of the methylation level of a set of five markers (ELOVL2, C1orf132, KLF14, TRIM59, and FHL2) in genomic DNA, as described by Zbieć-Piekarska et al. (11) with some modifications based on the fact that the method was almost completely automated using the PyroMark Q48 Autoprep (Qiagen, Milano, Italy) (12, 13). AgeAcc was calculated as the difference between the detected DNAmAge of IS cells and blood leukocytes and the chronological age of patients. Details of DNAmAge analysis are reported in the Supplementary Materials.



Statistical Analysis

Statistical analyses were performed with StastDirects software. Data are expressed as mean ± SD or number and percentage. The diversity among the two groups of patients split per therapy (dual therapy and triple therapy with combined inhaled corticosteroid (ICS) assumption) was appraised with the Mann–Whitney U-test and chi-square test, respectively. Levels of TL, DNAmAge, and AgeAcc in IS cells, and blood leukocytes, of the same patient, were compared by the (two-tailed) paired T-test. Comparison between all samples in the two groups was also made using the Mann–Whitney U-test. Simple linear regression was evaluated in order to provide a measure of the strength of dependence between two variables. Correlations between age, leukocytes, differential cell count, and cigarette smoking (pack years) (independent variables) on blood leukocytes DNAmAge, AgeAcc, and TL measures (dependent variables) were evaluated by simple linear regression models. Lastly, age and differential cell counts of IS, including % macrophages, % neutrophils, and % eosinophils (independent variables), were related by simple linear regression to DNAmAge, AgeAcc, and TL, respectively. The influence of age, gender (female), ICS therapy, leukocytes (103/ml) (model a), and neutrophils (103/ml) (model b) and FEV1% as indicator of lung function on blood leukocytes TL, DNAmAge, and AgeAcc was appraised by multiple linear regression analyses. Lastly, the influence of age, gender (female), ICS therapy, type of inhalers, neutrophil percentage (%), and FEV1% on IS cell TL, DNAmAge, and AgeAcc was appraised by multiple linear regression analyses. Results were considered significant when a p-value of < 0.05 was obtained.



Sample Size Estimation

Sample size estimation for a paired T-test was applied to calculate the sample size. The calculation was computed through a STATA command by specifying a mean difference = 0.43, 5.8, and 6.0, and standard deviation of differences 0.14, 0.40, and 1.52, respectively, for IS cells vs. blood leukocytes TL, DNAmAge, and AgeAcc, respectively. The group size to obtain statistical significance with α (two-tailed) = 0.05 and β = 0.20 was estimated to be n = 4, n = 2, and n = 3 subjects for TL, DNAmAge, and AgeAcc, respectively.




RESULTS


Characteristics of the Study Population

The characteristics of the study subjects are reported in Tables 1, 2. Interval variables (mean ± SD) of all COPD patients (n = 18) with a long-acting β2 agonist/long-acting muscarinic antagonist (LABA/LAMA) (n = 9) and with combined ICS therapy and LABA/LAMA administration (n = 9), also defined as dual and triple therapy, respectively, are shown in Table 1. The comparison of two groups (Mann–Whitney U-test) indicates that patients in LABA/LAMA therapy present higher values of FEV1 (p = 0.0003), FEV1% (p < 0.0001), FVC (p = 0.0003), VC (p = 0.0003), and TLC (p = 0.0008) and also a lower systolic pressure (p = 0.036), than those with ICS therapy and LABA/LAMA. No difference in the other parameters is observed. In particular, functional data of COPD patients including FEV1% are categorized according to inhalation therapy, dual therapy, or triple therapy. Furthermore, in our study population, the majority of patients in dual therapy used single or combinations of DPI inhalers (n = 6); only few cases used MDI (n = 1) and SMI inhalers (n = 2), alone. COPD patients in triple therapy used predominantly single or combinations of DPI inhalers (n = 6), n = 1 MDI with DPI devices, n = 1 SMI with DPI devices, and n = 1 combined SMI and MDI devices. Furthermore, patients in triple therapy, which are those with more symptoms and more exacerbations, presented also lower functional average values including FEV1%, compared to patients in dual therapy. Table 2 shows the number and percentage of categorical variables in the same groups. All characteristics are equally distributed among the two groups with dual and triple therapy, including in particular smoking history, the main risk factor for COPD insurgence (chi-square test p = not significant).


Table 1. Interval variables in COPD patients with long-acting β2 agonist (LABA)/long-acting muscarinic antagonist (LAMA) and inhaled corticosteroid (ICS)/LABA/LAMA treatments (mean ± SD) and p-values of the Mann–Whitney test comparing the two groups.
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Table 2. Distribution of categorical variables in COPD patients with p-values of the chi-square test comparing the two groups.
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Biological Age of the IS Cells and Blood Leukocytes Determined by DNAmAge, AgeAcc, and TL

Figure 1A (Supplementary Table 2) shows that IS cell DNAmAge is older (mean 6.3 ± 2.08 years) than blood leukocyte DNAmAge in the same patient (n = 7, paired t-test mean 67.4 ± 5.80 years vs. mean 61.6 ± 5.40 years; p = 0.0003). IS cell AgeAcc (Figure 1B; Supplementary Table 2) is also extremely enhanced compared to that of blood leukocytes in the same patient (n = 7, paired t-test mean −4.5 ± 5.02 years vs. mean −10.8 ± 3.50 years; p = 0.0003) and in all patients (n = 16, Mann–Whitney U-test: mean −4.5 ± 5.02 years vs. mean −10.3 ± 3.63 years; p = 0.0156). Likewise, Figure 2 (Supplementary Table 3) reports that IS cell TL mean is shorter than that of blood leukocytes in the same patient (n = 8, paired t-test: mean 1.05 ± 0.35 T/S vs. mean 1.48 ± 0.21 T/S; p = 0.0341) and in all patients (n = 18, Mann–Whitney U-test: mean 1.05 ± 0.35 T/S vs. mean 1.47 ± 0.26 T/S; p = 0.0133). The discordance, between number of samples displayed in Figure 1 (Supplementary Table 2) and Figure 2 (Supplementary Table 3), has to be ascribed to the insufficient amount of DNA available to perform the analysis of DNAmAge for three samples that was instead enough to analyze TL in all blood and IS samples.


[image: Figure 1]
FIGURE 1. DNAmAge and AgeAcc of the induced sputum cells and blood leukocytes in COPD patients. In (A), box plots show levels of DNAmAge in induced sputum cells (n = 7) and in paired blood leukocytes of the same COPD patient (n = 7), and in blood leukocyte samples of all COPD patients (n = 16). In box plots, the boundary of the box closest to the x-axis indicates the 25th percentile, the line within the box marks the mean, and the boundary of the box farthest from the x-axis indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 95 and 5th percentiles. The horizontal bar with asterisk indicates the significant comparison between induced sputum cells (n = 7) and paired blood leukocytes DNAmAge of the same patient (n = 7) (*Paired t-test: mean 67.4 ± 5.80 years vs. mean 61.6 ± 5.40 years; p = 0.0003). In contrast, the comparison between the DNAmAge of the induced sputum cells (n = 7) and all blood leukocytes (n = 16) is not significant (Mann–Whitney U-test: mean 67.4 ± 5.80 years vs. mean 63.3 ± 5.60 years; p = 0.1589). In (B), box plots show levels of AgeAcc in induced sputum cells (n = 7) and in paired blood leukocytes of the same COPD patient (n = 7), and in blood leukocytes samples of all COPD patients (n = 16). In box plots, the boundary of the box closest to the x-axis indicates the 25th percentile, the line within the box marks the mean, and the boundary of the box farthest from the x-axis indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 95th and 5th percentiles. The horizontal bar with an asterisk indicates the significant comparison between induced sputum cells (n = 7) and paired blood leukocytes AgeAcc of the same patient (*Paired t-test (n = 7): mean −4.5 ± 5.02 years vs. mean −10.8 ± 3.50 years; p = 0.0003]. The upper longer horizontal bar with two asterisks indicates the significant comparison between AgeAcc of the induced sputum cells (n = 7) and blood leukocytes in all patients (n = 16) (**Mann–Whitney U-test: mean −4.5 ± 5.02 years vs. mean −10.3 ± 3.63 years; p = 0.0156].



[image: Figure 2]
FIGURE 2. TL of the induced sputum cells and blood leukocytes in COPD patients. Box plots show levels of TL in induced sputum cells (n = 8) and in paired blood leukocytes of the same patient (n = 8), and blood leukocyte samples of all patients (n = 18). In box plots, the boundary of the box closest to the x-axis indicates the 25th percentile, the line within the box marks the mean, and the boundary of the box farthest from the x-axis indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 95 and 5th percentiles. The horizontal bar with one asterisk indicates the significant comparison between induced sputum cells (n = 8) and paired blood leukocyte TL of the same patient (n = 8) (*Paired t-test: mean 1.05 ± 0.35 T/S vs. mean 1.48 ± 0.21 T/S; p = 0.0341). The upper longer horizontal bar with two asterisks indicates the significant comparison between TL of the induced sputum cells (n = 8) and blood leukocytes in all patients (n = 18) (**MannWhitney U-test: mean 1.05 ± 0.35 T/S vs. mean 1.47 ± 0.26 T/S; p = 0.0133).


Simple linear regression analyses show that blood leukocytes DNAmAge and AgeAcc were highly associated with chronological age (p < 0.0001 and p = 0.0326 in Figures 3A,B), but not the IS cell DNAmAge and AgeAcc (p = 0.1104 and p = 0.3717, in Supplementary Figures 1A,B) as well as IS cell and blood leukocyte TL (p = 0.460 and p = 0.2705, in Supplementary Figures 1C,D). Furthermore, blood leukocyte DNAmAge, AgeAcc, and TL measures were not correlated with leukocytes and different blood cell counts (Supplementary Table 4) and to cigarette smoking (pack years) (Supplementary Table 5). On the other hand, differential cell counts of IS (Supplementary Table 6), in particular macrophage % negatively (p = 0.033) and neutrophil % positively (p = 0.011), but not eosinophil % (p = 0.1239), are related to DNAmAge, while IS cell AgeAcc and TL are not related to cell counts. Furthermore, as expected, neutrophils represent the higher cell type of IS (neutrophils: 68.06 ± 27.03 %, macrophages: 25.19 ± 16.81 % and eosinophils: 6.75 ± 15.70 %). We want also point out that no active smokers were in the IS samples.
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FIGURE 3. Correlation curves between blood leukocytes DNAmAge (A) or AgeAcc (B) and chronological age of n = 16 COPD patients. In (A), a simple linear regression plot shows the correlation between blood leukocyte DNAmAge and chronological age [correlation coefficient (r) = 0.836142; two-sided p < 0.0001], while in (B), simple linear regression linear regression plot showing the correlation between blood leukocyte AgeAcc and chronological age [correlation coefficient (r) = −0.53542; two-sided p = 0.0326]. Mean, standard error (SE), and 95% coefficient intervals (CI) are represented as green, pink, and black lines, respectively.




Correlation Between Blood Leukocytes and IS Cells Biological Age

Simple linear regression analyses show that blood leukocyte DNAmAge (Figure 4A, p = 0.0026) and AgeAcc (Figure 4B, p = 0.0037), but not TL (Supplementary Figure 2, p = 0.4165), highly correlate with those of the IS cells.


[image: Figure 4]
FIGURE 4. Correlation curves between blood leukocytes and induced sputum cells DNAmAge (A) or AgeAcc (B) of n = 7 COPD patients. In (A), a simple linear regression plot shows the correlation between blood leukocytes and induced sputum cell DNAmAge [correlation coefficient (r) = 0.927245; two-sided p = 0.0026], whereas in (B), a simple linear regression plot shows the correlation between blood leukocytes and induced sputum cells AgeAcc [correlation coefficient (r) = 0.916445; two-sided p = 0.0037]. Mean, standard error (SE), and 95% coefficient intervals (CI) are represented as green, pink, and black lines, respectively.




Determinants of Blood Leukocytes and IS Cells DNAmAge, AgeAcc, and TL

Multiple regression analyses of the influence of age, gender, ICS therapy, leukocytes (model a in Table 3)/neutrophils (103/ml) (model b in Supplementary Table 7), and FEV1% on rising blood leukocyte TL, DNAmAge, and AgeAcc show that the main determinants are therapy without ICS (p = 0.0393 and p = 0.0538/p = 0.0285 and p = 0.0507) and decline in FEV1% (p = 0.0158 and p = 0.0533/p = 0.0154 and p = 0.0595) both when leukocytes and neutrophils (103/ml) were considered. Considering blood leukocyte DNAmAge (model a in Table 3 and model b in Supplementary Table 7), age is confirmed as a determinant (p < 0.0001). None of the considered variables (age, gender, ICS therapy, leukocytes/neutrophils (103/μl), and FEV1%) influence blood leukocyte TL (Table 3 and Supplementary Table 7).


Table 3. Multiple regression analysis (model a) of the influence of age, gender, ICS therapy, leukocytes (103/ml), and FEV1% on blood leukocytes TL, DNAmAge, and AgeAcc.
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Multiple linear regression analyses show that IS cell DNAmAge, AgeAcc, and TL are not related to any of the variables considered including age, gender, ICS therapy, neutrophil %, and FEV1% (Supplementary Table 8).

In a multiple linear regression analysis (Supplementary Table 9), in which also the type of inhalers was considered as independent variable, determinants that increase blood leukocyte DNAmAge are confirmed to be therapy without ICS, decline in FEV1%, and age (p = 0.0502, p = 0.0242, and p = 0.0001), but not the type of devices.




DISCUSSION

Aging is an individual and very complex process, and in the multifaceted framework of biological aging a variety of molecular, biochemical, and metabolic changes occur at the cellular level. In this study, we have determined the biological age of the IS cells and of peripheral blood leukocytes, by measuring the mitotic age (TL) and the non-mitotic epigenetic age (DNAmAge), in COPD patients as a positive paradigm of lung aging.

The main findings stemming from this work reveal that:

a) IS cells are biologically older than blood leukocytes as determined by DNAmAge, AgeAcc, and TL.

b) IS cell DNAmAge and AgeAcc, but not TL, highly correlate with those of blood leukocytes.

To the best of our knowledge, in this study for the first time, DNAmAge and AgeAcc are determined in IS cells and blood leukocytes in the same subject, showing that IS cells are in turn biologically older than blood leukocytes. Furthermore, the accelerated aging of the IS cells compared to that of blood leukocytes confirms that tissues and organs in our body may age at different rates within the same individuals, as we have already proved for donors' heart, where instead DNAmAge is consistently younger than that of blood leukocytes (13). DNA methylation is currently the most promising molecular marker for monitoring biological aging and predicting life expectancy (39). In humans, DNA methylation changes start early in life, as demonstrated by longitudinal studies of infants' blood (40, 41). Notably, these early epigenetic profiles continue to accumulate changes with the advancement of age as shown in twins that do not share the same habits and/or environments (42, 43), indicating aging-associated DNA methylation changes depending on environmental factors. The present study would suggest that airways cells are more exposed/receptive, than blood leukocytes, to track epigenetic changes. Studies have shown smoking-related methylation signatures in peripheral blood (44) and in IS (45, 46). In our study, the higher DNAmAge and AgeAcc of IS cells would suggest that age-related methylation genes would be the target of cigarette smoke injury.

Furthermore, increasing evidence suggests that there is acceleration in lung aging in COPD, with the accumulation of senescent cells in the lung (47). In particular, the chronic inflammation in COPD involves the recruitment of the major inflammatory cells including neutrophils, monocytes/macrophages, and eosinophils into the airways. These cells can be detected in induced sputum (48). The increased percentage of sputum neutrophils is a characteristic of COPD, and this neutrophilic inflammation is induced by cigarette smoke, bacteria, viruses, and oxidative stress resulting in the release of neutrophilic mediators (48). Comparing healthy subjects and COPD patients (matched for age, gender, and tobacco habits), Guiot et al. (49) found a quite different IS cellular profile. In COPD patients, the proportion of sputum neutrophils is generally higher than that of macrophages and linked to the disease severity. In healthy controls, the percentage of macrophages is instead higher than the percentage of neutrophils (49). Our study confirms these results on COPD patients by reporting an increased percentage of neutrophils compared to that of macrophages. Furthermore, while the differential cell count of IS affects biological age, that of blood does not. In particular, we observe an older DNAmAge in relation to an increase in neutrophils and to a decrease in macrophage percentage. This indicates that neutrophils in IS are biological older than macrophages and it may be ascribed to the timeline of leukocytes (neutrophils) bone marrow exit, extravasation, and tissue infiltration (48). It is possible that these innate immune cells present in the IS are activated and thus show accelerated aging. The younger DNAmAge of macrophages may be attributed to their renewal capacity in response to lung injury (50). Therefore, we cannot exclude that the increased biological aging in IS cells compared to that in blood leukocytes is also attributed to the migration of neutrophils into the lung tissue, suggesting that it may be in the context of COPD.

In line with results on epigenetic age, we found that IS cells' TL is shorter than that of blood leukocytes. The TL attrition found in the specimens derived from the target organ of the disease agrees with previous studies that reported shorter TL in lung tissues of COPD patients, associated with inflammation indicators (51). The TL shortening observed in IS cells of COPD patients is coherent with the hypothesis that an elevated oxidative stress and increased release of pro-inflammatory cytokines, probably derived from the past smoking history, lead to TL attrition (51). Cigarette smoke carries an abundance of well-known genotoxins including polycyclic aromatic hydrocarbons (PAHs), transition metals, and N-nitrosamines that directly, as catalysts for ROS production, and indirectly, through their metabolism, are important sources for ROS generation (52) and trigger the activation of proinflammatory responses in cells of the airway mucosa (53). These and our results disagree, however, with that of Saferali et al. (54) which reported longer TL in the DNA from lung biopsies compared to TL from blood of cancer patients. Divergent results may be ascribed to the disease, i.e., cancer, considered in the study of Saferali, and to the different cell types present in the lung biopsies. In the whole, our results suggest that heterogeneous aging among different tissues in the same disease may be in consequence of several factors, including differential exposure to environmental factors, the consequent oxidative stress, and inflammatory responses with a different tempo-spatial recruitment and distribution of cells.

We found a close nexus between DNAmAge and AgeAcc of the IS cells and blood leukocytes, advising that blood leukocytes, mirroring the respiratory tract status, could be a surrogate tissue for lung aging studies. Two recent large longitudinal studies from SAPALDIA and ECRHS cohorts (55) and KORA and NAS cohorts (29) found an increased blood leukocyte AgeAcc, estimated using the Horvath method (9), in relation to decline in FEV1, of COPD patients (29) and the general population (55). According to our results, these findings obtained in blood leukocytes would mirror what happens in the respiratory airways. Furthermore, our results could allow us to translate the investigation on biological aging aspects, linked to COPD, into the clinical practice through a simple blood sample. In a real clinical scenario, blood sample may be easily and quickly acquired when visiting COPD patients and sent to the laboratory for biological age analysis. However, some caution is mandatory since, according to our findings, the difference between DNAmAge in IS cells describing biological markers in lung as target tissue and blood leukocytes of COPD patients is almost 6 years. Further studies are therefore needed to optimize the use of blood as a surrogate indicator of IS cells' biological age in clinical practice.

While we confirmed that DNAmAge highly correlates with chronological age, we found that blood leukocyte AgeAcc significantly decreased with increased chronological age, indicating that the epigenetic clock in older patients reduces its speed of aging. Our results agree with the hypothesis that the ticking rate of the epigenetic clock slows down in later life, as proposed by Horvath (9).

Furthermore, we observed that blood leukocyte DNAmAge and AgeAcc significantly decrease (become younger) in COPD patients, with ICS therapy (triple therapy) and with enhancement in lung function (FEV1%). This also would imply that patients in dual therapy without ICS, because of a few exacerbations in the previous year and/or symptoms (according to the ABCD tool of GOLD guidelines 2021), are those that become older faster. By exploring the effects of systemic corticosteroid exposure, Wan et al. (56) found site-specific differences in blood DNA methylation of COPD patients. ICS anti-inflammatory therapy reduces pro-inflammatory mediator secretion from COPD alveolar macrophages exposed to microbial or oxidative stress triggers (57, 58). Since the inflammation represents a key aspect of aging, the anti-inflammatory role of ICS, together with their ability to determine alterations in the methylation profile, could explain the rejuvenating effect we found in COPD patients with ICS assumption in triple therapy. Our results are in line with those obtained from Lee et al. (59), reporting that asthmatic children exposed to air pollution who received ICS medication had longer TL than non-ICS users. With our findings, we strengthen the current literature that focuses on the role of age and aging-associated signaling pathways as well as their impact on current treatment strategies in the pathogenesis of COPD (60). However, future studies are warranted to determine the possible rejuvenating effect of ICS therapy we detected using biological age indicators.

Furthermore, we discovered that the severity of the disease measured by FEV1% is associated with the speeding up of blood leukocyte DNAmAge and AgeAcc. In line with our results, the longitudinal data from SAPALDIA and ECRHS cohorts (55) and KORA and NAS cohorts (29) report the association between blood AgeAcc [estimated using the Horvath method (9)] and lung function decline evaluated by FEV1 (55). FEV1% punctually expresses lung function as a percentage of the predicted normal value according to reference values based on age, height, weight, sex, and race for each subject using the European Community for Steel and Coal as reference values (34).

The current study presents weak points including the limited sample size of patients. However, the sample size estimation reveals that it is sufficient to obtain statistical significant results. The low yield of samples obtained from the IS technique is another weak point. The IS technique that allows collecting cells from airways, like biopsies and bronchoalveolar lavages, has, however, the advantages of being simple, well-tolerated, safe, reproducible, cost-effective, and noninvasive, making it one of the best alternatives of choice of airway sampling. From our clinical experience, it is a suitable procedure that could be applied in future studies and represents at the same time a strong point of this study. Previous work by Hosgood et al. (61), which measured TL and genetic variation in telomere maintenance genes in IS cells, even if not in the blood of the same subjects, confirms that this method was successful at collecting cells from the lung and bronchi. However, the IS technique must be performed under medical supervision and requires thorough instructions to patients from the specialized operator and the cooperation of patients, taking into account their medical condition, as respiratory efforts are needed. The last aspect explains the low success rate in our study. However, samples analyzed are adequate from the statistical point of view. The lack of an age-matched control group represents another limitation. Therefore, future research on COPD is mandatory and our future efforts will be directed to increasing the number of patients, also including a control group.

The strength of our study is that it supports the use of a validated noninvasive method of airway sampling for the analysis of biological age indicators in IS for future studies on biological aging of the lung. Furthermore, we showed that TL and DNAmAge in blood leukocytes correlate with those of IS cells. Determining the two most prominent biomarkers of biological age, DNAmAge and TL, with an almost totally automated workflow, is also a strong point of our study. We applied the method proposed by Zbieć-Piekarska et al. (11) to assess DNAmAge, on data from five CpG sites using the locus-specific technology pyrosequencing with some modification as described by Pavanello et al. (12, 13), which makes the technical analysis achievable in few hours. By using this process, we can perform the analyses in a standardized way while also reducing errors (see Supplementary Figure 3). It is noteworthy that pyrosequencing has the potential for multiplexing, which can simplify the protocol and reduce the cost of technical analysis. Although a real consensus on how to best detect and describe cellular senescence still remains to be achieved, we demonstrate the applicability of the IS cell mitotic age (TL) and non-mitotic epigenetic age (DNAmAge) analysis in molecular biological age profiling of COPD and relate them to the main clinical characteristics of the COPD disease. We add further information to what already exists on the analysis of IS.

In conclusion, new findings stemming from our study are that we detect a differential aging in the context of COPD by a direct quantitative comparison of cell aging in the airways with that in the more accessible peripheral blood leukocytes, providing additional knowledge which could offer certain potential translation into the disease management.
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In 2017, Polish Biobanking Network was established in Poland, within BBMRI.pl project titled “Organization of Polish Biobanking Network within the Biobanking and Biomolecular Resources Research Infrastructure BBMRI-ERIC” as a strategic scientific infrastructure concept. One of the key elements of the project was the verification of the current status of QMS in the Polish biobanking institutions and the implementation of common solutions. The main goal was to indicate the current QMS level and determine the starting points for QMS development for each biobank of the Polish Biobanking Network (PBN). Within 3 years, 35 audit visits were performed. The current status and the level of QMS implementation in each biobank were assessed. Five hundred and seventy recommendations were prepared. The data was analyzed using Fischer Exact test to determine whether or not a significant association was observed. Three areas of analysis were covered: (1) BBMRI.pl status, (2) QMS implementation level and (3) private/public party, respectively. The results were discussed within 15 areas. Concluding remarks showed that some differences were observed in the case of subgroups analysis. There is convergence in QMS within the biobanks where Tissue Banks are located. Moreover, some discrepancies between the QMS implementation level in BBMRI.pl Consortium biobanks and PBN biobanks are observed. Nevertheless, the consortium members are obliged to prepare other biobanks willing to enter the PBN as Members/Observers or which already are in the PBN, so that they can meet the requirements of the quality management system that will enable efficient management of biobanking processes in these units. That is why some actions within BBMRI.pl projects are organized to help the whole biobanking community in Poland implement the harmonized solution.

Keywords: quality management system-QMS, audits, biobanking, BBMRI.pl, BBMRI-ERIC, harmonization


INTRODUCTION

One of the main goals of biobanking is an increase in the efficiency and excellence of biomedical research, leading to the creation and development of new medical treatments (1). It can be done by facilitating access to quality-well-defined resources such as biological material (BM) samples with associated data. The pre-analytical handling procedures during collection, transport, qualification, processing and storage of BM may directly implicate the occurrence of the most common errors at the analytical level (2–4). Furthermore, it must be pointed out that even the best analytical tools cannot perform reliable, repeatable and suitable results when the samples and associated data quality are insufficient. Pre-analytical processes consist of a series of complex steps that must be performed and supervised using appropriate tools. That guarantees constant monitoring of the obtained effects and ensures their high quality (5). It also finds application in translational medicine, where the results of preclinical studies directly translate into patient therapy. These studies have to be of the highest quality and credibility as they determine the well-being of patients. The key to ensuring the quality of research is working on the highest quality of biological material and data—this is what biobanks are responsible for.

Quality aspects present an increasing trend in biobanking and biomedical issues. Each year, more quality-derived events are observed. Moreover, professional biobanking infrastructures such as BBMRI-ERIC, societies and organizations, including ISBER (6), ESBB and IARC (7), highly promote and constantly develop the areas of quality management within the biobanking community (8, 9).

The effectiveness and credibility of biobanks require the adoption and implementation of optimal standards of practice, including general principles and standard operating procedures (SOP) (10). Standardization is a key factor that regulates and harmonizes the processes within an organization. BBMRI-ERIC, as an observer liaison for the International Organization for Standardization (ISO), contributes to the biobank relevant international standard developments (ISO/TC276 biotechnology and ISO/TC212 clinical laboratory testing and in vitro diagnostic test systems) and in bidirectional information exchange by communicating expert knowledge of the ISO working group to the BBMRI-ERIC community. In 2018, the first dedicated standard for Biobanks was published as ISO 20387:2018: Biotechnology-Biobanking-General requirements for biobanking (11).

Also within BBMRI.pl project (12), Quality Standards for Polish Biobanks (QSPB) were established as common standards for Polish Biobanking Network (PBN) entities (13). Moreover, a unified QMS audit process was invented and consistently implemented.

The main purpose of the work was to check the current state of QMS and the processes taking place in biobanks that belong to PBN. Based on the previous work, where the general audit areas were established, 15 dedicated areas were defined and analyzed (14). As an outcome, the possibility of a detailed analysis of the QMS level implementation in the PBN biobanks was created. The results were compared within three statistical subgroups with regard to BBMRI.pl status (BBMRI.pl consortium member, PBN Member/Observer), the level of QMS implementation and the type of biobank (private/public sector). The results of the work determine further directions for quality management aspects development within BBMRI.pl. Moreover, it will be a significant input for the biobanking community from all organizations interested in the development of biobanking quality aspects, where the Polish Biobanking Network would be an excellent case study example. The systematic audit process within PBN, where the objective assessment was performed, becomes an effective and reliable tool to support biobanking activity and improvement.



MATERIALS AND METHODS


Audit Process

Audits have been carried out in accordance with the requirements of ISO 19011:2018 regarding PERC (Planning, Execution, Reporting, Close out/down findings). The objective evidence was collected using observations, documented information and interviews. The assumption of the audit was based on an accessible process called “friendly audit”; a similar formula is also presented in BBMRI.de audit system (15). Also the QM audit process is being noticed in other partner countries from BBMRI-ERIC such as Austria (16) and Finland. Audits were performed as on-site and remote meetings. In total, 35 audits were carried out in 2018–2020.

The main scope of the preliminary audit was to encourage biobanks to start cooperation within BBMRI.pl/PBN and to indicate the starting points where the QMS implementation can be focused and started. The auditors have based the audit process on general ISO standards (9000 series: 9001:2015, 9004:2018) where quality aspects for all organizations are collected. The audit begins with an opening meeting conducted by the lead auditor to introduce the audit team and discuss the audit objectives, scope, and program. During the audit, the auditors took audit samples. During the first visit, the auditors got acquainted with the processes taking place in Biobank, documentation of the type of procedures and instructions (if established and implemented in Biobank), records of processes (paper and/or electronic). During the first visit, the auditors familiarize themselves with: the basis of Biobank's operations (e.g., organizational structure of the unit, approval of the Bioethics Committee or other); with protocols/instructions for handling biological material stored in the biorepository (if established); with the way of marking the material (tube/container description, coding, etc.); with the method of recording Biobank resources (paper documentation and/or an Excel list and/or specialized computer software, etc.); with the method of assessing the quality of the tasks performed (if there are intra-laboratory controls or the center takes part in external laboratory controls); with auxiliary processes concerning, inter alia, the process of hiring and training employees, assigning them authorizations, cooperation with suppliers. After the audit, at the closing meeting, the lead auditor presented and discussed the results of the audit, and the recommendations issued. A summary of the Audit report was a list of observations and recommendations for individual areas of QMS covered by the audit. It was planned that the 1st audit report will not contain non-conformities. The implementation and assessment of the effectiveness of the actions taken should be subject to verification, e.g., during the management review. Verification of the reference to the recommendations is also a part of the next audit (audit input no. 2). The background and audit preparation was presented also in our previous paper (14).



Audited Areas

Cooperation in QM BBMRI-ERIC WGs, the Polish Committee for Standardization in TC 287 Biotechnology and ISO TC 276 WG2 and WG4 provides the best knowledge on standards dedicated to biobanking. The previously determined 13 areas (14) were modified as follows: (1) Training was added to Human Resources Management, (2) Traceability of technical and technological processes, Controlled storage process were combined within one area of Traceability, (3) Strategic and operational objectives were added to Quality Management, (4) Quality control of deliveries were changed to Supplies, material management, (5) Monitoring of environmental conditions and Handling of hazardous waste were combined in one area of Environmental and staff hygiene. Some other areas were also changed or added, which resulted in the establishment of 15 areas (similar to QSPB) (1) Management of Biobanks, (2) Quality management, (3) Documentation and records, (4) Human Resources Management, (5) Ethical and Legal Aspects-ELSI, (6) Supplies, materials management, (7) Equipment, (8) Traceability, (9) Environmental and staff hygiene, (10) Biobanking processes and quality control, (11) Deviations, non-conforming product/data or service, (12) Audits, (13) Improvement, (14) Biobank cooperation in the scientific, research and development area and (15) Safety&Security.

No non-conformities are revealed in the first audit report. Furthermore, the scope of needs and expectations of each biobank toward BBMRI.pl QMS team was estimated.



Data Analysis

The obtained data were subject to statistical and descriptive analysis, with division into three main categories: group 1—comparison of Members/Observers from PBN (35 units) and Consortium members (6 units); group 2—the division into public (36 units) and private biobanks (5 units). Public biobanks were operating at universities, research institutes and public hospitals. Private biobanks operated as part of private laboratories; group 3—biobanks with QMS implemented (11 units), biobanks without QMS (30 units), biobanks operating within tissue and cell banks- the entities specialized with the collection, processing, storage and production of human tissues and cells for therapeutic issues (6 units). Units with established and applied integrated QMS were considered as biobanks with QMS implemented, regardless of whether they are ISO 9001 certified or not. Within the groups, specific subgroups were analyzed.

Categorical data were described using the scores for meeting the requirements of the audit area and percentage using the same criteria as described in the previous paper (14). The associations between the fulfillment of the requirements of the audit area in different groups were tested using Fisher's exact test, where non-random associations between two categorical variables are checked. The statistical significance used in the analysis of contingency tables, also known as cross tabulation, was used. The significance level was set at 0.05. The significance values were as follows: ****/*** extremely significant (p-value 0.001–0.001), ** very significant (0.001–0.01), * significant (0.01–0.05), ns- not significant (>0.05). All statistical analyses and graphs were performed using GraphPad Prism 8.0.1. The results were presented in all figures.




RESULTS

In 2018–2020, 41 audits were performed. The current status and the level of QMS implementation in each biobank were assessed. Figure 1 presents the results for all PBN biobanks. Within the ELSI, 76% of biobanks met the requirements. The majority of biobanks possess well-prepared donor's documentation regarding national and international projects. Nevertheless, the most frequently identified deficiencies within the ELSI included incorrect IC forms in terms of the donor's rights and freedoms (20%); lack of records regarding the processing of personal data in accordance with the GDPR (16.7%); lack of procedures for obtaining IC (10%). The results show that effective activity is needed in Traceability and Management of Biobanks (12% fulfillment). Less than half of the biobanks (24%) had implemented the QMS system as well as the procedures and guidelines for biobanking processes, however, sufficient knowledge was presented. Recommendations indicate the lack of ability to quickly identify a critical device involved in the technological process (33.3%) and the lack of records for consumables and reagents used in the process (16.6%).
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FIGURE 1. Total number of requirements in the specific areas.


Furthermore, the relationship between the level of QMS implementation and the biobank status in PBN (Member/Observer vs. Consortium member) was examined (Figure 2). The results presented clearly indicate that differences in the fulfillment of the requirements strictly depend on the significance level. It is worth emphasizing that ELSI aspects are the strongest area where the rules are strictly complied with. The areas where the relatively largest discrepancies were noticed between the analyzed subgroups were Safety&Security and Scientific cooperation.
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FIGURE 2. Meeting the requirements in the areas—subgroups: BBMRI.pl Consortium vs. other biobanks from Polish Biobanking Network.


However, in the areas of Traceability and Biobanking processes and quality control, no evidence of dependence between the type of biobank membership and the fulfillment of the requirements was observed. Here, being a Member/Observer or a consortium member did not affect the fulfillment of the requirements.

Further analysis focused on the relationship between the biobanks which are located together with Tissue Banks or biobanks with different QMS systems (ISO 9001, ISO 17025) implemented vs. biobanks which did not implement any quality system so far (Figure 3). In the obtained results regarding p-value, the statement that extremely significance was estimated in all areas where the requirements comply with ISO 9001:2015 can be found. The strong importance of QMS implementation in all biobanks including Tissue Banks thus can be underlined. Only within the ELSI, no relevance was calculated. This might be due to the lack of any specific restrictions in the QMS. Moreover, the level of the fulfillment of the requirement is not determined by the implementation of different QMS, but it strongly depends on the method of obtaining biological material and related data. All statistically important results of the analysis indicate that the presence of the QMS system, compared to the absence of any system, has a great importance. Biobanks with Tissue Banks or any other quality management system, fulfill the requirements in high percentage level, which is as follows: Equipment-82%, Environmental and staff Hygiene 73%, Documentation and records, Management of biobanks, Supplies and materials management, ELSI, Traceability, Safety&Security, Scientific Cooperation, Quality Management, Biobanking processes and quality control, Human Resources Management, Audits, Deviations, Incompatible product/data or service, Improvement-respectively, 82% with the QMS system. It was also postulated that Biobanks with already implemented QMS systems are better prepared to meet the QSPB requirements. A set of SOPs already introduced in the parent organization helps Biobank to fulfill the QSPB documentation and create procedures which could be used as an integrated system. Also Biobank personnel is more aware when their work is already regulated by another quality system. Biobanks with an implemented quality system could also prepare biobank procedures based on the procedures existing in the other quality management system, which also facilitates compliance with the requirements.
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FIGURE 3. Meeting the requirements in the areas—biobanks and Tissue Banks which have implemented different QMS vs. biobanks with no QMS implementation.


The results show that there is a strong correlation between the implementation of the quality system, including the Tissue Banks requirement regarding GMP, and the lack of system implementation. Implementation of a quality system in the biobank's parent unit leads to better preparation of the entity to meet the requirements of the quality system in the specific areas of biobanking. During the audits, it was shown that biobanks which also functioned as Tissue and Cell Banks had a well-educated awareness of the need to develop and implement procedures describing the course of main and auxiliary processes. As a result, biobanks better understood the assumptions of the quality management system dedicated to biobanks and could more easily meet those assumptions. What is important in this context is the fact that a strong, well-developed quality system in Tissue and Cell Banks could be directly integrated with the arising quality system for biobanks. As a result, many procedures and forms could function simultaneously within two units. The most important aspect increasing the importance of the implementation of a properly prepared quality system in biobanks is the aspect of readiness for national and international cooperation within scientific projects, commercial use in the pharmaceutical industry and the development of personalized medicine, thanks to the awareness of the need for the implementation and maintaining of QMS system. Also, the implementation of the ISO 9001 or ISO 17025 system in the parent unit meant that the biobank staff was more aware of the processes taking place within the unit and the need to develop and use SOPs for well-maintained management of the biobank. It was also shown that the p-value factor is not significant for biobanks with QMS systems other than GMP as compared to biobanks with no QMS system implemented. It could be concluded that the reason for this is the fact that Tissue and Cell Banks, like Biobanks, collect human biological material and the way they function is similar despite differences in the final use of the target product.

Excluding Tissue Banks from the statement and comparing biobanks with any other QMS system vs. biobanks without QMS, there was no significant p-value (>0.05) in the field of Traceability and ELSI (Figure 4). In other areas, the p-value obtained was highly significant. This means that the implementation of the quality system in the organization is crucial for maintaining proper supervision over the areas as well as all system processes and ensuring the adequate quality level to meet the expectations of the customers.
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FIGURE 4. Meeting the requirements in the areas—biobanks with any other QMS system (excluded the Tissue and Cells Banks) vs. biobanks without QMS implementation.


The next analysis concerned the comparison of biobanks from the public and private sectors. It was shown that in three cases, there was no significant p-value (>0.05)—in the area of Biobanking processes and quality control, Safety&Security, Scientific Cooperation. The remaining comparison for the other twelve audited areas showed a high and extremely important statistical significance (p-value at rate 0.001–0.01 and <0.0001) (Figure 5). Almost 90% of the biobanks had developed rules for the collection and processing of BM. The information concerning the method of collection, securing and delivery was presented, but not always as documented information. The biobanks also had implemented the procedure for the supervision of non-conformities, which requires that all deviations from the adopted standards, e.g., technological processes, should be registered, analyzed and assessed in terms of potential risks.
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FIGURE 5. Meeting the requirements in the areas—biobanks from the public entities vs. biobanks from private sector.


For the ELSI area, public biobanks met the requirements to a higher extent than the private ones. The differences concerning the level of compliance with the requirements and implementation of the QMS system in public and private biobanks mainly depend on financial resources and the management of the units. Private entities usually have more resources to hire an adequate number of staff, as well as to prepare and implement certain procedures. Therefore, in private biobanks, a correlation was observed between the following areas: Deviations/non-conforming product/data/service, Audits, Improvement. When identified during an internal audit, a non-conformity is removed and a new, better solution is implemented. Also, it is important to “stay on the market” and ensure sustainability. The decisions are more efficient and much faster, especially when the implementation leads to potential scientific cooperation between the biobank and an external unit. No significant p-value in meeting the requirements related to Biobanking processes and quality control, Safety&Security and Scientific cooperation results mainly from the fact that in both public and private units these areas are usually at a similar level of development and their improvement does not depend on the status of the unit.



DISCUSSION

Comparison with the first summary of 2019 (14) showed a strong trend in ELSI aspects. There was a lower number of identified deficiencies. The verification of Bioethical Committee (BC) approval, donor Informed consent (IC) forms and donor information forms were performed. It was found that over 90% biobank units obtained BC positive opinions for the specific research projects and also IC was preceded before each study performance. Samples data are protected in a dedicated IT system with authorized persons access (password/login). The deficiencies that have been identified: (1) incorrect forms of IC regarding respect for the rights and freedom of a donor (2) lack of records regarding the processing of personal data in accordance with the GDPR, (3) lack of donor's IC, (4) lack of procedures for obtaining IC, (5) lack of procedure in regarding withdrawal of IC and the lack of proceeding in the event of the liquidation of the biobank.

The consciousness of relevance regarding the cooperation between the Data Protection Inspector in the organization, which can influence the improvement of the records which should be implemented on the IC in terms of processing personal data regarding GDPR.

It is worth to point out that on www.bbmri.pl “Code of Conduct on the processing of personal data for the purposes of scientific research by biobanks in Poland,” developed by BBMRI.pl ELSI and IT group is available, where useful information are enclosed for ELSI area improvement.

Moreover, consortium members as model biobanks presented at least the level of 50% of the requirements implementation in most of the audited areas. In contrast, Ferdyn et al. indicated that the most developed areas were Quality control, Environmental monitoring and hazardous waste handling. During audits, a positive trend was observed that Biobanks present the highest activity in those three areas and developed other areas where biobanks are most active.

Furthermore, the results obtained in the group comparing the QMS level implementation in the biobanks from BBMRI.pl Consortium and biobanks from PBN indicate some significant differences between biobanks that belong to the BBMRI.pl consortium and other biobanks from the PBN. It is supposed that biobanks belonging to the BBMRI.pl consortium are characterized by a better prepared quality management system because they are located in the parent units that have implemented other quality systems, such as ISO 9001, ISO 17025 or GMP. Moreover, the consortium members are obliged to prepare other biobanks willing to enter the PBN as Members or Observers so that they meet the requirements of the quality management system to enable efficient management of biobanking processes in these units. It is possible to present the hypothesis that biobanks belonging to the BBMRI.pl consortium better meet the QSPB requirements and thus obtain better results during the audit for several important reasons: (1) they have a better developed infrastructure and more resources, (2) they have qualified personnel experienced in the development and implementation of quality systems (3) they have been selected for the consortium due to their high potential to create PBN and thus have an advantage at the start over biobanks outside the consortium.

Audits performed in 2018–2020 brought a lot of relevant information about the status of biobanks. Different levels of QMS implementation have been identified in PBN. The process supervision is highly variable between individual biobanks. Here lies a high potential for improvement and it is a challenge for BBMRI.pl QMS team. Nevertheless, the awareness of the biobank personnel and readiness to improve the QMS and other processes, allows the conclusion that quality assurance is an aspect on which the biobanks want to focus their efforts, using the tools developed as a part of the BBMRI.pl project.

The main goal was to indicate the direction of further harmonized and unified QMS development and improvement, as well as to determine the starting points for QMS development.

All actions prepared within the BBMRI.pl QM Task are carefully designed and planned for a dedicated biobanking unit to unify and implement common solutions in PBN, which are convergent with BBMRI-ERIC general outline. The activities performed were aimed at spreading the idea of biobanking with the assumption that high quality biobank services associated with PBN BBMRI.pl are guaranteed. They are to encourage M/O of PBN to develop biobanking ideas and self-improvement, which will directly result in increased competitiveness, maintaining high position in the industry, reduced unit costs and, above all, improved quality of BM and associated data. It will also enhance the growth of the number and quality of scientific research and R&D carried out in cooperation with foreign scientific centers or enterprises.

The results of the work allow not only for current improvement but also indicate the direction of further activities of BBMRI.pl QM group, including the process of the cross-audit program in Poland. Thanks to the identification of the areas that require special attention, the training offer will be adapted in order to intensify work in these areas. Moreover, it helps to develop the audit's plans in order to increase their effectiveness, through more precise planning of the auditors' working time.

Today, biobanking units are no longer required to give access to BM only, but also to access high-quality material on which repeatable test results can be carried out. Therefore, the role and tasks of the Quality Management processes in biobanking units are subject to continuous development. Biobanks are responsible for building a quality model and creating a competitive, intuitive system that meets the requirements of a wide spectrum of stakeholders.

Our work clearly shows the improvement of the processes and of the quality system itself in biobanks. This is a positive factor for the further development of translational medicine, taking into account the special role of biobanks. Thanks to this, the activities of the biobanks associated in networks as well as the activities of organizations such as BBMRI.pl directly contribute to the improvement of the quality of preclinical research. This is beneficial both for research funding institutions, the healthcare system and, above all, for patients.
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Who Is at Risk of Poor Mental Health Following Coronavirus Disease-19 Outpatient Management?
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Background: Coronavirus Disease-19 (COVID-19) convalescents are at risk of developing a de novo mental health disorder or worsening of a pre-existing one. COVID-19 outpatients have been less well characterized than their hospitalized counterparts. The objectives of our study were to identify indicators for poor mental health following COVID-19 outpatient management and to identify high-risk individuals.

Methods: We conducted a binational online survey study with adult non-hospitalized COVID-19 convalescents (Austria/AT: n = 1,157, Italy/IT: n = 893). Primary endpoints were positive screening for depression and anxiety (Patient Health Questionnaire; PHQ-4) and self-perceived overall mental health (OMH) and quality of life (QoL) rated with 4 point Likert scales. Psychosocial stress was surveyed with a modified PHQ stress module. Associations of the mental health and QoL with socio-demographic, COVID-19 course, and recovery variables were assessed by multi-parameter Random Forest and Poisson modeling. Mental health risk subsets were defined by self-organizing maps (SOMs) and hierarchical clustering algorithms. The survey analyses are publicly available (https://im2-ibk.shinyapps.io/mental_health_dashboard/).

Results: Depression and/or anxiety before infection was reported by 4.6% (IT)/6% (AT) of participants. At a median of 79 days (AT)/96 days (IT) post-COVID-19 onset, 12.4% (AT)/19.3% (IT) of subjects were screened positive for anxiety and 17.3% (AT)/23.2% (IT) for depression. Over one-fifth of the respondents rated their OMH (AT: 21.8%, IT: 24.1%) or QoL (AT: 20.3%, IT: 25.9%) as fair or poor. Psychosocial stress, physical performance loss, high numbers of acute and sub-acute COVID-19 complaints, and the presence of acute and sub-acute neurocognitive symptoms (impaired concentration, confusion, and forgetfulness) were the strongest correlates of deteriorating mental health and poor QoL. In clustering analysis, these variables defined subsets with a particularly high propensity of post-COVID-19 mental health impairment and decreased QoL. Pre-existing depression or anxiety (DA) was associated with an increased symptom burden during acute COVID-19 and recovery.

Conclusion: Our study revealed a bidirectional relationship between COVID-19 symptoms and mental health. We put forward specific acute symptoms of the disease as “red flags” of mental health deterioration, which should prompt general practitioners to identify non-hospitalized COVID-19 patients who may benefit from early psychological and psychiatric intervention.

Clinical Trial Registration: [ClinicalTrials.gov], identifier [NCT04661462].

Keywords: COVID-19, SARS-CoV-2, depression, anxiety, mental stress, neurocognitive, long COVID, machine learning


BACKGROUND

Prevalence of mental health disorders rose during the Coronavirus Disease-19 (COVID-19) pandemic in the general population from 4% in 2006 (1) to 20% for depression and from 5% in 2008 (2) to 19% for anxiety as of March 2020 (3). The mental health deterioration following COVID-19 was described primarily for hospitalized subjects (4). The frequency of depression or anxiety (DA) following inpatient COVID-19 treatment was estimated at approximately 25% at 5–12 months post-infection (5–7). A real-world analysis of 62,354 COVID-19 in- and outpatients at 14–90 days follow-up revealed the overall incidence of psychiatric conditions of 18.1% [95% CI: 17.6–18.6], out of which 5.8% [5.2–6.4] comprised de novo disorders (8). In the latter study, a pre-existing mental illness was put forward as a risk factor for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection suggestive of a bi-directional relationship between psychiatric conditions and COVID-19 (8). A large, medical record-based comparison of long-term sequelae in COVID-19 and non-COVID-19 healthcare system users revealed an excess of sleep/wake- (relative risk: 14.5 [11.5–17.3]), anxiety/fear- (5.4 [3.4–7.3]), and trauma/stress-related disorders (8.9 [6.6–11.1]) in COVID-19 convalescents at 6 months after the disease onset (9). Post-acute sequelae, such as mental health symptoms, occurred in decreasing frequency in intensive care unit (ICU) patients, inpatients, and outpatients (9). However, a smaller study found that individuals treated as outpatients showed worse mental health outcomes than those treated as inpatients (10). Hence, the prevalence and especially risk factors of mental health conditions and diminished quality of life (QoL) in COVID-19 outpatients, which may be missed from large-scale medical record analyses, cross-sectional, or inpatient survivor studies, are still insufficiently characterized. Since mild ambulatory cases comprise the great majority of COVID-19 patients (11), mental health sequelae may pose a significant burden to the healthcare system. For this reason, the characteristic of risk factors and subsets of patients at particular risk of post-COVID-19 is of great importance.

Machine learning (ML) and clustering algorithms gain importance at risk profiling and patient classification in high dimensional data sets in multiple conditions, i.e., COVID-19 (7, 12–16). The Random Forest procedure employs ensembles of multiple regression or classifier tree models trained in random subsets of the data set to predict the outcome (17, 18). As such, this algorithm is resistant to over-fitting (17) and was shown to reliably deal with large, multi-parameter imbalanced medical data sets (18). It also provides variable importance measures, which allow drawing conclusions on mechanistic relationships between the outcome and specific explanatory factors (15–17, 19). Self-organizing maps (SOMs) are a class of artificial neural network algorithms that enable the reduction of dimensionality of multi-parameter data sets, classification, and clustering of observations with similar properties (20, 21).

The binational “Health after COVID-19 in Tyrol” study aimed at exploring the disease course as well as physical and mental recovery in two cohorts of non-hospitalized convalescents (12). Herein, using multi-parameter Random Forest modeling, we sought to assess the impact of demographics, socioeconomics, comorbidities, COVID-19 disease symptoms and course, and psychosocial stress on anxiety, depression, self-perceived overall mental health (OMH), and QoL. By clustering analysis with SOMs, we aimed to identify individuals at risk of worsening mental health and QoL, which may particularly benefit from early psychological and psychiatric support. Finally, we made the study results publicly available as an online dashboard1 (22).



MATERIALS AND METHODS


Bioethics

The study was conducted in accordance with the Declaration of Helsinki and the European data policy. Each participant gave a digitally signed informed consent to participate. The study protocol was reviewed and approved by the institutional review boards of the Medical University of Innsbruck (AT, approval number: 1257/2020) and of the Autonomous Province of Bolzano – South Tyrol (IT: 0150701).



Study Design and Approval

The multi-center online survey study “Health after COVID-19 in Tyrol” (ClinicalTrials.gov: NCT04661462) was conducted between the September 30, 2020 and July 11, 2021 in two cohorts independently recruited in Tyrol/Austria (AT) and South Tyrol/Italy (IT) (12). The study inclusion criteria were residency in the study regions, age of ≥16 (AT) or ≥18 years (IT), and a laboratory-confirmed SARS-CoV-2 infection (PCR or seropositivity). Respondents with a minimum observation time of <28 days between the infection diagnosis and survey completion or hospitalized because of COVID-19 were excluded from the analysis (Figure 1). The participants were invited by a public media call (AT and IT) or by their general practitioners (IT).
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FIGURE 1. Study inclusion flow diagram.




Measures, Definitions, and Data Transformation

The detailed description of the questionnaire variables is provided in Supplementary Methods, Supplementary Table 1, and by Sahanic et al. (12).

Symptoms were classified as acute complaints present during the first 2 weeks after clinical onset, sub-acute symptoms present at 2–4 weeks after clinical onset, and persistent symptoms present for ≥4 weeks (12, 15). Confusion, impaired concentration, and forgetfulness were subsumed under “neurocognitive symptoms.”

Pre-existing health conditions, such as depression/anxiety and sleep disorders, were surveyed as single items each (question: “Previous illnesses (existing or previously experienced): (1) depression/anxiety, (2) insomnia,” answers: present/absent) (12). Self-perceived OMH (question: “How do you currently estimate your mental health?”) and QoL (question: “How do you estimate your current QoL?”) were rated with a 4-point Likert scale (“excellent,” “good,” “fair,” “poor,” scored: 0, 1, 2, and 3). Anxiety and depression at the survey completion were investigated using the Patient Health Questionnaire (PHQ-4) questionnaire (anxiety: “Since the COVID 19 infection: (1) have you experienced nervousness, anxiety? (2) were you not able to stop or control worries?” depression: “Since the COVID 19 infection: (1) have you experienced little interest of satisfaction at your activities? (2) have you experienced prostration, melancholy, or hopelessness?” answers: “not at all,” “at some days,” “at more than half of the days,” “almost every day,” scored: 0, 1, 2, and 3) (12, 22, 23), with ≥3 points cutoffs for the clinical signs of depression (DPR) or anxiety (ANX). Psychosocial stress was measured with a modified 7 item PHQ stress module (questions: “How much have you felt affected since the COVID 19 infection by the following problems: (1) worries about your health? (2) Difficulties with the spouse/partner? (3) Burden of care for children parents or other relatives? (4) Stress at work or school/training? (5) Financial problems or worries? (6) Worries about your workplace? (7) Thoughts or dreams on COVID-19?”r answers: “no,” “little,” “some,” “a lot,” scored: 0, 1, 2, and 3) (22, 24), without items on weight, sexuality, and past traumatic/serious events; the item on worries/dreams was adapted to COVID-19. Substantial psychosocial stress was defined by a ≥7 points cutoff.



Statistical Analysis

Data were analyzed with R version 4.0.5 (25, 26). Statistical significance of variable median or distribution differences between groups were determined by the Mann–Whitney (effect size: r statistic), Kruskal–Wallis (effect size: η2 statistic), or χ2 test (effect size: Cramer’s V), as appropriate. The correlation of numeric variables was investigated with Spearman ρ. Categorical variable co-occurrence was assessed by Cohen’s κ and Z test. R packages, DescTools, rstatix, R Companion, and vcd, were employed in hypothesis testing and correlation analysis. Values of p were corrected for multiple comparisons with the Benjamini-Hochberg method (27).

Data pre-processing prior to Random Forest modeling and clustering included minimum/maximum normalization of numeric explanatory features (Supplementary Table 1) and mental health scores. Numeric variables were not stratified prior to modeling or clustering. Random Forest models for ANX, DPR, OMH, and QoL scoring were trained, optimized, calibrated, and cross-validated (10-fold) in the AT training cohort (packages ranger, caret, and qgam) (17, 28–30) and validated in the IT collective. To account for possible effects of diagnosis – survey time, a continuous observation time variable was included in the models (Supplementary Table 1). The importance of explanatory variables in Random Forest modeling was determined by the unbiased difference in mean squared error (ΔMSE) (19, 29). The set of common influential variables from mental health and QoL scoring was determined as a common part of the top 20 most influential factors for ANX, DPR, OMH, and QoL each. Modeling of the impact of the common influential variables on mental scoring was accomplished with uni- and multivariate, age- and sex-weighted Poisson regression (12). The effects of the survey duration and observation time on mental health and QoL scoring was investigated by GAM (generalized additive modeling, package mgcv, cubic spline transformation of the independent variable). Clusters of the training AT cohort individuals were defined with the self-organized map procedure (SOM, 13 × 13 unit hexagonal grid, Manhattan distance, package Kohonen) and subsequent hierarchical clustering (Ward D2 algorithm, Manhattan distance) (20, 21, 31). Assignment of the test IT cohort participants to the clusters was done with the k-nearest neighbor label propagation algorithm (12, 32). Details of statistical analysis are provided in Supplementary Methods.




RESULTS


Sociodemographic and Clinical Characteristics of the Study Cohorts

In total, 1,157 questionnaires in the AT and 893 in the IT cohort were analyzed (Figure 1). The observation time defined as the time period between the survey completion and the SARS-CoV-2 infection diagnosis was 79 (median, interquartile range [IQR]: 40–180) and 96 days (median, IQR: 60–140) in the AT and IT collective, respectively (Table 1). Detailed characteristics of the cohorts were reported by Sahanic et al. (12). In brief, study participants were predominantly working-age (31–65 years: AT: 71.9%, IT: 77.8%), women (AT: 65.1%, IT: 68.3%), and actively employed (>80%). Pre-existing co-morbidities were declared by 41.2% (IT) and 49.7% (AT) of participants. DA (AT: 6%, IT: 4.6%) and sleep disorders (AT: 4.6%, IT: 4%) before COVID-19 were reported by roughly 1 of 20 respondents (Table 1). Notably, the overlap between the pre-existing depression/anxiety and sleep problems was only minute (AT: Cohen’s κ = 0.21 [95% CI: 0.1–0.31], IT: κ = 0.17 [0.048–0.3]). The collectives significantly differed in language, education, employment structure, completion time, and the time interval between the diagnosis and survey completion (Table 1).


TABLE 1. Baseline characteristics of the study cohorts.
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The percentage of asymptomatic cases ranged between 8.3% (AT) and 12.3% (IT) (Table 2). Respondents declared a median of 13 complaints (out of 44 features queried, IQR: AT: 9–18, IT: 7–18) present in the first 2 weeks after clinical onset. Persistent symptoms lasting for ≥28 days (12, 15) were discerned in 47.6% (AT) and 49.3% (IT). Roughly half of the participants suffered from acute neurocognitive symptoms (AT: 48%, IT: 50.4%), such as memory or concentration deficits or confusion, in 18.2% (AT) and 22.6% (IT) at least one persistent neurocognitive symptom was present. Self-perceived complete convalescence was reported by 54% (AT) and 63% (IT) of the respondents. The median loss of physical performance following COVID-19 was 13% in the AT (IQR: 1–26%) and 11% in the IT collective (IQR: 0–25%) (Table 2).


TABLE 2. Characteristics of the course of SARS-CoV2 infection and convalescence in the study cohorts.
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At the time of study completion, i.e., approximately 12 weeks post-clinical COVID-19 onset, over one-fifth of the participants rated their OMH (AT: 21.8%, IT: 24.1%) or QoL (AT: 20.3%, IT: 25.9%) as fair or poor. At this time point, anxiety (ANX) was observed in 12.4% (AT) and 19.3% (IT), DPR in 17.3% (AT) and 23.2% (IT), and substantial psychosocial stress in 21.3% (AT) and 25.6% (IT) of the respondents [Table 3 and (22)]. ANX, DPR, OMH, QoL, and stress score displayed non-normal distribution with a strong skewing toward low values (Supplementary Figure 1). Importantly, the investigated mental health and QoL rating variables were only weakly associated with the participant’s observation time (R2 <0.011, Supplementary Figure 2) and the total survey duration (R2 <0.026, Supplementary Figure 3). ANX, DRP, OMH, and QoL scores were found moderately inter-correlated, with the strongest association between anxiety and depression scoring as well as OMH and QoL rating (Supplementary Figure 4A). The highest level of co-occurrence was found for clinical DPR and ANX (AT: Cohen’s κ = 0.46, IT: κ = 0.54, Supplementary Figure 4B). Of note, a similar pattern of correlation and overlap between the investigated mental health and QoL variables was observed in the participant subsets with pre-existing DA (Supplementary Figure 5). The QoL rating as well as prevalence of ANX, DPR, and substantial stress were significantly higher in the IT than in the AT study collective, yet these differences were minor (Cramer’s V ≤ 0.12, r ≤ 0.14) [Table 3 and (22)].


TABLE 3. Rating of the mental health following Coronavirus Disease-19 (COVID-19) in the study cohorts.
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Key Factors Impacting Mental Health and Quality of Life Outcomes in Coronavirus Disease-19 Convalescents

We sought to investigate how the broad set of 201 surveyed demographic, socioeconomic, medical history, COVID-19 course, and recovery parameters (Supplementary Table 1) affects the minimum/maximum-normalized rating of anxiety, depression, self-perceived OMH, and QoL. To this end, Random Forest models were trained, optimized, and calibrated in the AT collective (17, 28–30). Such models demonstrated good performance with the training AT data (root mean squared error [RMSE]: 0.15–0.18) and moderate-to-good accuracy in the validation IT cohort (RMSE: 0.21–0.23). The amount of explained variance was roughly twice as large in the AT cohort (pseudo-R2: 0.50–0.65) as in the validation IT data set (pseudo-R2: 0.24–0.37) (Figure 2A and Supplementary Figures 6–9).
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FIGURE 2. Random Forest modeling of the mental health and quality of life scoring during Coronavirus Disease-19 (COVID-19) convalescence. The effects of 201 demographic, clinical, socioeconomic, and psychosocial factors (Supplementary Table 1) on the anxiety (ANX), depression (DPR), overall mental health (OMH), and quality of life (QoL) scoring were modeled with the Random Forest technique. Numeric variables were minimum/maximum normalized prior to modeling. The models were trained and calibrated in Austria (AT) cohort, 10-fold cross-validated (CV), and their predictions validated in Italy (IT) cohort. The top 20 most influential explanatory variables were identified in the AT cohort for each mental health and life quality score by unbiased ΔMSE statistic (Supplementary Figures 6–9). The numbers of complete observations are indicated in (A). (A) Random Forest model performance measured by root mean squared error (RMSE) and the fraction of explained variance in mental health and quality of life scoring expressed as R2. (B) Identification of common influential explanatory variables. Left: overlap in the top 20 most influential explanatory variables presented in a quasi-proportional Venn plot. Right: ΔMSE statistics for the most influential explanatory statistics shared by all responses, point size and color corresponds to the ΔMSE value. NC: neurocognitive symptoms, imp. conc.: impaired concentration, phys.: physical, #: number of.


Psychosocial stress rating and percentage of physical performance following COVID-19 were found to affect the ANX, DPR, OMH, and QoL scoring to the greatest extent in the AT cohort. The set of the 20 most important factors for each investigated response also included the total number of acute, sub-acute, and persistent COVID-19 symptoms as well as the number of specific neurocognitive symptoms. DA before COVID-19 impacted substantially the ANX, DPR, and OMH rating, pre-existing sleep disorders were found to be an influential factor for the DPR and OMH scores (Supplementary Figures 6–9). A total of eight highly influential explanatory variables were shared by the ANX, DPR, OMH, and QoL rating and included psychosocial stress, physical performance loss, acute and sub-acute symptom burden, counts of acute and sub-acute neurocognitive symptoms, as well as concentration deficits during acute and sub-acute COVID-19 (Figure 2B). In multi-variate Poisson modeling, this influential parameter set was associated with 22–37% explained variability in the mental health and QoL scoring both in the AT and IT collective (Supplementary Figure 10). Psychosocial stress, acute concentration deficits, symptom burden, and physical performance impairment are the strongest single explanatory features both in univariate and multivariate Poisson modeling of the ANX, DPR, OMH, and QoL rating following COVID-19 (Figures 3A–D, Supplementary Figure 10, and Supplementary Table 2).
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FIGURE 3. Association of the most influential factors with the mental health readouts investigated by univariable modeling. Association of the most influential factors for the mental health and quality of life scoring (Figure 2B) with the anxiety (ANX) (A), depression (DPR) (B), overall mental health (OMH) (C), and quality of life (QoL) (D) rating was investigated by univariable, age- and sex-weighted Poisson regression (Supplementary Table 2). Numeric variables were minimum/maximum normalized prior to modeling. Exponent β estimate values with 95% Cis presented as Forest plots. Explained variance fraction estimated by adjusted R2 is presented in adjunct bar plots. The numbers of complete observations are shown under the plots. AT: Austria, IT: Italy. NC: neurocognitive symptoms, imp. conc.: impaired concentration, phys.: physical, #: number of.


Of note, the performance of the Random Forest models of ANX, DPR, OMH, and QoL modeling developed in the entire AT cohort was similar in the subsets of participants with and without pre-existing DA (Supplementary Figure 11).



Acute and Sub-Acute Neurocognitive Symptoms and Polysymptomatic Coronavirus Disease-19 Define the Subjects at Risk of Poor Mental Health

Next, we explored whether the set of the eight most influential factors impacting the mental health and QoL in the AT or IT cohort (Figure 2) may be applied to identify convalescents at particular risk of mental health deterioration following COVID-19.

By an SOM and hierarchical clustering (20, 31), three participant subsets, termed “Low Risk” (LR), “Intermediate Risk” (IR), and “High Risk” (HR) Mental Health Risk Clusters, were defined in the training AT cohort and validated in the IT collective with high consistency (between-cluster to total variance ratio, AT: 0.90, IT: 0.90) (Figure 4A and Supplementary Figure 12). The primary hallmarks of the IR and HR subsets were highly frequent acute neurocognitive symptoms and, in particular, impaired concentration as well as polysymptomatic acute COVID-19. The HR subset differed from the IR cluster by the presence of sub-acute neurocognitive complaints, i.e., confusion, memory, or concentration deficits beyond the first 2 weeks of the disease (Figure 4B).
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FIGURE 4. Clustering of the study participants by the most influential factors affecting the mental health and quality of life scoring. Study participants were assigned to the Low Risk (LR), Intermediate Risk (IR), and High Risk (HR) subsets by clustering in respect to the most influential factors for the mental health and quality of life scoring (Figure 2B). Numeric variables were minimum/maximum normalized prior to modeling. The procedure in the training Austria (AT) cohort involved the self-organizing map (SOM, 13 13 hexagonal grid, Manhattan distance between participants) and the hierarchical clustering (Ward D2 method, Manhattan distance between the SOM nodes) algorithms. Assignment of Italy (IT) cohort participants to the clusters was accomplished by the k-nearest neighbors classification. The numbers of participants assigned to the clusters are presented in (B). (A) Cluster assignment of the participants in the 3-dimensional principal component (PC) analysis score plot. The first two components are shown. Percentages of the data set variance associated with the particular PC are presented in the plot axes. (B) Heat map of the minimum/maximum-normalized clustering features. NC: neurocognitive symptoms, imp. conc.: impaired concentration, phys.: physical, #: number of.


Notably, the HR followed by the IR group demonstrated significantly worse ANX, DPR, OMH, and QoL rating as well as higher frequencies of clinically relevant anxiety (AT: 6.4% in LR, 25.4% in HR, IT: 8.6% in LR, 41.7% in HR) and depression (AT: 5.9% in LR, 36.6% in HR, IT: 10.7% in LR, 47.9% in HR) compared with the LR cluster [Figure 5 and (22)]. In addition, the IR and HR clusters were characterized by lower frequency of self-reported complete convalescence, greater weight loss, higher levels of stress, higher symptom duration time, as well as higher frequency of acute and sub-acute fatigue, tiredness, and sleep problems as compared with the LR cluster in both AT and IT cohort (Supplementary Figures 13, 14 and Supplementary Table 3).
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FIGURE 5. Mental health and quality of life scoring, depression and anxiety prevalence in the mental health risk clusters. Study participants were assigned to the Low Risk (LR), Intermediate Risk (IR), and High Risk (HR) subsets as presented in Figure 4. The numbers of participants assigned to the clusters are presented in (E). (A–D) Rating of anxiety (ANX) (A), depression (DPR) (B), overall mental health (OMH) (C), and quality of life (QoL) (D) in the clusters presented as violin plots, diamonds with whiskers represent medians with IQRs. Statistical significance was assessed by the Kruskal–Wallis test. P-values corrected for multiple testing with the Benjamini-Hochberg method and η2 effect size statistic values are shown in the plot captions. (B) Frequency of positive depression (DPR+) and anxiety (ANX+) screening in the clusters. Statistical significance was assessed by the Benjamini-Hochberg-corrected χ2 test, the effect size was expressed as Cramer’s V.




Depression or Anxiety Before Coronavirus Disease-19 Is Linked to a Higher Symptom Burden and Persistence

Finally, we sought to investigate differences in the pre-COVID-19 characteristics, disease course, and recovery between the participants with and without pre-existing DA.

In both study collectives, the DA-positive participants suffered from significantly more comorbidities, sleep disorders, and frequent respiratory infections before COVID-19 than the DA-negative respondents and, consequently, had a higher level of daily medication. Participants declaring anxiety/depression before the infection had a 20% higher median burden of overall acute COVID-19 symptoms and >30% more acute neurocognitive symptoms compared with the DA-free subset. The DA-positive participants were also more frequently affected by acute dizziness, acute, and sub-acute forgetfulness. DA before COVID-19 was also linked to a significantly worse self-perceived QoL, OMH, and a higher anxiety scoring (Figure 6 and Supplementary Table 3).
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FIGURE 6. Characteristic of baseline features, COVID-19 course, and recovery in participants with pre-existing depression or anxiety. Differences in baseline characteristic, COVID-19 course, recovery, mental health, and quality of life scoring between the participants with pre-existing depression or anxiety (DA+) and the subjects without depression/anxiety history (DA–) were assessed by the χ2 or Mann–Whitney test in Austria (AT) and Italy (IT) cohort. The numeric variables were minimum/maximum normalized prior to modeling. The testing results were corrected from multiple testing with the Benjamini-Hochberg method (FDR: False Discovery Rate). The numbers of DA+ and DA– participants are shown in (A). (A) Multiple testing-adjusted significance (pFDR) and effect size (categorical: Cramer’s V for categorical factors, numeric features: Wilcoxon r) for the investigated variables. Variables significantly different between DA+ and DA – are highlighted in red. (B) Values of the features significantly different between DA+ and DA– participants in both AT and IT collectives presented in violin plots. The numeric features were minimum/maximum normalized. Orange diamonds represent mode (categorical variables) or median values (numeric variables). pre-CoV: before COVID-19, sleep disord.: sleep disorder, freq. resp. inf.: >2 respiratory infections per yes before COVID-19, daily medic.: number of drugs taken daily, comorb.: comorbidities, #: number of, QoL: quality of life, OMH: overall mental health, ANX: anxiety, NC: neurocognitive symptoms.





DISCUSSION

In our binational survey, approximately 20% of non-hospitalized COVID-19 convalescents reported poor OMH, reduced QoL, or clinical DPR or ANX at about 3 months post-infection. High psychosocial stress and self-reported physical performance loss, high number of acute COVID-19 symptoms, incomplete symptom resolution within the first 2 weeks of the disease, as well as acute and sub-acute neurocognitive manifestations (impaired concentration, confusion, and forgetfulness) were identified as strong explanatory factors (Figure 7).
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FIGURE 7. Summary of the study results.


So far, mental health disorders following COVID-19 have been investigated primarily in hospitalized patients. Signs of at least one psychiatric sequelae (post-traumatic stress disorder [PTSD], depression, anxiety, insomnia, and obsessive-compulsive symptomatology) were discerned in 56% of inpatients at 1 month after discharge (10). Anxiety, depression, and sleep difficulties were present in approximately one-quarter of hospitalized COVID-19 individuals at the 5–12 months of follow-ups (5–7). In large-scale studies encompassing both in- and outpatients, COVID-19 was identified as an important risk factor for anxiety, stress-related, and depressive adjustment disorders (9) and mental health conditions were ascertained in nearly one-fifth of COVID-19 convalescents (8). Of note, this figure is comparable with the frequency of PHQ-4 positive anxiety (AT: 12.4%, IT: 19.3%) and depression screening (AT: 17.3, IT: 23.2%) in our study cohorts. The variability of the reported rates of depression or anxiety in COVID-19 convalescents could be explained both by the differences in assessment methods and by the differing regional containment policies reflected by the rising frequencies of mental conditions in the general population (3). This may explain the significantly higher prevalence of post-COVID-19 depression and anxiety in the IT than in the AT study cohort, despite the similar frequency of pre-existing depression or anxiety.

Our results underscore the negative impact of psychosocial stress, physical performance impairment during convalescence, acute and sub-acute neurocognitive symptoms, such as concentration and memory deficits on the mental health rating. This likely reflects a net influence of the disease itself and the pandemic management measures, such as restricted physical activity due to quarantine (33) or increased loneliness and boredom (34). Mental health status was also investigated during past outbreaks of infectious diseases, such as Ebola (35) or H1N1 influenza (36), however, it has never been evaluated as rigorously as during the SARS-CoV-2 pandemic (37). Compared to individuals who were hospitalized for seasonal influenza, COVID-19 inpatients show a higher burden of mental health problems (9), but nevertheless, it cannot unambiguously be concluded whether this is due to viral factors or associated psychosocial factors and pandemic management. Psychoneuroimmunological processes, such as low-grade inflammation and associated microglia changes, were suggested to contribute to mental health problems following COVID-19 (38, 39). Such neuropathological alterations may also provide an explanation as, why acute neurocognitive complaints posed a “red flag” of subsequent mental health deterioration in our study cohorts. Other factors, such as Vitamin D, mitochondrial dysfunction, or gut dysbiosis, might also link COVID-19 pathobiology and mental health (40). In Random Forest modeling of mental health scoring in our study collectives, impaired physical performance following COVID-19 was found to impact particularly depression, OMH, and QoL rating. A similar phenomenon was described by Evans et al. (7) in hospitalized COVID-19 patients, who linked physical impairment with poor mental health status, respiratory symptoms, fatigue, and protracted systemic inflammation. Of note, a reciprocal axis between physical performance and mental health, and especially depression, may exist since physical impairment is one of the diagnostic criteria of major depressive disorder (41).

The neurocognitive complaints during acute COVID-19 were found frequently accompanied by lower respiratory, cardiological, neurological symptoms, and sleep disorders (7, 9, 12, 15, 42–45). Such “multi-organ phenotype” of COVID-19 was found by us to be a correlate of protracted clinical recovery (12). Herein, the neurocognitive features together with the high symptom burden of acute COVID-19, fatigue, tiredness, and sleep problems hallmarked the IR and HR Mental Health Risk Clusters of the participants likely to develop a mental health condition in course of the recovery. Such “red flags” of deteriorating mental health present in the first 2 weeks of COVID-19 may be exploited for early diagnosis and psychological or psychiatric intervention.

Pre-existing depression or anxiety was reported by roughly 5% of the respondents and was linked to mental health deficits during recovery – a phenomenon known from non-COVID-19 medical conditions (46). The Random Forest models demonstrated a comparable performance in the DA-positive and -negative study participants. This suggests that the major factors determining the mental health rating following COVID-19 were likely common for individuals with and without pre-existing DA. Concomitantly, the subset with pre-existing DA was found to experience a significantly higher burden of acute symptoms as well as acute and sub-acute neurocognitive complaints. However, it needs to be clarified whether this is attributed to the observed higher level of additional co-morbidity, increased susceptibility to respiratory infections, or different perception for symptoms in the DA subsets in our study. Conspicuously, psychiatric disorders before COVID-19 were described as age- and other comorbidity-independent risk factors for SARS-CoV-2 infection (8). This may indicate that alike chronic somatic diseases, pre-existing mental health conditions may predispose the patient to more severe and polysymptomatic COVID-19.

Several mechanisms might mediate the bidirectional associations of COVID-19, depression, anxiety, and psychosocial stress (47). Protracted systemic inflammation is an important pathogenetic factor in depressive-anxious disorders during COVID-19 convalescence (7, 10, 12, 48–50). Stress being the key co-variate of poor mental health in the study collectives was proposed to modulate anti-SARS-CoV-2 immunity culminating in more severe COVID-19 (51) and to perpetuate the systemic low-grade inflammation (46, 51). Other possible mechanisms include direct viral infection of the central nervous system, neuroinflammation, microvascular thrombosis, and neurodegeneration (52). The strong association of acute neurocognitive manifestations with poor mental health scoring in our study suggests that pathobiological processes triggered likely by the pathogen and anti-SARS-CoV-2 immunity early in the disease course may contribute to the mental health deterioration. Targeted investigations of COVID-19 recovery with mental health, biochemical, and immunological readouts are missing in our current survey study, and a case-control design is needed to shed more light on this phenomenon and to entangle the mechanistic interplay between acute COVID-19 pathobiology, recovery, and mental health status (53). The prime strength of our study is the inclusion of two independently recruited cohorts differing in socioeconomic structure and national containment measures which allowed for identification and validation of common influencing factors. Furthermore, the study cohorts encompassed outpatients only insufficiently characterized so far. The most important study limitation is a possible participants’ selection bias. The majority of respondents showed good mental health before COVID-19, and it is likely that predominantly individuals with severe or persistent COVID-19 symptoms and high health-awareness completed the survey (12). Modeling of the impact of the individual observation time and the total survey duration indicated that those two potential sources of bias had only a minor effect on the rating of mental health and QoL. Notably, the observation time variable was included in the multi-parameter models (22). Despite a broad set of independent study variables, the fraction of unexplained variability of the mental health and QoL scoring was substantial, especially in the validation Italian cohort. We could speculate that a higher explanatory power may be reached by the inclusion of additional explanatory variables concerning stringency of national containment measures, socioeconomic background (family status, income, and care duties), personal attitude to the pandemic management, or impact of the outbreak on one’s lifestyle, which may drive the raising frequency of mental disorders in the non-infected population as well (3, 34).

This study underlines the importance of mental health in the follow-up care of COVID-19 individuals. Psychosocial stress, polysymptomatic disease, and neurocognitive complaints during acute COVID-19 are proposed as a risk signature of a subsequent mental disorder (Figure 7). They may prompt clinicians, i.e., general practitioners, to monitor outpatients with COVID-19 more closely for mental health deterioration and identify those who could benefit from early psychological and psychiatric intervention. Additionally, a pre-existing mental health condition may pose a risk factor of more severe COVID-19.
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Background: Abdominal surgery is an efficient treatment of intra-abdominal sepsis. Surgical trauma and peritoneal infection lead to the activation of multiple pathological pathways. The liver is particularly susceptible to injury under septic conditions. Liver function is impaired when pathological conditions induce endoplasmic reticulum (ER) stress. ER stress triggers the unfolded protein response (UPR), aiming at restoring ER homeostasis, or inducing cell death. In order to translate basic knowledge on ER function into the clinical setting, we aimed at dissecting the effect of surgery and peritoneal infection on the progression of ER stress/UPR and inflammatory markers in the liver in a clinically relevant experimental animal model.

Methods: Wistar rats underwent laparotomy followed by colon ascendens stent peritonitis (CASP) or surgery (sham) only. Liver damage (aspartate aminotransferase (AST), alanine aminotransferase (ALT) and De Ritis values), inflammatory and UPR markers were assessed in livers at 24, 48, 72, and 96 h postsurgery. Levels of inflammatory (IL-6, TNF-α, iNOS, and HO-1), UPR (XBP1, GRP78, CHOP), and apoptosis (BAX/Bcl-XL) mRNA were determined by qPCR. Splicing of XBP1 (XBP1s) was analyzed by gel electrophoresis, p-eIF2α and GRP78 protein levels using the western blots.

Results: Aspartate aminotransferase levels were elevated 24 h after surgery and thereafter declined with different kinetics in sham and CASP groups. Compared with sham De Ritis ratios were significantly higher in the CASP group, at 48 and 96 h. CASP induced an inflammatory response after 48 h, evidenced by elevated levels of IL-6, TNF-α, iNOS, and HO-1. In contrast, UPR markers XBP1s, p-eIF2α, GRP78, XBP1, and CHOP did not increase in response to infection but paralleled the kinetics of AST and De Ritis ratios. We found that inflammatory markers were predominantly associated with CASP, while UPR markers were associated with surgery. However, in the CASP group, we found a stronger correlation between XBP1s, XBP1 and GRP78 with damage markers, suggesting a synergistic influence of inflammation on UPR in our model.

Conclusion: Our results indicate that independent mechanisms induce ER stress/UPR and the inflammatory response in the liver. While peritoneal infection predominantly triggers inflammatory responses, the conditions associated with organ damage are predominant triggers of the hepatic UPR.

Keywords: sepsis, systemic inflammatory response syndrome (SIRS), ER stress, surgical trauma, colon ascendens stent peritonitis (CASP), unfolded protein response


INTRODUCTION

Abdominal surgery is the most efficient treatment of intra-abdominal sepsis. However, surgical trauma and peritoneal infection lead to the activation of multiple stress and inflammatory pathways. An exaggerated response can cause systemic inflammatory response syndrome (SIRS). Despite worldwide efforts to improve treatment and clinical outcomes, the mortality rate of sepsis, septic shock, and the consecutive multiorgan dysfunction syndrome (MODS) in humans remains very high (1). Notably, sepsis-associated liver failure and dysfunction are associated with a poor prognosis (2).

The liver plays a particular role in SIRS, as it mounts the acute phase response and represents the source but also a target organ of inflammatory mediators. The liver is a major regulator of immune and inflammatory responses at the systemic level (3). In response to infection and inflammation, the liver adapts its metabolism and switches protein synthesis toward the acute phase reactants (4). For these tasks, the hepatocytes critically depend on the functional endoplasmic reticulum (ER). However, SIRS is associated with profound derangements of the hepatic metabolism and the capacity to produce proteins. Recently, these derangements have been attributed to a dysfunctional ER of hepatocytes, a condition termed ER stress. ER stress is meanwhile considered an early sign of hepatocyte dysfunction preceding liver dysfunction caused by sepsis and SIRS (5, 6).

Endoplasmic reticulum stress elicits the unfolded protein response (UPR), an adaptive response that aims at restoring cellular protein homeostasis (7). Three ER stress sentinels drive UPR in a concurrent manner. Activation of inositol-requiring protein 1-2 (IRE1α) leads to alternative splicing of X-Box binding protein 1 (XBP1) mRNA, an early indicator for ER stress. Proteolytic cleavage of activating transcription factor 6 (ATF6) releases its cytosolic portion. The spliced isoform of XBP1 (XBP1s) and the cleaved ATF6 are potent transcription factors that promote an increase in protein-folding capacity of the ER by enhancing the expression of ER chaperones, such as the glucose-regulated protein 78 kDa (GRP78), and ER-associated protein degradation (8, 9). Activation of the protein kinase R-like ER kinase (PERK) causes translational attenuation by directly phosphorylating the α-subunit of the eukaryotic translation initiation factor 2 (eIF2α) (10). Prolonged activation of PERK commits the cell to UPR-induced apoptosis that can be initiated by increased CCAAT/enhancer-binding protein homologous protein (CHOP) expression. CHOP favors a proapoptotic phenotype by downregulating antiapoptotic mitochondrial proteins of the B-cell lymphoma family such as B-cell lymphoma-extra large (Bcl-XL) causing increased levels of proapoptotic proteins, such as Bcl2-associated X protein (BAX) (11). Thus, UPR can initiate apoptosis in a mitochondria-dependent manner, if ER stress remains unresolved (12).

In the last decade, ER stress and UPR have been explored as biomarkers and therapeutic targets in many diseases (13). Activation of ER stress and UPR have been associated with the induction of liver failure in several critical care disease models, e.g., endotoxemia (14), traumatic/hemorrhagic shock (THS) (15, 16), and sepsis (17–19). Besides trauma and burns, intra-abdominal infections are a common cause of sepsis, which therefore represent an important clinical problem in abdominal surgery (20). For translation into clinical practice, the impact of diverse factors, such as inflammation or tissue damage on ER stress activation in the peritonitis needs further characterization using appropriate biomedical research models.

The colon ascendens stent peritonitis (CASP) model closely mimics the clinical progression of sepsis after intra-abdominal surgery. This experimental peritonitis model is of high-clinical relevance since it allows controlling the severity of sepsis (21). It consists of two independent insults, first tissue damage because of the surgery and second infection because of the bacterial leakage from the gut (22). However, the impact of surgery on the markers for the hepatic stress response has not been addressed so far.

We applied a self-resolving model of CASP, with moderate peritonitis induction, in order to minimize secondary, inflammation-induced tissue injury and damage, which is a frequent septic complication. We assumed this model would be particularly suitable to dissect the effect of surgery and peritonitis-induced inflammation on the progression of UPR and inflammation markers in the liver. The clarification of a causal association between UPR signaling and onset of SIRS is of translational significance, as it implies new medical approaches for preventing liver dysfunction in the clinical situation.



MATERIALS AND METHODS


Animals

In accordance with the ethical guiding principles for animal experiments (23), we aimed at obtaining maximal information from previous animal experiments. We used residual tissue samples of animals investigated in a previous study (24). From animals that did not undergo surgery (untreated control) no more tissue material was available, when we started this study. Because of the limited amount of tissue, we included 8 animals per group, although the previous study comprised 12 animals per group. Animals are described in detail in Herminghaus et al. (24). In brief, liver tissues of 64 adult male Wistar rats (374 ± 23 g body weight) were investigated in this study. Animals were randomly assigned to 8 groups: groups 1–4, sham-operated animals (laparotomy only, 24, 48, 72, and 96 h after surgery) and groups 5–8, CASP with a 14-G stent, 24, 48, 72, and 96 h after surgery (Figure 1A).


[image: Figure 1]
FIGURE 1. Surgery and peritonitis induce liver damage in a self-resolving model. (A) Experimental model for the induction of experimental peritonitis using CASP surgery. (B) Plasma and liver samples were collected at consecutive time points after sham and CASP surgery. Plasma levels of (C) ALT and (D) AST were obtained from a data set determined for a previous study (24) published under Creative Commons-by 4.0 license (25). (E) De Ritis ratio was calculated from those data. Data are shown as mean ± SEM per group, with n = 8 for all the groups, except for (D,E) sham 48 h (n = 7), (D) CASP 24 h (n = 7), and (D) CASP 96 h (n = 7). The dashed line indicates the mean value of the sham group at 96 h. The solid line indicates the mean value of untreated control animals (n = 9). Statistical differences were calculated using two-way ANOVA followed by uncorrected Fisher's LSD test and are indicated by *p < 0.05, **p < 0.01, ***p < 0.001.




Colon Ascendens Stent Peritonitis/Sham Surgery

Polymicrobial abdominal infection was induced by leakage of feces into the abdominal cavity via a stent implanted in the colonic wall (CASP) as previously described (24). This previous study was approved by the local Animal Care and Use Committee (Landesamt für Natur, Umwelt und Verbraucherschutz, Recklinghausen, Germany), and all the experiments were performed in accordance with the NIH guidelines for animal care. In brief, the volatile anesthetic sevoflurane (3.0 Vol%, FiO2 0.5) was used to induce and maintain anesthesia. Buprenorphine was applied at 0.05 mg/kg subcutaneously for analgesia. Animals were laparotomized and a 14-G stent penetrating the colonic wall (ca. 0.5 cm distal to the cecum) was fixed. Sham animals underwent anesthesia and laparotomy as stated earlier, but the stent was fixed outside on the wall of the gut without piercing it. After surgery, animals received analgesia (buprenorphine 0.05 mg/kg in 0.6 ml NaCl subcutaneously every 12 h), but no antibiotics and no additional fluid therapy were applied. The overall survival rate in the sham and CASP group were 100 and 94%, respectively. Animals were euthanized by intraperitoneal injection of pentobarbital (120 mg/kg) 24, 48, 72, or 96 h after sham/CASP surgery. Blood was obtained by cardiac puncture. Livers were collected, aliquots were shock frozen in liquid nitrogen, and stored at −80°C until further processing. The experimental scheme is shown in Figure 1B.



Plasma Analyses

Plasma levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) of all animals included in this study (n = 8 per group) and also from untreated control animals (n = 9) were taken from a data set determined in a previous study (24) published under Creative Commons-by 4.0 license (25). In brief, plasma was obtained by centrifugation (4°C, 4000 × g, 10 min) from blood collected in EDTA tubes and stored at −80°C until further processing. ALT and AST activities were measured in the Central Institute of Clinical Chemistry and Laboratory Medicine of the University Hospital Duesseldorf, Germany (24).



Gene Expression Analyses

Liver tissue (25–50 mg) was homogenized in 1 ml of TriReagent® (Molecular Research Center Inc., Cincinnati, OH, USA). Total RNA was extracted according to the manufacturer's protocol. Extracted RNA was quantified and purity was checked with an Eppendorf BioPhotometer plus UV/VIS (Eppendorf, Wesseling-Berzdorf, Germany) using absorption at 260 nm and the 260/280 nm ratio, respectively. Reverse transcription of 1 μg of total RNA to cDNA was performed using SuperscriptTM II reverse transcriptase (200 U/reaction; Invitrogen; Carlsbad, CA, USA) and anchored oligo dT primers (3.5 μmol/l final concentration). Equal aliquots of each cDNA were pooled to generate an internal standard used as a reference for the quantification of qPCR.

Quantitative PCR was performed in reactions of 12 μl containing SYBR® green I (0.5×, Sigma Aldrich, Vienna, Austria), iTaq™ DNA polymerase™ (25 U/L; Bio Rad, Hercules, CA, USA), oligonucleotide primers (250 nmol/l each, Invitrogen; Carlsbad, California, USA), dNTP [200 μmol/l each], and MgCl2 (1.5-3 mmol/l). All the reactions were performed in duplicates on a CFX96™ real-time cycler (Bio-Rad, Hercules, California, USA). Details on primer pairs are shown in Supplementary Table S1. Randomly assigned no-reverse transcriptase controls corresponding to ~15% of all the samples investigated, a no-template control, and the internal standard was included in each measurement. ΔCq of no-reverse transcriptase controls to the respective sample was >7 for all the cases, while no-template control never yielded signals.

Data were analyzed using the CFX Manager (version 2.0, Bio-Rad, Hercules, CA, USA) in the linear regression mode. Target gene expression was calculated relative to the internal standard (ΔCq) and normalized by mean ΔCq values of two internal reference genes (hypoxanthine-guanine phosphoribosyltransferase, HPRT, and cyclophilin A, Cyclo), yielding ΔΔCq values, as previously described (26). The ΔΔCq values obtained from the technical replicates were averaged and used for statistical analyses. For visualization, data are presented as fold changes (2−ΔΔCq values) relative to the mean of the 96 h sham group. The 96 h time point was used as a reference point, owing to the lack of untreated control animals. Our previous study revealed (24) that not only CASP but also the surgical procedure itself transiently affected liver damage markers (AST and ALT) and the mitochondrial function of the liver. However, ALT and AST data obtained from the 96 h sham animals were nearly identical to those of the untreated control animals (Figures 1C–E). Therefore, we assume the values of the 96 h sham animals correspond to physiological levels. This is in line with previously published results (19).



Western Blot Analyses

Liver tissues were homogenized 1:10 (w/v) in RIPA lysis buffer (25 mmol/l Tris–HCl (pH 8.0), 0.5% Nonidet P-40, 150 mmol/l NaCl, 0.25% sodium deoxycholate, 0.05% sodium dodecyl sulfate (SDS), 1 mmol/l EDTA, and 0.5 mmol/l DTT) freshly supplemented with protease and phosphatase inhibitor cocktails (Roche, Mannheim, Germany). After centrifugation (12,000 × g) at 4°C for 10 min, protein concentration in the supernatant was determined using the Bradford method. Western blotting was performed essentially as previously described (15), on specimens of three randomly selected animals per group. Samples (20 μg protein per lane, reduced in Laemmli sample buffer) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis over a separation distance of 7 cm followed by semidry blotting onto nitrocellulose (Hybond ECL; GE Healthcare Life Sciences, Munich, Germany). Blots were first stained with the fluorescent dye ruthenium (II) tris-(bathophenanthroline disulfonate) and overall protein pattern captured on a Typhoon RGB imager (GE Healthcare Life Sciences, Munich, Germany). Immunostaining was performed with specific antibodies against GRP78 (ALX-210-137, Enzo Life Sciences, 1:5,000) or p-eIF2α (No. 9721, Cell Signaling, 1:1000) followed by cross-adsorbed anti-rabbit-HRPO (No. A16104, Life Technologies). Reactive bands were detected by enhanced chemiluminescence (Clarity™ Western ECL Blotting reagent, Bio-Rad) on a Vilber Fusion FX system (Vilber-Lourmat, Eberhardzell, Germany). The overall protein-staining pattern was used as a loading control and for normalization.



Data Analyses and Statistics

Data were calculated and visualized using GraphPad Prism v6.01 (GraphPad Software Incorporation, La Jolla, California, USA). Outliers were detected by the ROUTs test (Q = 1%) (27) and excluded from analyses. Data were analyzed by two-way ANOVA followed by uncorrected Fisher's LSD test unless otherwise stated. Correlations were calculated using Pearson's correlation coefficient. Differences were considered significant when the p-value was < 0.05.




RESULTS


Liver Damage Markers Are Increased 24–48 h After Surgery

The values for the plasma levels of liver damage markers, activities of ALT (Figure 1C) and AST (Figure 1D) of untreated control animals (n = 9), sham and CASP animals enrolled in this study (n = 8 per group), were taken from a previously determined data set (see Materials and Methods, Animals and Plasma Analyses). In the acute phase (24-48 h), AST was elevated two-fold compared to the postacute phase (72–96 h) in both sham and CASP groups. We did not observe any significant difference in AST and ALT levels between sham and CASP groups at any time point (24). In contrast, the De Ritis ratio (AST/ALT) was significantly higher in CASP groups compared to shams at 48 and 96 h (Figure 1E). The 96 h sham group displayed values for ALT and AST, and also the De Ritis ratio, that did not differ significantly from the non-operated control animals (ALT: p = 0.9; AST: p = 0.3; De Ritis: p = 0.4; two-sided, heteroscedastic Student's t-test), indicating resolution of liver injury.



Abdominal Infection Triggered Stress and Inflammatory Response in the Liver 48 h After CASP

To assess the inflammatory response in the liver, we analyzed gene expression levels of key inflammatory markers. The mRNA levels of stress responsive enzyme heme oxygenase 1 (HO-1; Figure 2A) were moderately, albeit, significantly increased in CASP compared to sham-operated animals at 48, 72, and 96 h. The mRNA levels of the proinflammatory cytokines tumor necrosis factor α (TNF-α; Figure 2B) and interleukin 6 (IL-6; Figure 2C), and inducible NO synthase (iNOS; Figure 2D), an enzyme required for bactericidal activity, were significantly higher in CASP compared with sham animals at 48 h after surgery. In addition, iNOS was significantly higher in CASP animals at 96 h (Figure 2D). These data show that our experimental CASP model causes abdominal infection, which is capable to trigger an inflammatory response in the liver.


[image: Figure 2]
FIGURE 2. Hepatic inflammatory response induced by abdominal infection peaks at 48 h. Gene expression levels of (A) HO-1, (B) TNF-α, (C) IL-6, and (D) iNOS were determined using qPCR in liver samples of rats that underwent sham or CASP surgery. Data are shown as mean ± SEM, with n = 8 for all the groups, except for (D) sham 48 h (n = 7) and (D) sham 96 h (n = 4). Statistical differences were calculated using two-way ANOVA followed by uncorrected Fisher's LSD test and are indicated by *p < 0.05; **p < 0.01.




XBP1 Splicing and eIF2α Phosphorylation Are Triggered by Surgical Stress

We studied the activation of canonical UPR signaling in response to CASP and sham operation by quantifying XBP1s and detecting p-eIF2α. XBP1s levels were the highest at 24 h after surgery and declined until 72 h after surgery. Subsequently XBP1s increased again. Changes reached significance between 48 and 72 h in the sham group and 24, and 72 h and 96 h in CASP animals (Figures 3A,B). The p-eIF2α continuously increased throughout the observation period in sham and CASP-operated animals (Figures 3C,D). Within the sham group, we found significantly higher levels of p-eIF2α at 72 h and 96 h compared with the 24 h time point. The CASP group displayed similar kinetics with significantly higher levels at 96 h compared with the values determined at 24 and 48 h. Although the CASP group displayed higher levels of XBP1s and p-eIF2α at the late time point (96 h), the differences between the sham and CASP group failed to be significant. This suggests that ER stress sentinels, IRE1α and PERK, were activated by surgery-associated stress rather than by moderate peritoneal infection.


[image: Figure 3]
FIGURE 3. Surgery induces hepatic XBP1 splicing and eIF2α phosphorylation. (A) Representative agarose gel electrophoresis of XBP1 PCR products showing the occurrence of the splice variant in the liver. (B) XBP1s indicated as the ratio of spliced (s) to unspliced (us) XBP1 mRNA determined by densitometric analyses. Data are given as mean ± SEM (n = 8 per group). (C) Liver homogenates were analyzed by SDS-PAGE and immunostaining for p-eIF2α. An exemplary blot is shown (the entire blot is shown in Supplementary Figure S1A). (D) Band intensities were normalized to the total protein of the respective gel lanes. Values are given as mean AU (arbitrary units) ± SEM (n = 3 per group, except for sham 48 h n = 1). The dashed line indicates the mean value of the sham group at 96 h. Statistical differences were calculated using two-way ANOVA followed by uncorrected Fisher's LSD test and are indicated by *p < 0.05, **p < 0.01.




Unfolded Protein Response Is Transient and Peaks at 24 h After Surgery

We next examined gene expression of UPR target genes, XBP1 and GRP78. Protein expression of GRP78 was additionally determined. The highest levels of XBP1 (Figure 4A) and GRP78 mRNA (Figure 4B) were found in sham and CASP groups at 24 h after surgery; however, no differences between the sham and CASP groups were found. In addition, we observed a close correlation of GRP78 mRNA levels with the marker for organ damage De Ritis ratio (Figure 4C) with a correlation coefficient (r) of 0.494 (p < 0.01) for the sham group and 0.518 (p < 0.01) for the CASP group, respectively. Although differences were not significant there was a trend toward lower GRP78 protein levels in the sham group at 96 h compared with the levels at 24 h, while we observed a slight increase at 96 h for the CASP group (Figure 4D; Supplementary Figure S1).


[image: Figure 4]
FIGURE 4. Gene expression of UPR markers in the liver is highest at 24 h after surgery. Gene expression levels of (A) XBP1 and (B) GRP78 in the liver of sham and CASP operated rats were determined by means of qPCR. Data are shown as mean ± SEM (n = 8 per group). (C) Pearson correlation between GRP78 mRNA level and De Ritis ratio of sham (n = 31) and CASP (n = 31) operated animals. (D) GRP78 protein abundance in liver homogenates of single animals was analyzed by SDS-PAGE and immunostained for GRP78 (blot is shown in Supplementary Figure S1B). Band intensities of specific staining were normalized to the total protein of the respective gel lanes. Values are given as mean AU (arbitrary units) ± SEM (n = 3 per group). The dashed line indicates the mean value of the sham group at 96 h. Statistical differences were calculated using two-way ANOVA followed by uncorrected Fisher's LSD test and are indicated by *p < 0.05; **p < 0.01, and ***p < 0.005.




Unfolded Protein Response Triggered a Proapoptotic Shift in the Liver 48 h After Surgery

Since we found that p-eIF2α levels continued to increase after surgery, which is a sign for sustained activation of the PERK axis of the UPR, we next analyzed markers indicative of apoptosis activation. In both groups, we found the highest levels of CHOP, a downstream target of PERK activation, at 48 h after surgery. Thereafter, CHOP gene expression levels declined (Figure 5A). In addition, markers of the mitochondria-triggered apoptotic pathway, involving BAX and Bcl-XL, displayed a transient proapoptotic shift in both groups (Figure 5B). Compared with all the other time points, the ratio of the proapoptotic BAX to the antiapoptotic Bcl-XL mRNA was significantly increased at 48 h after surgery in both, CASP and sham animals. However, no differences were found between the sham and CASP groups.
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FIGURE 5. UPR triggers a pro-apoptotic shift with maximum at 48 h after surgery. Gene expression levels of (A) CHOP, (B) BAX and Bcl-XL mRNA were determined by means of qPCR in liver samples after sham and CASP surgery. Data from BAX and Bcl-XL expression are presented as a ratio. The dashed line indicates the mean value of the sham group at 96 h. All data are shown as mean ± SEM (n = 8 per group). Statistical difference was calculated using two-way ANOVA followed by uncorrected Fisher's LSD test and is indicated by *p < 0.05, **p < 0.01, and ***p < 0.005.




Unfolded Protein Response Activation Is Associated With the Surgical Stress

Considering that the degree of tissue damage caused by the surgical procedures was similar in all the experimental animals, the elicited effects are supposed to be influenced mainly by the time passed after surgery. In contrast, effects elicited by the peritoneal infection should distinguish sham animals from the CASP animals. In order to test the hypothesis that tissue damage, not peritoneal infection acts as a direct trigger for the hepatic UPR, we analyzed our data for both main effects, “time after surgery” and “peritoneal infection” and in addition for a potential interaction of both the conditions. We observed that inflammatory markers (TNF-α, IL-6, iNOS, and HO-1) were exclusively associated with the peritoneal infection, while UPR markers (XBPs, p-eIF2α, XBP1, GRP78, and CHOP) exclusively associated surgical stress (Table 1). There was no remarkable interaction between peritoneal infection and surgery for most markers. However, the interaction found for GRP78 mRNA in our study indicates that infectious stress in the peritoneum is capable of modulating the altitude of hepatic GRP78 gene expression that was triggered by the surgical stress.


Table 1. Main effects of peritoneal infection and surgical stress on inflammatory markers, unfolded protein response, and interaction of both the conditions determined by two-way ANOVA.
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Activation of UPR Is Directly Correlated With the Level of Liver Damage During Abdominal Infection

We next analyzed the correlations among organ damage, UPR, or inflammation markers within sham and CASP animals using Pearson correlation (Figure 6). We found that UPR target genes GRP78 and XBP1 correlated significantly with liver damage markers De Ritis ratio (GRP78: sham r = 0.49, p < 0.01 and CASP r = 0.52, p < 0.01; XBP1: sham r = 0.50, p < 0.01 and CASP r = 0.48, p < 0.01) and AST (GRP78: sham r = 0.52, p < 0.01 and CASP r = 0.59, p < 0.01; XBP1: CASP r = 0.60, p < 0.01) in animals of both groups (Figure 6). Interestingly, these correlations were stronger among each other in animals of the CASP group. In addition, a strong positive correlation of XBP1s with liver damage markers (De Ritis ratio: r = 0.56, p < 0.01; AST: r = 0.53, p < 0.01) and with GRP78 (r = 0.91, p < 0.01) protein expression was found in CASP animals. Moreover, only in the CASP animals, the gene expression of the inflammatory marker TNF-α correlated with XBP1 mRNA (r = 0.5, p < 0.01). In sham animals, we found inverse correlations of CHOP and BAX/Bcl-XL with XBP1 mRNA (CHOP: r = −0.42, p < 0.05; BAX/Bcl-XL: r = −0.54, p < 0.01), which were not present in CASP animals. In contrast, no correlations between liver damage and markers of the inflammatory response were found. Taken together, our data suggest that not peritoneal infection, but organ damage triggers hepatic UPR.
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FIGURE 6. Pearson correlation analysis of liver damage markers, UPR, and inflammatory response in animals subjected to surgery (sham) or CASP. Markers for organ damage (plasma ALT and AST and De Ritis ratio) and levels of hepatic markers for UPR (XBP1s mRNA, XBP1 mRNA, GRP78 mRNA/protein, p-eIF2α protein, CHOP mRNA), inflammatory response (IL-6 mRNA, TNF-α mRNA, iNOS mRNA), general stress response (HO-1 mRNA), as well as BAX/Bcl-XL mRNA ratio as a marker for a proapoptotic phenotype were correlated with each other in both, CASP and sham animals, using Pearson correlation (n = 4–8 for all mRNA data, n = 1–3 for all the protein data). In the upper right and the lower left part correlation coefficients (r) calculated from sham and CASP animals, respectively, are shown. A correlation plot was prepared using Microsoft Excel 2016. Positive correlations are highlighted in blue, negative correlations in red. Significant correlations are indicated by bold letters.




Infectious Stimulants Are Weak, but Organ Damage-Triggering Factors Are Strong Inducers of UPR in the Liver

Since an upregulated hepatic UPR has been shown in several inflammatory animal models, including our own (15, 28), the question arises, which condition acts as a predominant trigger; the inflammation-inducing stimuli, or the tissue damage, which is accompanying severe inflammatory processes. To address this question more profoundly, we determined clustering of representative markers by reanalyzing data sets from two different acute experimental models, a THS model and an endotoxic shock model (i.v. application of LPS), which were part of studies previously published (15, 28). While the THS model induces initially acute tissue damage, via ischemia/reperfusion injury, intravenous LPS application leads acutely to a fulminant inflammatory response. Thus, analyzing a very early time point (2 h) in both models, we expected to see the predominantly triggered responses, without superimposing secondary effects. The applied analytical approach, of ranking the normalized effects of investigated markers (refer to Methods to Supplementary Figure S2 in Supplementary Material), allows a direct comparison of marker clustering in both models. We found significant differences between the THS (2 h after trauma and hemorrhage) and the endotoxic shock group (LPS, 2 h). The LPS group showed higher cumulative ranks of inflammatory markers (iNOS, TNF-α) with lower ALT ranks, and lower ranks for UPR (CHOP, XBP1, XBP1s, and GRP78) compared with the THS animals. In contrast, the THS group showed higher ranks of ER-stress markers (CHOP, XBP1, and XBP1s) and higher ALT ranks, while an association with the inflammatory markers was nearly absent (Supplementary Figure S2). Of note: HO-1 levels were significantly increased compared with controls in both models, supporting the observation of HO-1 as an exquisite marker of the general hepatic cell stress.

In addition, our experiments performed with an immortalized liver cell line (BRL3A) described in the Supplementary Material (Methods to Supplementary Figure S3), support the finding of the weak capacity of inflammatory mediators to directly induce hepatic UPR. Although the BRL3A cells are capable of exquisitely responding to ER stress inducers, such as tunicamycin and thapsigargin (Supplementary Figure S3A), incubation with inflammatory mediators raised the expression of IL-6, without clearly affecting the UPR response markers, GRP78 and CHOP (Supplementary Figure S3B).

These additional data support the assumption that not infectious stimuli, but the conditions associated with organ damage are the predominant triggers of the hepatic UPR seen in our CASP model.




DISCUSSION


Animal Model

Abdominal infections are an important clinical problem. In Germany, abdominal infections cause 28.7% of all sepsis cases (29). Primary peritonitis caused by diverticulitis or Morbus Crohn, or secondary peritonitis through anastomotic failure after surgical procedures is a frequent problem in the clinical setting.

The CASP model is a well-established and clinically relevant animal model of polymicrobial sepsis. The stent used in CASP leads to continuous leakage of feces into the abdomen, and therefore, closely mimics the clinical course of diffuse peritonitis in patients with steadily increasing systemic infection and inflammation (22). The severity of sepsis and resulting mortality can be controlled in CASP models, as it is directly depending on the size of the stent (21). Mortality occurs already at early time points in the experimental models of severe sepsis, such as CASP with large stent, or cecal ligation and puncture models (22). In the model of moderate peritonitis, which was applied in this study, the survival rate was more than 90% until 96 h after surgery (24). Therefore, this model is characterized as non-lethal but self-resolving peritonitis. Using this model, we previously demonstrated that CASP transiently compromised liver mitochondria early (24–48 h) after surgery (24). The transient nature of CASP-induced effects on functional parameters of the liver confirms the moderate and self-resolving character of the present peritonitis model.



Organ/Cell Damage

The levels of the liver damage markers AST, as published previously (24), and the De Ritis ratio were only moderately elevated. AST and De Ritis ratio were significantly higher at the early time point (24 h) in response to the surgical stress. Thereafter, these values declined successively supporting the self-resolving character of the CASP model. Abdominal infection only slightly modulated AST values, which resulted in moderately, albeit significantly higher De Ritis ratios in the CASP groups at 48 and 96 h after surgery. Thus, the surgical procedure exerted an acute, but transient stress that was associated with a moderate liver-damaging potential. Moderate peritonitis contributed little to liver damage, which occurred predominantly in response to surgery. We assume that this reaction was the consequence of tissue damage related to the surgery. The increased expression of ER stress response genes in the blood cells of patients 1 day after cardiac surgery with cardiopulmonary bypass supports our assumption (30).



Hepatic Inflammatory Response

In contrast to organ damage markers, expression of markers of inflammation in liver tissues showed a strong response to and a clear association with the abdominal infection. In CASP compared with the sham animals, gene expression of proinflammatory markers was maximally and significantly increased at 48 h. Thereafter, gene expression levels declined with HO-1 and iNOS still being significantly higher in the sham group up to the latest time point investigated (96 h). We attribute this late effect to the continuously increasing systemic response to infection and inflammation induced by CASP, as shown before (22). These data show that surgery contributes little if anything to the inflammatory response in the liver, which is essentially triggered by the abdominal infection. Of note, we have determined the inflammatory markers at gene expression levels, which reflect a quick response to infection. Thus, it can be assumed that in the present model, abdominal infection induced by CASP takes about 2 days (48 h) to reach the maximum. This is also the time point, at which high-mortality rates can be observed in severe sepsis models and septic patients (21, 31, 32). We assumed that UPR would follow the same kinetics if triggered by infectious stimuli.



Hepatic Unfolded Protein Response

Contrary to this assumption, the kinetics of expression of ER stress and UPR-related markers were different from those of the proinflammatory markers. The changes observed for the UPR-related markers were moderate, but most strikingly, markers associated with IRE1α activation were maximal at 24 h after surgery. Furthermore, we could not determine a significant effect of CASP on the UPR-related markers investigated.

Unfolded protein response activation in consequence of tissue damage (33), particularly because of hypoxia or ischemia/reperfusion (15, 16), has been demonstrated in the last couple of years. Thus, we assume that hepatic ER stress and UPR are a consequence of circulating damage-associated signals (possibly danger-associated molecular patterns) rather than inflammatory mediators.

This association was addressed more profoundly by reanalyzing data sets from two different acute models, a THS model and an endotoxic shock model (i.v. application of lipopolysaccharide (LPS)), which were part of studies previously published (15, 28). Both experimental models are associated with a substantial loss of animals (up to 50%) and are, in contrast to the CASP model, characterized by a nearly immediate response of the liver (15, 28). Therefore, we considered a very early time point (2 h) most suitable to dissect the direct impact of induced tissue damage vs. induced inflammation on the manifestation of the hepatic ER stress response.

The infectious stimulus, LPS, triggered predominantly an increased inflammatory response that was initially not associated with substantial organ damage (28) and only a weakly upregulated hepatic UPR at this time point. In contrast, THS, which triggered significant organ damage (15), was associated with a strongly upregulated hepatic UPR, while an inflammatory response was absent at this early time point. Of importance, in the THS model XBP1 and XBP1s nearly instantly followed organ damage as indicated by the increased levels of ALT (15). These data indicate that conditions associated with organ damage rather than infectious stimuli operate as direct triggers of the hepatic UPR. This assumption is further supported by our additional experiments using cultured immortalized liver cells, in which we show that inflammatory mediators were capable to induce an inflammatory response, but not a substantial ER stress response.

We found that UPR, which was triggered primarily by tissue damage, is associated with IRE1α and PERK activation. IRE1α activation, through the expression of XBP1s, has been extensively associated with cell survival (34). In the CASP model, IRE1α was temporarily activated early (24 h) after surgery, while the PERK-eIF2α-p-eIF2α pathway was activated throughout the entire observation period. Phosphorylation of eIF2α inhibits translation initiation resulting in a reduction of protein load in the ER, except for transcripts related to ER stress resolution (35). Persistent PERK-ATF4-CHOP signaling can commit the cell to apoptosis (36). Indeed, CHOP levels peaked 48 h after surgery and resulted in transiently higher BAX/Bcl-XL ratios indicating a proapoptotic switch at the consecutive time point (48 h) in the present model. In addition, eIF2α phosphorylation and CHOP activation are associated with metabolic dysregulation during hepatic ER stress (37).

Although individual UPR-related targets increased only moderately in this model, the entity of upregulated UPR-related markers following tissue trauma because of the surgery likely reflects an early effort to rescue tissue function upon danger signaling, as was previously suggested (38).

In addition, both the XBP1 and the downstream target GRP78 correlated significantly with AST and De Ritis ratio in the present CASP model. Although a correlation does not imply a causal relationship, it is noteworthy that organ damage markers did not correlate with inflammatory markers, but with ER stress markers. Pharmacological induction of ER stress has been shown to result in increased mortality after trauma (33). In contrast, inhibition of ER stress has been shown to protect livers against ischemia/reperfusion injury in a model of hepatectomy (39). This indicates that possibly danger-associated molecular patterns, released in substantial amounts during trauma or surgery, but also secondary to substantial systemic inflammatory conditions are triggers of liver cell death employing mechanisms that involve ER stress pathways.



Interaction of Hepatic UPR With CASP-Induced Inflammatory Response Pathways

Even though abdominal infection had no significant effect on the expression of UPR markers, we found a stronger association between XBP1s and GRP78 with liver damage markers in rats that underwent CASP. Furthermore, CASP altered the kinetics of GRP78 gene expression following surgical trauma toward a later decline, suggesting cooperation between inflammatory and ER stress pathways. To the best of our knowledge, no experiments could show a direct induction of UPR by inflammatory mediators, such as cytokines. However, the secondary organ damage, which is typically accompanying inflammatory conditions, could well explain the increased ER stress response seen in SIRS. Vice versa, ER stress is capable to trigger inflammatory pathways acting as synergizing components in several pathologies (40). Both UPR branches, IRE1α and PERK can directly activate nuclear factor kappa B (NF-κB) (41, 42) leading to the production of inflammatory cytokines. ER stress activating IRE1α is further linked to TNF-α-mediated cell death through the adaptor protein tumor necrosis factor α receptor-associated factor 2 (TRAF2) and NF-κB (43). Therefore, cell death signals synergize in response to inflammation triggered by TNF-α, which also employs NF-κB. TNF-α levels in the plasma of CASP animals were elevated 96 h after surgery in the present model (24). The increased De Ritis ratio in the CASP group at this time point possibly reflects a converged synergism of cell death pathways. Although the low mortality of this CASP model indicates that the elicited inflammatory response may be self-resolving, it was sufficient to transiently affect mitochondrial function in the liver (24). Interestingly, mitochondrial damage driven by caspase 2 has been described as a mechanism underlying hepatocyte death upon ER stress that operated via NLRP3 inflammasome activation (44, 45).

Given the good outcome of our experimental rats, which were young and showed no clinical signs when enrolled in the study, we assume that the damage triggered hepatic UPR was well balanced and exerted a beneficial role in the present CASP model. However, since ER stress is a critical inflammation triggering factor, the role of surgery modulating UPR warrants closer consideration in patients suffering from comorbidities, i.e., metabolic diseases (46). Based on our results, we suggest therapeutic approaches, which target the ER to maintain liver function in conditions associated with inflammatory processes, such as sepsis. Of note, certain anesthetics or antibiotics have been shown to modulate ER stress induction in the liver (47–50). Thus, the choice of an appropriate anesthetic protocol during surgery followed by a suitable antibiotic therapy might help to shape UPR and limit consecutive liver damage.



Limitations

This study was focused on the progression of ER stress/UPR markers exclusively in the liver as a remote target organ in the peritonitis and abdominal surgery, because of its central role for the system. However, we did not analyze the local effects of peritonitis. Several studies have already highlighted the relevance of intestinal ER stress in peritonitis that is tightly linked to deranged intestinal tissue homeostasis and immunity (51, 52), and particularly the impairment of the intestinal barrier function (53). Further studies will be necessary to clarify the source or the nature of the compounds that trigger the ER stress/UPR and inflammatory response in the liver.




CONCLUSION

Using a clinically relevant experimental sepsis model, we found that surgical trauma activates hepatic UPR, presumably because of tissue injury. UPR activation occurred early and preceded the inflammatory response in the liver. This indicates that hepatic UPR and the inflammatory response are triggered by different mechanisms. Our data further suggest that secondary tissue injury, as it occurs in septic complications, may influence the severity of ER stress and UPR-mediated liver cell dysfunction. Thus, the hepatic ER appears to be an important target for shaping UPR in order to prevent liver dysfunction in abdominal surgery and severe SIRS.
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At present, the drug treatment of osteoporosis is mostly focused on inhibiting osteoclastogenesis, which has relatively poor effects. Metformin is a drug that can potentially promote osteogenic differentiation and improve bone mass in postmenopausal women. We aimed to detect the molecular mechanism underlying the osteogenic effect of metformin. Our study indicated that metformin obviously increased the Alkaline phosphatase activity and expression of osteogenic marker genes at the mRNA and protein levels. The PI3K/AKT signaling pathway was revealed to play an essential role in the metformin-induced osteogenic process, as shown by RNA sequencing. We added LY294002 to inhibit the PI3K/AKT pathway, and the results indicated that the osteogenic effect of metformin was also blocked. Additionally, the sequencing data also indicated oxidation-reduction reaction was involved in the osteogenic process of osteoblasts. We used H2O2 to mimic the oxidative damage of osteoblasts, but metformin could attenuate it. Antioxidative Nrf2/HO-1 pathway, regarded as the downstream of PI3K/AKT pathway, was modulated by metformin in the protective process. We also revealed that metformin could improve bone mass and oxidative level of OVX mice. In conclusion, our study revealed that metformin promoted osteogenic differentiation and H2O2-induced oxidative damage of osteoblasts via the PI3K/AKT/Nrf2/HO-1 pathway.
Keywords: metformin, osteogenic differentiation, RNA sequencing, oxidative damage, PI3K/AKT/Nrf2/HO-1
INTRODUCTION
Osteoporosis is characterized by a decrease in the amount of bone tissue per unit volume and mainly occurs in postmenopausal women and diabetes patients (Chapurlat et al., 2020; Zhou et al., 2020). Estrogen deficiency and glucose overload reduce the inhibition of osteoclast differentiation and enhances bone resorption, leading to the loss of bone mass (Ponte et al., 2020; Cho et al., 2021; Sha et al., 2021). The current strategy for osteoporosis treatment is mainly to inhibit osteoclasts with drugs such as bisphosphonates, estrogen receptor modulators and calcitonin (Ukon et al., 2019; Hsiao et al., 2020; Toriumi et al., 2020). However, these drugs are limited because they only prevent further loss of bone mass, and do not restore it. To improve this condition, researchers can increase the activity of osteoblasts in patients, which will be an effective means of treatment. Weakened differentiation and declined activity of osteoblasts aggravate the deterioration of osteoporosis (Xu et al., 2020; Yang et al., 2020). Therefore, enhancing differentiation and increasing activity is essential in improving the treatment of osteoporosis.
The acceleration of the aging population has resulted in a gradual increase in the incidence of osteoporotic fractures. Estrogen deficiency and impaired glucose tolerance are important factors that accelerate aging (He et al., 2020; Kashima et al., 2021). And the decline in body function related to aging is caused by oxidative damage with the accumulation of reactive oxygen species (ROS) (Buccellato et al., 2021). Recent studies have determined that metformin shows anti-aging effects and resistance to diseases caused by aging, which indicates the potential application of metformin in osteoporosis (Martel et al., 2021; Sharma et al., 2021). Metformin is a hypoglycemic drug that has been verified to improve bone mass loss in diabetes-induced osteoporosis by decreasing the blood glucose level (Tseng, 2021). And metformin also shows potential therapeutic effects in postmenopausal osteoporosis (Yang et al., 2021). However, the direct effect of metformin on bone metabolism is unclear. The molecular mechanism of metformin on osteogenic differentiation and prevention of oxidative damage remain to be determined.
A new generation of high-throughput transcriptome sequencing methods have been used in basic research, clinical diagnostics and drug development (Koborova et al., 2009; Wang et al., 2013). RNA sequencing technology has become an important method in transcriptomic research. The principle is to sequence genomic cDNA, calculate the expression of different mRNAs by counting the number of related small cDNA fragments and analyze the expression level of the transcript (Niemi et al., 2015). This technology can elucidate gene function and structure at the overall level and reveal specific biological processes and molecular mechanisms in the occurrence of diseases (Cui et al., 2020; Wang Y et al., 2021). In previous studies, RNA sequencing has been widely used to determine the targets and pathways of drugs in disease research (Chen et al., 2021; Zhou et al., 2021). Therefore, we aimed to detect the molecular mechanism of metformin in osteogenic differentiation by using RNA sequencing.
MATERIALS AND METHODS
Reagents, Cell Culture and Osteogenic Differentiation
The reagents and chemicals used in this study are listed below. MC3T3-E1 cells were purchased from the Chinese Academy of Sciences Cell Bank. Metformin was purchased from Meilunbio (Dalian, China). Antibodies against Runx2 (1:1000; cat. no. ab236639), Collagen Ⅰ (1:2500; cat. no. ab260043) Osteocalcin (OCN) (1:100; cat. no. ab93876), Nrf2 (1:1000, cat. no. ab92946) and HO-1 (1:5000; cat. no. ab68477) were obtained from Abcam (Cambridge, MA). β-actin antibodies (1:2000; cat. no. 66009-1-Ig) and a peroxidase-conjugated anti-rat secondary antibody (1:2000; cat. nos. SA00001-15) were purchased from Protein Tech Group, Inc. (Chicago, IL, United States). antibodies against PI3K (1:1,000; cat. no. 4257), phosphorylated (p-)PI3K (1:1,000; cat. no. 4228), AKT (1:1,000; cat. no. 4691) and p-AKT (1:1,000; cat. no. 4060) were purchased from Cell Signaling Technology, Inc. The PI3K/AKT signaling inhibitor LY294002 and AKT inhibitor MK2206 was purchased from Beyotime (Shanghai, China).
MC3T3-E1 cells were cultured in α-MEM (HyClone, Logan, UT, United States). The media were supplemented with 10% fetal bovine serum, 100 U/ml streptomycin sulfate, and 100 mg/ml penicillin. Osteogenic induction medium was prepared according to the following criterion: 100 mM β-glycerophosphate, 50 mg/L ascorbic acid and 10 nM dexamethasone. The parameters of the humidified incubator for MC3T3-E1 cell culture were set to 5% CO2 and 37°C. Detection of ALP activity and mRNA and protein expression levels was performed after 7 days of osteogenic induction of MC3T3-E1 cells.
Cell Counting Kit-8 Assay
Cell Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies, Inc. Japan) was used to detect cell viability after treatment with different concentrations of metformin. The reagent is an indicator of redox reactions. In the presence of the electron carrier 1-methoxy PMS, dehydrogenase in living cells can catalyze the tetrazolium salt WST-8 to generate formazan dyes, and the amount of formazan dye produced has a linear relationship with the number of living cells.
Alkaline Phosphatase Activity Detection
ALP is secreted by osteoblasts. ALP activity can directly reflect the differentiation level of osteoblasts. MC3T3-E1 cells were induced in osteogenic medium for 1 week. Then the ALP level was detected by ALP Analysis kits (Nanjing Jiancheng, China) according to the manufacturer’s instructions.
Alizarin Red S Staining
Calcium salt variation is an indicator of osteoblast proliferation and differentiation. Alizarin Red S can form a complex with calcium salt in a chelating manner to identify the calcium salt component of tissue cells and produce orange-red deposits. MC3T3-E1 cells were cultured in 6-well plates and treated with induced medium for 28 days before Alizarin red S staining. The cells were first washed twice with PBS, fixed with 95% ethanol for 10 min, and washed with distilled water 3 times. Then 0.1% Alizarin Red-Tris-Hcl (pH 8.3) was added at 37°C for 30 min.
Reverse Transcription PCR (RT-qPCR) Assay
A miRNeasy RNA mini kit (Qiagen, MD, United States) was used to extract total RNA. Then, GoScript™ reverse transcription mix and oligo (dT) (Promega, Wi, United States) were used to synthesize cDNA. qPCR was performed using GoTaq® qPCR master mix (Promega, Wi, United States). The data were collected using a Roche Light Cycler® 480 II system (Roche, Basel, Switzerland). The conditions of PCR cycles were as follows: 2 min at 90°C, 15 s at 95°C and 60 s at 60°C for 45 cycles. β-actin was used as a standardized control. And the sequences of primers were listed in Supplementary Table S1. Gene expression was calculated by the 2−ΔΔCt method.
Western Blotting
Protein was extracted after 7 days of treatment, and then frozen in a refrigerator at −80°C for later use.
Then, proteins were resolved by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. The membranes with proteins of various molecular weights were immersed in blocking buffer for 1.5 h. After the membranes were washed with 1% TBST, they were incubated with a primary antibody at 4°C overnight and a secondary antibody at 4°C the next day. After the membranes were thoroughly washed, the protein bands were coated with luminescent solution and visualized using a chemiluminescence (ECL) system (UVP Inc., CA, United States). The protein level was normalized to that of β-actin (molecular weight of 43 kDa). Finally, ImageJ software was used to calculate the optical density and relative protein expression levels.
RNA Sequencing Analysis
MC3T3-E1 cells were induced in osteogenic medium and metformin for 3 days. RNA sequencing analysis was performed by Novogene Institute (Tianjin, China). Differential expression analysis of two groups (three biological replicates per condition) was performed using the DESeq2 R package (1.20.0). Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by the cluster Profiler R package, in which gene length bias was corrected. GO terms with corrected p values less than 0.05 were considered significantly enriched by differentially expressed genes. The KEGG pathway database was used in the cluster Profiler R package for the statistical enrichment of marker genes.
Gene Ontology Enrichment
GO enrichment analysis of marker genes was performed with DAVID Bioinformatics Resources 6.8. The gene length bias was corrected, and the GO terms with corrected p values less than 0.05 were considered significantly enriched for the marker genes. The biological domains examined in the GO database included three categories: molecular function, cellular component and biological process.
KEGG Pathway
The KEGG pathway database (KOBAS 3.0) was used for the statistical enrichment of marker genes. The database can help elucidate the high-level functions and utilities of cells, organisms and ecosystems and includes molecular-level information (especially large-scale molecular genome sequencing datasets) and information from other high-throughput experimental technologies.
Animal Experiments
Eight-week-old female mice were obtained from the Department of Laboratory Animal Science of China Medical University. The feeding environmental conditions were 20–26°C with constant temperature, 40–70% relative humidity, ≤14 mg/m3 ammonia concentration, ≤60 dB (A) noise and a 12 h/12 h alternating light and dark cycle. All animals were fed in this environment for 2 weeks before the experiments. Mice were randomly divided into three groups (n = 7 each group): a sham group, a bilateral ovariectomy (OVX) group and a OVX group with intragastric metformin (OVX + Met). We performed bilateral ovariectomy on mice under 1.4–1.5% isoflurane inhalation anesthesia with oxygen. The dosage of metformin for the OVX + Met mice was 100 mg/kg/day, which was dissolved in 0.9% normal saline. The mice in the other groups were fed only with equal amount of saline. After 8 weeks of treatment, all mice were sacrificed, and the bilateral femur and tibias were harvested for imaging and protein extraction. All animal experiments were approved by the Animal Ethics Committee of the First Affiliated Hospital of China Medical University and were performed according to the laboratory and animal welfare guidelines.
Microcomputed Tomography
Collected femurs were fixed with 4% formaldehyde solution for imaging by microcomputed tomography (μCT, Skyscan1276, Bruker, Germany). When X-rays pass through the sample, each part of the sample has different absorption rates for X-rays. The X-rays penetrate the sample and are finally imaged on the detector. Micro-CT uses tapered X-ray beams to image samples at different angles above 360°. The cone beam method can obtain isotropic volumetric images, improve spatial resolution, and increase ray utilization. X-ray images at each angle were reconstructed into a 3-dimensional image analyzed by the CT-analyser software CTAn 1.19.11.1 (Bruker Corporation). The parameters of the scan were as follows: X-ray voltage 50 kV, X-ray current 200 uA, Filter 0.5 mm aluminum, Image pixel size 8.9um, Camera resolution setting High (4,000 pixel field width), Tomographic rotation (180°/360°), Rotation step (0.3–0.5°), Frame averaging 1, Scan duration 20–50 min.
Biochemistry Assays
Mice-specific total antioxidant activities (T-AOC) was purchased from Nanjing Jiancheng Bioengineering Institute, Nanjing, China (A015-2-1) and superoxide dismutase (SOD) kits was purchased from Beyotime (S0101) to measure the serum T-AOC and SOD activity in mice. All experiments were performed according to the manufacturer’s instructions.
Statistical Analysis
The experimental data were means ± standard deviation (SD) by using GraphPad Prism 8 (San Diego, CA, United States) and SPSS 22.0 (Chicago, IL, United States). Student’s t-tests and one-way ANOVA were used for statistical analysis of three replicate experiments by SPSS. p < 0.05 was considered statistically significant.
RESULTS
Metformin Promotes Osteogenic Differentiation of MC3T3-E1 Cells
We first performed CCK-8 cell viability assays to detect MC3T3-E1 cell viability after treatment with different concentrations of metformin, and the results indicated that metformin had no inhibitory effect on osteoblast proliferation (Figure 1A). To determine whether metformin promoted osteogenic differentiation and the optimal concentration, we detected ALP activity with ALP Analysis kits. As shown in Figure 1B, metformin at 0.2 mM maximized osteogenic differentiation, which was also verified by the mRNA expression of osteogenic genes including Runx2, OCN and COLL-1 (Figure 1C). Additionally, we performed Alizarin Red S staining and western blotting to evaluate the effect of metformin treatment on the differentiation of osteoblasts (Figures 1D,E). The protein levels of Collagen I, Runx2 and OCN increased most obviously with 0.2 mM metformin treatment (Figure 1F).
[image: Figure 1]FIGURE 1 | Metformin promotes osteogenic differentiation of MC3T3-E1 cells. (A) Cell viability after treatment with different concentrations of metformin (0.1, 0.2 and 0.3 mM). (B) ALP activity was detected to explicit the osteogenic effect of metformin. (C) The mRNA level of COLL-1, OCN and Runx2 after osteogenic induction and treatment with metformin. (D) The mineralization of osteoblast demonstrated by Alizarin red S staining was most obvious after treatment with 0.2 mM metformin. (E) The protein level of Collagen I, OCN and Runx2 under different concentrations of metformin. (F) Relative protein expression level of the proteins in (E) compared with control group. Experiments were implemented in triplicate. Data are means ± SD, *p < 0.05, **p < 0.01 compared with control cells and #p < 0.05, ##p < 0.01 compared with osteogenic induction alone analyzed by using ANOVA.
RNA-Sequencing Reveals That PI3K/AKT Signaling Pathway is involved in Metformin-Induced Osteogenic Differentiation
Based on the data mentioned above, we attempted to elucidate the mechanism by which metformin promoted osteoblast differentiation. We performed RNA sequencing to compare the differential expression of genes between osteogenic induction with and without 0.2 mM metformin treatment. Compared with osteogenic medium alone, a total of 1946 up-regulated and 1544 down-regulated genes were obtained when treating with metformin after quality control and differential analysis (Figure 2A). We performed KEGG pathway analysis of these up-regulated genes and the results showed that they were enriched in PI3K/AKT signaling pathway (Figure 2B). These genes included PI3K upstream regulators ITGA, ITGB and SYK; the AKT upstream regulators HSP90B1 and PPP2R5D; and the downstream regulators of the PI3K/AKT pathway GYS, PCK2 and CCND1 (Figure 2C). We firstly detected the effect of metformin on the PI3K/AKT pathway by western blotting. And the results indicated the expression of p-PI3K and p-AKT increased in osteogenic medium and metformin promoted it further (Figure 2D). To determine the role of PI3K/AKT signaling pathway in osteogenic induction by metformin, we added the PI3K/AKT signaling inhibitor LY294002 to MC3T3-E1 cells and assessed osteogenic indicators. LY294002 can inhibit the enzyme activity of PI3K through competitive inhibition of PI3K. In Figure 2E, ALP activity decreased after combined treatment with metformin and LY294002 compared to that with metformin treatment alone. Moreover, the protein levels of Collagen I, OCN and Runx2 decreased after combined treatment with metformin and LY294002 compared with metformin treatment alone (Figure 2F). Additionally, we performed Alizarin Red S staining to confirm the effect of the PI3K/AKT signaling pathway on osteoblast formation. The results indicated that LY294002 inhibited mineralization after osteogenic induction (Figure 2G).
[image: Figure 2]FIGURE 2 | Metformin induces osteogenic differentiation via the PI3K/AKT pathway. (A) Volcano map of differential genes as osteogenic induction (OI) vs. OI with metformin treatment (OI_Met). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) of up-regulated genes during metformin-induced osteogenic differentiation. (C) Heatmap of up-regulated genes involved in PI3K/AKT signaling pathway. (D) Protein expression of PI3K-AKT pathway, enhancing effect observed for metformin on PI3K/AKT expression. (E) ALP activity was detected to explicit metformin protection of osteogenic differentiation inhibited by H2O2 was blocked by LY294002. (F) Protein expression of COLL-1, OCN and Runx2 after adding LY294002. (G) The activity of osteoblast mineralization decreased with LY294002 treatment detected by using Alizarin red S staining. Experiments were implemented in triplicate. Data are means ± SD, *p < 0.05, **p < 0.01 compared with control cells and #p < 0.05, ##p < 0.01 compared with osteogenic induction alone and ^p < 0.05, ^^p < 0.01 compared with combined treatment of osteogenic induction and metformin analyzed by using ANOVA.
Metformin Prevents the Oxidative Damage of Osteoblasts Induced by H2O2 via the AKT/Nrf2/HO-1 Pathway
GO analysis revealed that the genes upregulated expression after metformin treatment were involved in the oxidation-reduction reaction (Figure 3A). These genes included many reductase genes such as CBR2, HMGCR, HSD17B7, RRM2, DHCR24, DHFR, and peroxidase gene PTGS2. All of these genes performed a reductive effect on oxidative substances. In order to detect the protective effect of metformin on osteogenic differentiation in peroxidative status, we added 0.2 mM H2O2 into osteogenic medium to stimulate oxidative damage and 0.2 mM metformin to improve. After osteogenic induction and 6 h incubation with H2O2 and metformin, we detected the protein expression of Collagen I, OCN and Runx2 (Figure 3B). The results indicated the protective effect of metformin (Figure 3C). Then, we attempted to explore the mechanism by which metformin protected the oxidative damage of osteoblasts. Our past studies have proved that metformin can attenuate H2O2-induced osteoblast apoptosis via the PI3K/AKT pathway (Yang et al., 2021). Nrf2 is an important transcription factor that regulates cellular oxidative stress response. And the Heme Oxygenase-1 (HO-1) is the downstream factor of Nrf2. HO-1 participated in the modulation of mitochondria function and further influenced cell differentiation and apoptosis. We used western blotting to detect the protein level of nuclear Nrf2 and HO-1. Metformin increased the expression of Nrf2 and HO-1 compared with H2O2 treatment alone, but which was blocked by adding AKT inhibitor MK2206(Figures 3D,E).
[image: Figure 3]FIGURE 3 | Metformin reserves H2O2-induced inhibition of osteogenic differentiation. (A) Heatmap of up-regulated genes involved in oxidation-reduction reaction. (B) Protein expression of Collagen I, Runx 2 and OCN indicated the protective effect of metformin on H2O2 inhibition (OM: osteogenic medium, OM + H: osteogenic medium with H2O2, OM + H + M: osteogenic medium mixed with H2O2 and MK2206). (C) Relative protein expression level of the proteins in (B). (D) Protein expression of p-AKT, nuclear Nrf2 and HO-1 after additing AKT inhibitor MK2206. (E) Relative protein expression level of the proteins in (D). Experiments were implemented in triplicate. Data are means ± SD, *p < 0.05, **p < 0.01 compared with control cells and #p < 0.05, ##p < 0.01 compared with H2O2 treatment alone and ^p < 0.05, ^^p < 0.01 compared with combined treatment of H2O2 and metformin analyzed by using ANOVA.
Metformin Prevents Bone Mass Loss and Reserves Oxidative Damage in OVX Mice
Finally, we attempted to determine whether metformin could improve bone mass and oxidative level in postmenopausal mice. We performed bilateral ovariectomy on mice to decrease estrogen secretion and fed them a normal diet. Additionally, we fed another set of OVX mice metformin. After 8 weeks, the bone mass of the OVX mice decreased significantly but increased after metformin feeding (Figure 4A). The micro-CT data also revealed the therapeutic effect of metformin on postmenopausal osteoporosis. Trabecular thickness (Tb.Th) and percent bone volume (bone volume/tissue volume, BV/TV) decreased in the OVX mice and increased with metformin treatment. Trabecular separation (Tb.Sp) and bone surface/volume ratio (bone surface/bone volume, BS/BV) increased in the OVX mice and metformin preserved these parameters (Figure 4B). To detect the osteogenic effect of metformin on postmenopausal mice, we also extracted protein from the mouse femur. As shown in Figure 4C, the osteogenic proteins Collagen I, OCN and Runx2 were decreased compared with those in the sham mice, and metformin improved their expression levels. And we also collected the blood of these mice and centrifuged it into serum. The level of superoxide dismutase (SOD) and total antioxidant capacity (T-AOC) were measured by the corresponding kit. And the results indicated metformin reserved the serum level of SOD and T-AOC (Figure 4D). We measured the protein expression of Nrf2 and HO-1 to validate the signaling pathway in bone tissue (Figure 4E). As mentioned above, metformin could improve bone mass loss by enhancing the osteogenic effects and reserving oxidative damage in the OVX mice.
[image: Figure 4]FIGURE 4 | Metformin reserved bone mass loss of OVX mice. (A) 2D and 3D reconstruction of the femur micro-CT images. (B) Related parameters obtained from image analysis (n = 7 specimens/group). (C) Protein level of osteogenic markers Collagen I, Runx2 and OCN in femur samples. (D) Serum anti-oxidative level SOD1 and T-AOC in mice (n = 5 specimens/group). (E) The protein expression of Nrf2 and HO-1 in bone tissue. Data are means ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with OVX analyzed by using ANOVA.
DISCUSSION
With increased global aging, osteoporosis is a major threat to human health and quality of life, and postmenopausal women have the greatest risk (Chen et al., 2019). The incidence of osteoporotic fractures, which increases the health care burden, is increasing (Jørgensen et al., 2017; Kanis et al., 2021). In recent years, metformin has been found to be a multipotent anti-aging drug with cardiovascular protective and tumor growth inhibitory effects (Bahrambeigi et al., 2019; Elgendy et al., 2019; Deshmukh et al., 2021; Kodali et al., 2021). However, previous studies focused on the hypoglycemic effect of metformin in diabetes-induced osteoporosis but ignored the direct effect on bone metabolism and the molecular mechanism underlying the osteogenic differentiation of metformin. Our study determined the osteogenic effect and optimal concentration of metformin on MC3T3-E1 cell differentiation and the therapeutic effect on postmenopausal osteoporosis. We also performed RNA sequencing to show that the PI3K/AKT signaling pathway and oxidation-reduction reaction were essentially involved in the osteogenic process induced by metformin.
In previous studies, there was no consistent conclusion regarding the pathogenesis of postmenopausal osteoporosis. Our transcriptional data indicated that metformin modulated the expression of genes involved in oxidation-reduction process of osteoblasts. We also believe that oxidation-reduction imbalance is a key factor leading to osteoporosis in postmenopausal women due to the reducibility of estrogen. It has been demonstrated that circulating levels of catalase, superoxide dismutase 2 (SOD 2) and peroxiredoxin 2 (PRX2) are lower in postmenopausal women with osteoporosis than health controls (Azizieh et al., 2019). Mitochondrial dysfunction leads to weakened internal oxidoreductase function, resulting in high levels of free radical, which attacks osteoblasts and induces apoptosis (Zhou et al., 2019). Osteoclasts showed strong differentiation when the inhibitory effect of estrogen was lost (Li et al., 2021). Metformin can improve the oxidative state and protect against oxidative stress damage, which also indicates the therapeutic effect of metformin on osteoporosis (Jia et al., 2021). Therefore, it is essential to determine the mechanism by which metformin acts on the oxidation-reduction process in osteoblasts.
PI3K/AKT signaling is an important pathway involved in the modulation of redox balance. Activation of PI3K/AKT enhances the antioxidant effect (Kim et al., 2021; Wang P et al., 2021). The PI3K/AKT signaling pathway has been demonstrated to have a positive effect on osteoblast differentiation and inhibition of PI3K/AKT signaling suppresses the osteoinduction process (Zhang et al., 2019; Dong et al., 2020). It was reported that multiple drugs promote osteogenic differentiation via the PI3K/AKT pathway (Xiong et al., 2020; Liu et al., 2021). In our study, we revealed that metformin promoted osteogenic differentiation of MC3T3-E1 cells by activating the PI3K/AKT pathway. Various osteogenic growth factors and extracellular matrix components can induce the activation of PI3K, including fibroblast growth factor, vascular endothelial growth factor, angiogenic protein I and insulin (Khodabandehloo et al., 2020). These factors activate receptor tyrosine kinases, cause autophosphorylation and induce PI3K/AKT-mediated differentiation. We also demonstrated that the osteogenic effect of metformin was blocked by adding a PI3K/AKT inhibitor. The inhibitor decreased the ratio of OPG/RANKL expression to inhibit osteogenesis (Xu et al., 2021). Additionally, we used H2O2 to mimic the oxidative damage of osteoblasts metformin to attenuate it, the anti-apoptosis effect of which has been proven in our previous study (Yang et al., 2021). And in this study, we further explored the downstream mechanism. Nrf2 is an factor involved in the modulation of cellular oxidation-reduction balance (Čipak Gašparović et al., 2021). Nrf2 participates in the expression and maturation of various anti-oxidative proteins to maintain the homeostasis of oxidation and reduction (Ying et al., 2018). HO-1 is an essential anti-oxidative factor modulated by Nrf2 (Ma et al., 2021). HO-1 decomposes heme to produce carbon monoxide (CO) that promotes the expression of glutamate-cysteine ligase for GSH transformation (Consoli et al., 2021). As mentioned above, PI3K/AKT/Nrf2/HO-1 pathway is closely related to osteogenic differentiation and anti-oxidative damage of osteoblasts. Our experimental results also indicated protective effect of metformin in postmenopausal osteoporosis via this pathway (Figure 5).
[image: Figure 5]FIGURE 5 | The summarized figure of signaling pathway.
Due to the complex pathogenesis of osteoporosis, current treatment methods have limited efficacy. According to our experiments, metformin can directly increase the gene expression, protein formation of osteogenic markers and protect H2O2-induced oxidative damage. In vitro, we further verified that the bone mass of the OVX mice was significantly improved by metformin feeding. As estrogen is a reductive hormone, detecting the role of oxidoreduction in osteoporosis development and the therapeutic effect of metformin in improving the oxidative state in osteoblasts will be further directions for research on postmenopausal osteoporosis.
CONCLUSION
Our study demonstrated that metformin could promote osteogenic differentiation and improve H2O2-induced oxidative damage of osteoblasts via the PI3K/AKT/Nrf2/HO-1 pathway. Vitro experiments also demonstrated that metformin improved bone mass, enhanced osteogenic protein expression and increased anti-oxidative level in OVX mice. These results provide an important basis for the potential therapeutic effect of metformin in postmenopausal osteoporosis. Along with its effect in controlling blood glucose and reducing lipids, metformin may have applications in the treatment of osteoporosis.
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The biological age of an organ may represent a valuable tool for assessing its quality, especially in the elder. We examined the biological age of the kidneys [right (RK) and left kidney (LK)] and blood leukocytes in the same subject and compared these to assess whether blood mirrors kidney biological aging. Biological age was studied in n = 36 donors (median age: 72 years, range: 19–92; male: 42%) by exploring mitotic and non-mitotic pathways, using telomere length (TL) and age-methylation changes (DNAmAge) and its acceleration (AgeAcc). RK and LK DNAmAge are older than blood DNAmAge (RK vs. Blood, p = 0.0271 and LK vs. Blood, p = 0.0245) and RK and LK AgeAcc present higher score (this mean the AgeAcc is faster) than that of blood leukocytes (p = 0.0271 and p = 0.0245) in the same donor. TL of RK and LK are instead longer than that of blood (p = 0.0011 and p = 0.0098) and the increase in Remuzzi-Karpinski score is strongly correlated with kidney TL attrition (p = 0.0046). Finally, blood and kidney TL (p < 0.01) and DNAmAge (p < 0.001) were correlated. These markers can be evaluated in further studies as indicators of biological age of donor organ quality and increase the usage of organs from donors of advanced age therefore offering a potential translational research inkidney transplantation.

Keywords: kidney transplantation, DNA methylation age, telomere length, age acceleration, kidney rejuvenation, biological age


INTRODUCTION

Organ failure represents a dramatic socio-economical burden worldwide which prevalence is likely to increases sharply with population aging. The ideal therapeutic solution is represented by the transplantation of an allogeneic equivalent obtained by a human donor. However, there is a dramatic mismatch between the number of patients in transplantation list and the effective availability of donor's organs (1). Strategies to face this issue have led the transplant scientific community to progressively expand the eligibility criteria for donors to include the elderly (2).

Within the context of kidney transplantation in which organ shortage remains a problem, donor's age is however one of the main factors influencing the decision of accepting the kidneys (1, 2). Kidneys from aged people may have chronic damages, which make them less efficient in the function recovery upon the ischemia and reperfusion injury (3, 4). Furthermore, the assessment of the kidney relies also on the histology (i.e., Remuzzi score), which reflects a morphological feature (5).

Although the chronologicalage of the donor can influence the quality of the kidney to be transplanted, it may not be a reliable indicator of the rate of physiological breakdown of the body or of the organs, as people do not age at the same rate. Genetic and environmental factors can impact on biological aging, causing different aging trajectories and health outcomes in each person (6–8). In addition, a different rate of aging seems to occur also within the same subject in each system and organ (9). In our previous studies, we demonstrated that the biological age of cardiac tissues procured from deceased donors were consistently younger than their chronological age (10). Therefore, it can be postulated that even the kidney may have a different aging profile. Defining the biological age of kidney may contribute to supporting this process.

The biological age is not that indicated on the identity card but is written on the DNA. Growing indications have shown that telomere length (TL) and age-correlated DNA methylation changes in certain CpG loci (DNAmAge) are early hallmarks of biological aging, and may be primary indicators of cellular dysfunction and in age-related disorders (9, 10). TL, the non-coding DNA sequences that cap chromosomes and shorten at each cell division, measures mitotic or replicative cellular aging (11). DNA methylation age (DNAmAge) is an emerging epigenetic marker of non-mitotic cellular aging (12, 13), assessed through the analysis of methylation at a specific subset of cytosine-guanine dyads (CpG), which showed a strong correlation with the chronological age (14–17). We recently automated the method proposed by Zbieć-Piekarska et al. (16) to increase the efficiency and rapidity, maintaining high prediction accuracy (9, 10). The development of these biomarkers has led to the definition of an “epigenetic clock” theory of aging; the difference between DNAmAge and chronological age defined as “age acceleration” (AgeAcc) (18) is indicative of altered biological functions (13) and elevated risk for morbidity and mortality (19). Findings on TL (20) and DNAmAge (14–16) are quite exclusively based on DNA from blood circulating leukocytes, as they represent an easily available DNA source.

Studies comparing biological age indicators measured in different tissues of the same subject are however in most of cases on TL measures made on cadavers, donors elderly patients, and the measurements seem correlated (21–23). There have been instead few studies investigating correlation of DNAmAge in different tissues (14, 24). Of particular note is the Horvath epigenetic clock that was developed to be applicable across human tissues (14), but correlations were not made between blood and tissues, in the same subject. From a translational perspective, it remains to be clarified whether DNAmAge in lymphocytes mirror that in the different tissues/organs in healthy donors.

Furthermore, the biological age of an organ may then represent a valuable tool for the assessment of its quality, as it could correlate more closely to its functional reserve, and predict the transplantation outcome more accurately than the present evaluation methods.

The aim of our study was:

1) To determine the biological age of the kidneys by measuring the mitotic (TL) and the non-mitotic epigenetic age (DNAmAge) of renal cells collected from kidney samples and to compare it with the Remuzzi score with the purpose of defining a biomarker for organ quality assessment.

2) To compare the DNAmAge of peripheral blood leukocytes and kidneys, in order to establish whether blood may be an accurate indicator of kidney biological age.



MATERIALS AND METHODS


Study Design: Kidney Procurement, Sampling of Donor's Tissue and Blood, and Data Collection

Over a time span of 22 months (from March 2019 to January 2021) renal true-cut biopsies and blood samples were obtained in the same time from 36 deceased kidney donors for whom the procurement was performed by the surgical team of Kidney and Pancreas Transplantation Unit - Department of Surgical, Oncological and Gastroenterological Sciences, University Hospital of Padua. The donors included in the study were those for whom a renal biopsy was deemed clinically indicated either for the assessment of chronic damage (2) or for the presence of acute kidney injury. Donors' Characteristics (median age: 72 years, range: 19–92; male: 42%) are summarized in Table 1. Details of the donor's kidney biopsy procedure are reported in the Supplementary Materials.


Table 1. Donors' Characteristics.

[image: Table 1]

Blood samples (3–4 ml) from the donors were collected in K3EDTA and PAXgene tubes (BD Biosciences, Milano, Italy). The tru-cut biopsies were placed in all protected tissue reagent-RNA Later (Qiagen, Milano, Italy) for DNA/RNA stabilization. All collected samples were then, transferred to our laboratory of Genomic and Environmental Mutagenesis (Department of Cardiac, Thoracic, and Vascular Sciences and Public Health, University-Hospital of Padua) for genetic and epigenetic analyses and stored at −20°C, until analyses were performed. Our Local Ethical Committee, which is named the Ethical Committee for Clinical Trials of the Province of Padova, approved the study (protocol number 2246P) in accordance with principles of the Helsinki Declaration, allowing a waiver from consent. All methods were carried out in accordance with relevant guidelines and regulations.

We collected data on the following donor characteristics: age, gender, smoking, comorbidities, cause of death, blood parameters and renal function. We also recorded the histological Remuzzi-Karpinski score of the kidneys when available for clinical necessity as for the Nord Italian Transplant programm (NITp) algorithm for allocation to single or dual transplantation (2).



DNA Extraction From Blood and Tissue Samples

DNA extraction was performed on all samples of whole blood and renal biopsies using an automated QIAcube System according to the DNAeasy Blood and Tissue kit procedure (Qiagen, Milano, Italy) as previously described (10). Details of DNAmAge analysis are reported in the Supplementary Materials.



DNAmAge Analysis

DNAmAge was assessed by analyzing the methylation levels of five selected markers in genomic DNA using bisulfite conversion and Pyrosequencing methodology as previously described (9, 10, 17). Twenty percent of the samples were analyzed in two different days to verify the reproducibility of our results and the coefficient of variation (CV) in replicate pyrosequencing runs was 1.7 %. Details of DNAmAge analysis are reported in the Supplementary Materials.



AgeAcc Evaluation

AgeAcc was assessed for both renal tissue and blood leukocytes of each donor. AgeAcc was estimated as the difference between the DNAmAge and the chronological age of the donors.



TL Analysis

TL was measured in genomic DNA by quantitative Real-Time PCR by estimating the ratio of telomere repeat copy number (T) to single nuclear copy gene (S) in experimental DNA samples relative to the T/S ratio of a reference pooled sample as previously reported (25–27). The average of CV for the T/S ratio of samples analyzed over three consecutive days was 9%, which was similar to the original method (28). Details of TL analysis are reported in the Supplementary Materials.



Sample Size Estimation

Estimating that a significant correlation would be in the order of r = 0.80, we calculated that the sample to obtain statistical significance (α 0.01) should be n = 15 (power 0.9).



Statistical Analysis

Statistical analyses were performed with StatsDirect software. Data are expressed as median, minimum and maximum values unless otherwise specified. Values of TL, DNAmAge and AgeAcc in Kidneys (renal biopsies) and blood, of the same patient, were compared by (two-tailed) paired T-test, while comparison between all samples in the two groups was also made using Mann-Whitney U Test. Correlation was evaluated by simple linear regression models (Kendall's rank correlation) in order to provide a measure of the strength of dependence between two variables. Results were considered significant when a p value of < 0.05 was obtained.




RESULTS


Biological Age of Kidneys and Blood Leukocytes Determined by DNAmAge, AgeAcc and TL

In Figure 1, DNAmAge of the right (RK) (n = 27 paired RK vs blood DNAmAge donors (B), paired t-test: median 69 years vs. median 65 years; p = 0.0271) and left kidney (LK) (n = 27 paired LK vs blood DNAmAge donors (C), paired t-test: median 69 years vs. median 65 years; p = 0.0245) are significantly older than blood leukocytes DNAmAge. RK and LK DNAmAge are similar (A).
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FIGURE 1. DNAmAgeand AgeAcc of both kidneys (right and left) and blood leukocytes in the same donors (n = 27). Box plots show levels of DNAmAge in right and left kidneys (RK and LK) (A), in RK and blood (B), and in LK and blood (C) of the same donors. In box plots, the boundary of the box closest to the x-axis indicates the 25th percentile, the line within the box marks the mean, and the boundary of the box farthest from the x-axis indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 95 and 5th percentiles. In (B), the horizontal bar with asterisk indicates the significant comparison between RK DNAmAge and paired blood DNAmAge of the same donor (n = 27) (*Paired t-test: median 69 years vs. median 65 years; p = 0.0271). In (C), the horizontal bar with asterisk indicates the significant comparison between LK DNAmAge and paired blood DNAmAge of the same donor (n = 27) (*Paired t-test: median 69 years vs. median 65 years; p = 0.0245). Box plots show levels of AgeAcc in right and left kidneys (RK and LK) (D), in RK and blood (E), and in LK and blood (F) of the same donors. In box plots, the boundary of the box closest to the x-axis indicates the 25th percentile, the line within the box marks the mean, and the boundary of the box farthest from the x-axis indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 95 and 5th percentiles. In (E), the horizontal bar with asterisk indicates the significant comparison between RK AgeAcc and paired blood AgeAcc of the same donor (n = 27) (*Paired t-test: median−5 years vs. median−8 years; p = 0.0271). In (F), the horizontal bar with asterisk indicates the significant comparison between LK AgeAcc and paired blood AgeAcc of the same donor (n = 27) (*Paired t-test: median−6 years vs. median−7 years; p = 0.0245).


Still in Figure 1, AgeAcc of RK and LK present higher score (this mean the AgeAcc is faster) than that of blood leukocytes in the same donor (n = 27 RK vs blood AgeAcc donors (E), paired t-test: median−5 years vs. median−8 years; p = 0.0271, and n = 27 LK vs. blood AgeAcc donors (F), paired t-test: median−6 years vs. median−7 years; p = 0.0245). No difference between RK and LK AgeAcc is observed (D).

Figure 2 shows that TL of RK and LK are significantly longer than that of blood leukocytes in the same donor (n = 27 paired t-test: RK TL vs. blood donors (B), median 1.18 T/S vs. median 1.15 T/S; p = 0.0011; n = 27 LK TL vs. blood donors (C), paired t-test: median 1.25 T/S vs. median 1.15 T/S; p = 0.0098). No difference between RK and LK TL is observed (A).
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FIGURE 2. TL of both kidneys (right and left) and blood leukocytes in the same donors (n = 27). Box plots show levels of TL in right and left kidneys (RK and LK) (A), in RK and blood (B), and in LK and blood (C) of the same donors. In box plots, the boundary of the box closest to the x-axis indicates the 25th percentile, the line within the box marks the mean, and the boundary of the box farthest from the x-axis indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 95 and 5th percentiles. In (B), the horizontal bar with asterisks indicates the significant comparison between RK TL and paired blood TL of the same donor (n = 27) (**Paired t-test: median 1.18 T/S vs. median 1.15 T/S; p = 0.0011). In (C), the horizontal bar with asterisks indicates the significant comparison between LK TL and paired blood TL of the same donor (n = 27) (**Paired t-test: median 1.25 T/S vs. median 1.15 T/S; p = 0.0098).


Figure 3A shows a negative correlation between the Remuzzi-Karpinski score and kidney TL (Kendall's rank correlation coefficient tau b = −0.310, p = 0.0046). Remuzzi-Karpinski score and DNAmAge were instead positive weakly correlated (Figure 3B, Kendall's rank correlation coefficient tau b = 0.192, p = 0.085). In Supplementary Table S1, multiple linear regression analysis of the influence of chronological age, gender, kidneys DNAmAge and TL on Remuzzi-Karpinski score of the donors' kidneys, shows that kidneys TL is the main determinant of the Remuzzi-Karpinski score (p = 0.0173), but not age, gender and DNAmAge.
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FIGURE 3. TL and DNAmAge of the kidneys and the Remuzzi-Karpinski score correlations. Non-parametric linear regression plot showing correlations between TL (A) and DNAmAge (B) of the donors kidneys and the Remuzzi-Karpinski score (Kendall's rank correlation coefficient tau b = −0.310 and Kendall's rank correlation coefficient tau b = 0.192). Mean, Standard Error (SE) and 95% coefficient intervals (CI) are represented as green, pink and black lines, respectively.


In Supplementary Table S2 in supplementary material blood leukocytes DNAmAge, AgeAcc and TL are not related to the leukocytes count in donors.



Correlation Between Biological Age (DNAmAge, AgeAcc and TL) and Chronological Age, in RK, LK and Blood Leukocytes

Simple linear regression analyses show that AgeAcc of RK, LK and blood leukocytes are negative correlated with chronological age in Figures 4A–C respectively (Kendall's rank correlation coefficient tau b for RK = −0.483, p = 0.0003; LK = −0.638, p < 0.0001; blood leukocytes = −0.526, p < 0.0001).
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FIGURE 4. AgeAcc of the right kidney, the left kidney, and blood leukocytes correlation with donors' chronological age. In (A) and (B), non-parametric linear regression plots showing the correlation between AgeAcc of RK and LK, and donors chronological age (Kendall's rank correlation coefficient tau b for RK = −0.483 and tau b for LK = −0.638). In (C), non-parametric linear regression plot showing the correlation between AgeAcc of the circulating blood leukocytes (indicated as “blood AgeAcc”) and the donors chronological age (Kendall's rank correlation coefficient tau b = −0.526). Mean, Standard Error (SE) and 95% coefficient intervals (CI) are represented as green, pink and black lines, respectively.


DNAmAge of RK, LK and blood leukocytes are positive highly correlated with chronological age (Kendall's rank correlation coefficient tau b for RK = 0.546, LK = 0.663 and blood leukocytes = 0.636, p < 0.0001 in Supplementary Figures S1A–C respectively). Instead, TL of RK, LK and blood leukocytes are negative correlated with chronological age in Supplementary Figures S1D–F, respectively (Kendall's rank correlation coefficient tau b for RK = −0.257, p = 0.0532; LK = −0.403, p = 0.0011; blood leukocytes = −0.277, p = 0.0224).



Correlation Between RK, LK and Blood Leukocytes Biological Age (DNAmAge, AgeAcc and TL)

Simple linear regression analyses show that RK and LK DNAmAge correlate with that of blood leukocytes (Kendall's rank correlation coefficient tau b for RK = 0.479, p = 0.0007 and LK = 0.540, p < 0.0001 in Figures 5A,B), as well as RK and LK TL correlate with that of blood leukocytes (Kendall's rank correlation coefficient tau b for RK = 0.396, p = 0.004 and LK = 0.432, p = 0.0007 in Figures 5C,D).
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FIGURE 5. DNAmAge and TL in both kidneys (right and left) correlation with blood leukocytes. In (A) and (B), non-parametric linear regression plots showing the correlation between DNAmAge of the right kidney (RK) and the left kidney (LK), and blood DNAmAge (Kendall's rank correlation coefficient tau b for RK = 0.479 and tau b for LK = 0.540). In (C) and (D), non-parametric linear regression plots showing the correlation between TL of the right kidney (RK) and the left kidney (LK), and blood TL (Kendall's rank correlation coefficient tau b for RK = 0.396 and tau b for LK = 0.432). Mean, Standard Error (SE) and 95% coefficient intervals (CI) are represented as green, pink and black lines, respectively.


Furthermore, the epigenetic non-mitotic DNAmAge and the mitotic age (TL) of RK, LK and blood leukocytes are negatively associated (Kendall's rank correlation coefficient tau b for: RK = –0.369, p = 0.0057; LK = −0.327, p = 0.0083; blood leukocytes = −0.346, p = 0.0046 in Supplementary Figures S2A–C respectively).

Age-adjusted TL of RK, LK and blood (calculated as the residual of a regression of TL onto chronological age) were associated with age-adjusted DNAmAge (i.e., AgeAcc). These positive and significant correlations are reported in Supplementary Figures S3A–C, respectively, in Supplementary Materials (Kendall's rank correlation coefficient tau b for: RK = 0.476, p = 0.0004; LK = 0.632, p < 0.0001; blood leukocytes = 0.537, p < 0.0001 in Supplementary Figures S3A–C respectively).



Determinants of Blood Leukocytes and Kidneys DNAmAge, AgeAcc, and TL

Multiple regression analysis (Supplementary Table S3 in Supplementary Material) of the influence of chronological age (years), gender, leukocytes (103/mL), smoking and chronic diseases including arterial hypertension, diabetes and cancer on blood leukocytes DNAmAge, AgeAcc and TL, shows that the main determinants are chronological age for DNAmAge (p < 0.0001) and arterial hypertension for TL (p = 0.0014).

Multiple linear regression analysis (Supplementary Table S4 in Supplementary Material) of the influence of creatinine (mg/dL), cancer, Type 2 Diabetes (T2D), arterial hypertension (PAH), smoking, chronological age, suitability of organ for transplantation and gender on kidney DNAmAge, AgeAcc and TL shows that none of the variables considered are related to the DNAmAge, AgeAcc and TL levels. While chronological age is confirmed as determinant of both kidneys DNAmAge (p < 0.0001) and kidneys TL (p = 0.0011).




DISCUSSION

In this study, we have determined the biological age of the kidney and of peripheral blood leukocytes of donors, by measuring the non-mitotic epigenetic age (DNAmAge and AgeAcc) and the mitotic age (TL) and correlate it to the Remuzzi-Karpinski score.

The main findings stemming from this work reveal that:

a) The non-mitotic epigenetic age (DNAmAge and AgeAcc) of both kidney tissues (RK and LK) is older than that of blood leukocytes;

b) AgeAcc of both kidney tissues (RK and LK) and blood leukocytes significantly slow down with advancing in chronological age;

c) The mitotic age (TL) of both kidney tissues (RK and LK) is younger than that of blood leukocytes and TL attrition is strongly correlated with the increase in Remuzzi-Karpinski score;

d) DNAmAge, and TL of RK and LK highly correlate with those of blood leukocytes.

DNA methylation is currently the most promising molecular marker for monitoring biological aging and predicting life expectancy (29–31). In humans, DNA methylation changes start early in life, as demonstrated by longitudinal studies of infants' blood (32, 33). Notably, these early epigenetic profiles continue to accumulate changes with the advancement of age, even more so in twins that do not share the same habits and/or environments (34, 35), indicating that aging-associated DNA methylation changes are caused by environmental factors too. In the present study, we demonstrated that epigenetic age (DNAmAge) and AgeAcc of the RK and LK are higher than that of blood leukocytes. This would suggest that the kidney is more susceptible than blood, to epigenetic changes induced by the interaction of advancing age and environmental factors. The aging kidney presents 11.5% of the CpG sites significantly altered (36) in respect to the 0.05–4% of CpG sites reported for other organs (37, 38). A recent report showed that kidney cells make a negligible contribution in terms of the cellular turnover of the human body compared to blood cells and gut epithelial cells (39). Therefore we cannot exclude that the higher methylation in kidney could be attributable to the fact that kidney cells are differentiated and nonproliferative, which allows for the progressive accumulation of epigenetic changes. The hypermethylation correlates with interstitial fibrosis and glomerulosclerosis after kidney transplantation, as well as to reduced renal function (36). One of the causes proposed for biological aging is the accumulation of background noise at the epigenome level, which disrupts the gene expression patterns, leading to a decrease in tissue function and regenerative capacity. A kidney-specific epigenome-wide study of renal biopsies obtained from donors prior to kidney transplantation (range of age: 16–73 years), demonstrated a causal relationship between DNA hypermethylation and age-associated kidney dysfunction (36). Altered genes included those controlling epithelial cell proliferation, susceptibility to apoptosis, stem cell function, and activation of inflammatory cells. The age-related hypermethylation in kidneys is also associated to loss of DNA hydroxymethylation, suggesting a reduced activity of the ten-eleven traslocation (TET) demethylation enzymes, probably due to increased oxidative stress of the aged kidney, drives these age-related changes. Many key factors that influence DNA methylation, including advanced donor age, alloreactive immune responses, ischemia–reperfusion injury, and fibrosis, have the greatest prognostic impact in kidney transplantation, significantly contributing to allograft survival of transplanted patient (40). Therefore, DNA methylation changes represent an interesting research area in kidney transplantation. Mammalian tissues have recently been shown to retain a record of juvenile epigenetic information, encoded by DNA methylation, which can be accessed by acting on methylation to improve tissue function and promote in vivo regeneration. In our previous studies, we demonstrated that intensive relaxing training turns back the epigenetic clock (DNA methylation age, DNAmAge), together with improvement in clinical blood parameters (i.e., stress hormones, inflammatory markers, etc.) and with a clinical regaining of endothelial function, in patients after myocardial infarction, and even more in healthy subjects (17). In the whole this suggests that younger epigenetic information can be recovered and indicators of biological clock may represent an accurate tool to measure the effectiveness of interventions. Given the reversible nature of the epigenetic mechanisms, we hypothesize that a demethylation treatment in a kidney under normothermic reperfusion, by also intervening with DNA methylation inhibitors, which may allow restoring normal cellular functions, could be proposed in order to rejuvenate the kidney.

We found that AgeAcc of both kidney and blood leukocytes significantly decreased with advancing chronological age, while we confirmed that DNAmAge are highly correlated with chronological age as previously reported by Horvath (14) and Hannum et al. (15). The reduction in the aging rate of the epigenetic clock in older donors agrees with the hypothesis proposed by Horvath that the ticking rate of the epigenetic clock slows down in later life (14). Furthermore, the rates of epigenetic AgeAcc, has been associated with symptoms of aging, such as frailty and menopause (41, 42), as well as to several aging-associated pathologies including cancer and neurodegenerative diseases (14, 43, 44). AgeAcc can also predict life expectancy independently of common risk factors (19, 45). Nevertheless, the implications of the biological age determination in the field of kidney transplantation have never been explored before. Our results would suggest that AgeAcc might be the epigenetic clock mirroring the real biological state of the kidney. The reduction in the aging rate (AgeAcc) and therefore the slowing down of biological aging in older donors could have a paramount value on the evaluation and use of organs from these donors.

In this study, we also demonstrated that TL of RK and LK were longer than that of blood leukocytes, suggesting that mitotic age of kidney tissue is younger than blood leukocytes. Our results are consistent with the lower cellular turnover in renal cortex/medulla compared to blood leukocytes (39, 46) and to a drop in telomere shortening 9–29 bp/year in kidney cells compared to 41–84 bp/year in blood leukocytes (46). Furthermore, TL of RK and LK highly correlated with chronological age. In this regard, our results are in line with those reported by Melk and colleagues (47) that explored the relationship between age and TL in surgical samples from 24 human kidneys. They found that TL shortens in an age-dependent manner in the kidney with an average of 29 bp/year. We confirmed the inverse correlation between blood leukocytes TL and chronological age that is well-documented in literature. In a systematic review of such association in adults, an almost identical significant negative correlation of about R = 0.3, between mean chronological age and mean LTL, was observed across 124 cross-sectional studies (20).

Furthermore, the rise in DNAmAge and the decline in TL of RK, LK and blood leukocytes were firmly correlated. Studies comparing DNA methylation age and TL in the same sample are few and limited to blood samples (48–52). Our findings are consistent with our previous work on heart donors in which DNAmAge negatively correlated with TL in heart and blood (10), suggesting that DNA methylation and telomeres, even if depending from different mechanisms of the same process (biological aging), they can be associated. Shorter TL is a measure of “mitotic age” also defined as “replicative senescence” (53, 54). Telomeres shorten with every cell division, ticking as a cellular “molecular clock” (55) or a replication “timer.” It was shown that telomeres in highly proliferative somatic tissues are shorter than in cells of non- or low rate proliferative tissues (56). On the other hand, the DNAmAge of differentiated cells does not mirror their proliferative history (12), as evidenced in the Horvarth's epigenetic clock, which produces similar DNAmAge estimation within the same individual for highly proliferative tissues (i.e., blood and colon) and less-proliferative ones (i.e., blood and colon) (14).

We also observed a strong correlation between the increase in Remuzzi-Karpinski score and TL attrition. The Remuzzi score is a histological scoring system obtained at pre-implantation biopsy ranging from 0 (no lesions) to 12 score (marked changes in vessels, glomeruli, tubules and connective tissue) (5). An increased Remuzzi score, being related with poor graft outcomes, is currently used for the decision of discarding donor kidneys or transplanting two kidneys with intermediate score (5, 57). Our finding, showing that kidneys with high Remuzzi score present shorter TL, indicates that such damaged organs present more “mitotic clock miles.” Considering that TL attrition was also associated with decreased graft survival post-transplant (58), this finding acquires further strategic importance in assessing the quality of the organ.

In order to promptly translating our work into the clinical practice, we also assessed the similarity level of biological ages between kidneys and blood leukocytes in the same donor. We observed a robust correlation between DNAmAge and TL of kidneys (RK and LK) and blood leukocytes, suggesting that the latter could be a surrogate tissue of the kidney status for biological aging studies. To the best of our knowledge, such correlation for DNAmAge has not been investigated before now. Determining the biological age of blood and estimating its correlation with that of the kidneys is of paramount importance to identify and set up a simple and reliable tool for screening potential donors, in particular for accepting the kidneys for transplantation from elderly donors. In a real clinical scenario, at the donor hospital site, blood samples may be easily and quickly acquired and sent to the laboratory for biological age analysis. Further studies are hence needed to optimize the use of blood as a surrogate indicator of kidney's biological age in clinical practice.

Furthermore, the slowing down of biological aging (AgeAcc) in older donors could be a key parameter in the evaluation and use of organs from these donors. For example, we can hypothesize to define a cutoff of AgeAcc, beyond which the donor becomes at risk of graft dysfunction rather than considering the value of the chronological age.

Our study for the first time evaluated the non-mitotic epigenetic age and the mitotic age from kidneys of donors by comparing it with that of their blood leukocytes in healthy donors. This pioneering aspect certainly represents one of the main strengths of our study. Analyzing DNAmAge and TL by using an almost totally automated workflow, which allows us to perform the analyses in a standardized way reducing errors, is another strong point of this study. Furthermore, no significant difference was found in the distribution of RK and LK DNAmAge, and in TL as well. Our study for the first time evaluates the non-mitotic epigenetic age (DNAmAge) and mitotic age (TL) of donor kidneys, and levels were similar for both kidneys. This suggests that, in the future, biological age analysis can be performed either in the RK or LK. Lastly, our results showed that kidneys TL and DNAmAge correlate with those of blood leukocytes, suggesting that blood could be a more easily and quickly acquired surrogate tissue of the kidney for biological aging studies for translating into the clinical practice.

A limitation of our study could be the small number of subjects enrolled and number of samples collected, which was due to the limited available donors on which biopsies can be performed due to clinical reasons. However, samples analyzed are adequate from the statistical point of view. Another limitation could be that renal biopsy, from which we extracted DNA for biological age analysis, contains different cell types. However, up to now, renal biopsy remains the gold standard by which essential diagnostic and prognostic information is obtained in kidney transplantation. Biopsy methodologies have been developed to assess the acceptability of an organ before transplantation and to assess and predict renal allograft performance after implantation (2, 5). In addition, the donor organ biopsy sample provides a valuable baseline against which the results of subsequent biopsies of the renal allograft can be compared (2, 5). Furthermore, the few studies regarding the analyses of telomere and methylation profiles in the kidney were performed on kidney biopsies, as well as our study. However, recent advances in single cell genomics are transforming researchers' ability to characterize single cells (59). Incorporation of these new tools into traditional histopathologic evaluation of renal tissue is needed to improve diagnostic precision and predictive value of the renal biopsy in kidney disease. Therefore, further studies are needed in this field.

Another limitation could be that DNAmAge measure used in this study was composed of only 5 CpG sites while other DNAmAge measures are composed of up to several hundred CpG sites. However, amongst the most robust predictors, we selected the model proposed by Zbieć-Piekarska et al. (16). This method shows that DNAmAge highly correlates (r = 0.94) to chronological age with a mean deviations from calendar age (4.5 years) analogous to those from Horvath (14) and Hannum et al. (15) (r = 0.96 and r = 0.91) with 3.6 and 4.9 years mean considered the reference methods. Zbieć-Piekarska et al. (16) developed the algorithm in a larger sample (n = 420) and then they validated it in a smaller one (n = 300), covering the entire adult life span. Furthermore, to increase the practicability of these tests, and used the locus-specific technology pyrosequencing which having the potential for multiplexing, makes the technical analysis achievable in few hours and reduce the cost of technical analysis, methods with only few loci were taken into account. Furthermore, we have automated to increase the efficiency and rapidity, maintaining high prediction accuracy (9, 10). Lastly, analyzing DNAmAge by using this process in an almost totally automated workflow, we can perform the analyses in a standardized way reducing errors, and this is a strong point of our study.

In conclusion, main findings stemming from our study are that the epigenetic age of kidney was older than that of the blood leukocytes, but the mitotic age measured by TL of kidney is younger than that of blood leukocytes suggesting that, in view of the low cellular turnover of the kidney cells, they are more susceptible than blood to epigenetic changes, which allows for the progressive accumulation of background noise at the epigenome level. Therefore, given the reversible nature of the epigenetic mechanisms of DNA, in the current era of shortage of organs, methylation changes might represent an interesting research area, which could offer a potential translation into kidney transplantation. Our finding, showing that kidneys with high Remuzzi score present shorter TL, indicates that such marker can be evaluated in further studies as markers of donor organ quality. Our study although deserves future focused investigations on post-transplant graft performance and durability in relation to the biological age, could contribute to open a novel basic and clinical research platform in the field of all solid organs' transplantation.
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Introduction: Making bench to bedside advances in cystic fibrosis (CF) care requires the sustained engagement and trust of people living with CF. However, there is a scarcity of studies exploring their concerns and priorities regarding research and its end products. The aim of this qualitative study was to generate empirical evidence regarding patient and caregiver perspectives on cystic fibrosis research and personalized medicine to foster developments in translational research in Canada.

Methods: A total of 15 focus groups were conducted, engaging 22 adults with CF and 18 caregivers (e.g., parents, siblings and partners) living in Canada. Inductive thematic analysis relied on an iterative process involving themes derived from both participant meaning-making and existing scientific literature. Participant perspectives were considered along intrapersonal, intracommunity, interpersonal, and structural lines.

Results: Overall, participants described a relationship to CF research inextricable from the lived experience of CF as a lifelong progressive and terminal disease and from the goal of advancing medical science. They were enthusiastic and excited about the emergence of CFTR modulators, although they had some knowledge gaps regarding the associated research. They largely spoke to positive experiences with researcher communication but had feedback regarding informed consent processes and the return of study results. Participants also voiced concerns about structural access barriers to research and to its end products. Extensive histories of research participation, a relatively small and intercommunicative CF community, and structural overlap between research and care settings contributed to their perspectives and priorities.

Conclusion: Study findings are valuable for researchers and policy-makers in CF and rare or progressive diseases more broadly. Continuing to solicit and listen to the voices of patients and caregivers is crucial for research ethics and the translation of new therapies in the area of personalized medicine.

Keywords: patient perspectives, caregiver perspectives, cystic fibrosis, personalized medicine, ethics, translation, access, qualitative


INTRODUCTION

The reasons for participating [in research] are number one I am a big believer in public science and public information. I really believe that research is crucial in informing medical decisions. But I think that the stakes are higher when you’re dealing with a rare disease in which there are fewer patients, and in a disease like this that is progressive, there’s also some urgency to figuring out as quickly as possible ways that we can improve bench to bedside protocols and care (C17).

Cystic fibrosis (CF) is a degenerative multi-system disease caused by pathogenic variants in the cystic fibrosis transmembrane conductance regulator (CFTR) gene (1). In Canada, there are approximately 4,300 people living with CF, and CF occurs in an estimated 1 out of 3,600 live births (2). CF causes digestive disorders and progressive lung disease due to recurrent and chronic lung infections, resulting in a shortened lifespan. There are also significant psychosocial and economic impacts for people living with CF, their caregivers, and their families, associated with the intensive ongoing need for medical care and CF’s episodic yet progressive symptomology (3).

Advances in diagnosis, therapies, and multi-disciplinary healthcare have greatly improved the quality of life and life expectancy for people with CF over the past decades (3, 4). Treatment focuses on slowing lung function deterioration and addressing digestive system problems. Lung transplants often also become necessary for people with advanced CF. Recently, upstream therapies have been developed to overcome the pathogenic variants that cause CF, improving or even restoring the functioning of the CFTR gene (5). These CFTR modulators, which offer treatment to individuals with certain variants, represent a paradigm shift in personalized medicine and disease prognosis for patients with CF (5, 6). The latest to be approved by Health Canada, Trikafta, is particularly ground-breaking in that an estimated 90% of Canadians with CF could benefit from it (7).

Making advances in CF care requires the sustained engagement and trust of people living with CF in research, not least because the population is small (and made smaller due to stratification during research) and patients with CF are already intensively studied. There is a scarcity of studies exploring the relationship of the CF community to research: their perspectives, concerns, and priorities [see (8–10)]. Such a study is particularly appropriate as the field branches into the development of personalized medicine (11). This paradigm shift raises the ethical stakes of research with the CF population because of the cost of the medicines being produced (an estimated $300,000 per person per year) and because the stem cell and genomics research producing this personalized medicine remain widely misunderstood domains (12–15). It is therefore critical and timely that we consider the lived experience of people with CF in research and its translation into personalized medicine (16). We conducted a qualitative study in order to generate empirical evidence regarding patient and caregiver perspectives on the utility and limitations of CF research and personalized medicine in Canada. Findings are valuable for researchers and policy-makers not only in the area of CF but in rare and/or progressive diseases more broadly.



MATERIALS AND METHODS


Recruitment and Study Participants

Given that the number of adults living with CF in Canada is small, we used a convenience sampling strategy to select participants for our study. Our main method of recruitment was through CF Canada and the different local chapters of the organization. We posted our recruitment ads via their Facebook pages as well as their members’ email lists. We were also able to recruit through the assistance of several CF clinics across Canada, most notably in Ontario and Quebec. We targeted participants 18 years or older with a CF diagnosis. As most cases of CF are detected very early in life and about 40% of patients with CF are children (2), we decided to seek the opinions and experiences of caregivers (e.g., parents, siblings and partners) in our study to enrich our data. In both cases, we aimed to enroll individuals who had already participated in research and/or contributed to biobanks, databases, or registries in the past, but this was not an exclusion criterion.

Interested participants contacted the Centre of Genomics and Policy via phone and/or email. Those who met the recruitment criteria were sent more information about the study and the study topics as well as the sociodemographic survey and consent form. They were also given an opportunity to ask any initial questions. Focus groups were then organized in sequence of interest by participant type and by language. Recruitment continued until a clear pattern emerged across focus groups and we determined that we had reached data saturation (17).

In total, 22 adults with CF and 18 caregivers participated in our study. Four focus groups took place in French and eleven in English. Participants came from eight Canadian provinces (Alberta, British Columbia, Manitoba, Ontario, New Brunswick, Nova Scotia, Quebec, and Saskatchewan) with half residing in Ontario. Not all participants elected to submit demographic information, so our data is partial. But among our completed socio-demographic surveys most participants were racially White, and a broad range of income levels and educational backgrounds were represented.



Focus Groups

Between March 2019 and March 2021, we conducted fifteen focus groups with patients and caregivers. Six of these focus groups were composed of patients (including an asynchronous online forum held in March 2019) and seven were composed of caregivers of patients with CF. We held two mixed groups to accommodate participants, for example, when an adult patient and their partner wished to participate in the discussion as a couple. In part because of infection control guidelines to prevent person-to-person transmission of pathogens among people with CF (18) and in part because we were adapting to changing research conditions after the onset of COVID-19, our study used a mix of online and in-person, synchronous and asynchronous focus groups. Most focus groups (13/15) were synchronous and online.

Focus groups were led by JH, MC, and MTN, all of whom had previous experience. They began with a discussion of the project and consent form and ended with time for further questions, comments, and debriefing. SA and SF assisted as note-takers. Focus groups explored the perceptions, expectations and priorities of patients and caregivers concerning CF research. Specifically, we asked about their motivation to participate in different studies, their previous research experience, and their communication preferences around research participation. We also discussed their knowledge and perceptions regarding stem cells and genetic-based research to help individualize drug treatments and the value such research may have for patients and their families. Finally, we solicited their opinions about the risks and benefits of contributing to biobanks and the use of cells and tissues, including issues related to confidentiality.

Six adult patients participated in the asynchronous online focus group, which consisted of a seven-day text-based discussion supported by iTracks, a Canadian software company. Participants were given a series of consecutive questions they could answer at their own leisure. A moderator from our team encouraged dialogue by reacting to participant answers and posting new questions and further prompts. Asynchronous focus groups have been used in health research to reach populations with chronic health conditions as the time flexibility of asynchronous discussion can accommodate fatigue and changes in condition (19, 20). The questions used for the asynchronous discussion forum were the same as those used in the focus group script, with minor adaptations. The synchronous focus groups were semi-structured group conversations held via videoconferencing solutions. They consisted of a 1–4 participants, a moderator, and a note-taker, and lasted two hours on average. In two instances, the focus group exceptionally consisted of only one participant due to last minute withdrawal of other participants. Since the focus groups were conducted online, we found that smaller groups were more likely to encourage interactions. Synchronous focus groups were audio recorded and outsourced to a professional transcription service.



Analysis

Two members of the researcher team (JH and SA) analyzed the transcriptions of the focus groups using the qualitative content analysis software NVivo (1.5). Thematic analysis relied on an iterative process engaging themes derived from the existing scientific literature (with themes emerging from the data). First, JH and SA developed content areas that reflected the general topics discussed in the focus groups. Then, they developed themes, sub-themes, and codes from the participants’ unit of meaning by coding approximately half of the focus group content. At the end of a process of reflection and discussion, agreed-upon definitions were given to each theme and sub-theme, and a codebook was created. JH then coded the second half of the focus groups. As a final step, TK and MC were able to review the coded data, themes, sub-themes, and definitions and discuss any areas of discrepancy or needed adjustments. TK then devised the conceptual model through which we present and analyze our findings. Supporting quotes were anonymized, cleaned of fillers and dysfluencies and translated to English if relevant (21). We reviewed this report in light of the consolidated criteria for reporting qualitative research (COREQ) (22).




RESULTS

Figure 1 illustrates our conceptual model. We grouped our findings into three themes that together provide a better understanding of patient and caregiver perspectives on cystic fibrosis research and personalized medicine. Our conceptual model was adapted for our research from systems and ecological models in health communication literature (23–25). Our goal was to best represent what participants, who live directly with or alongside this disease, and who contribute to research through their participation in studies, are bringing to the table in terms of their relationship to and priorities for research. In order to do so, we wanted a model that considers not only what researchers are doing and how they can improve in ethical research design and implementation, but participant agency and how research plays out practically in participant’s lives, beyond the setting of the research institution. We consider all three dimensions of the conceptual model to raise important questions for researchers and policy makers to consider.
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FIGURE 1. Conceptual model: patient and caregiver perspectives on CF research and personalized medicine.



Intrapersonal and Intracommunity Knowledge


Background in Personalized Medicine

Most participants, especially within the adult patient subgroup, were relatively well informed about CFTR modulators, including their genetic aspects: “I have been very excited to see the new developments that are happening, particularly with treating CF on a more cellular level, rather than just treating the major symptoms!” (P6). They viewed CFTR modulators as heralding a shift in CF care and prognosis: “I will say that personalized medicine is not only for CF, but just in general is the way of the future. And so, I’m quite hopeful because the Trikafta announcement is the first legit game changer, but it’s the first of many, right? Things will only get better” (C13). Similarly, they anticipated new modulators will be developed that apply to more and more CFTR genotypes:

I’ve heard that there’s a lot of new medications, that they’re not just stopping at Trikafta and being like, “OK, well, we’re done now.” It’s good to know that there’s still ongoing research, especially because Trikafta is great for 90% or 95% of us, but there’s still a significant proportion of people who are waiting for their modulator (P11).

Participants largely felt positively about genetic tests that could assess which medication would be effective, if any - “It would save us all so much heartache” (C5)- and voiced hope for personalized medicine to eventually reduce the number of medications they take as well as the side effects they experience. However, opinions were more divided on whether genetic tests should preclude access to existing modulators for people who did not qualify:

It can be a factor in making the decision which medication to go with or which treatment. But it’s still one factor, there’s adherence to it, there’s other lifestyle factors, there’s medication interactions and then there would be other potential biological interactions that we don’t know about and won’t know about. So, it doesn’t all come down to, it doesn’t all fall on what your DNA says; that would certainly be helpful, but it’s not the whole [picture] (P18).

Throughout the focus groups there were some misconceptions and misinformation regarding stem cell research, most commonly confusing the use of pluripotent and adult stem cells in research with stem cell therapy or with the controversial use of embryonic stem cells. While responses evinced room for more patient education regarding stem cell research, ultimately most participants had a solid baseline of knowledge in personalized medicine for CF and kept track of emerging medical technologies, citing their development as a source of hope and excitement.



Interests in Cystic Fibrosis Research

Patients and their caregivers shared a familiarity with and enthusiasm for CF research. Of those who participated in our focus groups, many patients had participated in research projects throughout their lives, often via their relationships with their local CF clinics. They articulated their motivation to participate in research as a means to help medical science advance for the CF community. In other words, to help improve quality of life and prolong lifespan. As one patient expressed: “I’m of the mindset that if there’s anything I can do to help anyone in our generation or next, I’m willing to put myself out there and help out as much as possible” (P7). A significant number of participants were also involved in CF advocacy efforts and viewed research participation as an extension of this.

Participants also largely expressed trust in the ethical conduct of medical CF research teams in Canada.

Whenever I’ve been asked to participate in research, I’ve always accepted, especially since the standards of medical research in Canada are very high, with the ethics committees, supervision for research work, so that, you know, I’m basically very confident about the process itself (P21).

Trust in the reliability of research teams to act in their best interest extended to the emergence of personalized medicine. This is not to say that ethical questions and considerations were not important to participants -for example, some had mixed feelings about pharmaceutical companies: “I feel like we are giving them a broad empty blank check” (P15). Rather, they felt that existing research protections to be solid enough that the focus can be on moving research forward: “To me the consequences and the end stage nature of this disease, we know where this leads, to me that overcomes any security [concerns], even potentially some minor ethical issues that maybe otherwise I would be more sensitive to” (C17). This priority was evident in the way participants typically responded to questions about privacy and future uses: either as a non-issue or in illustrative ways that drove home their priorities to their researcher audience.


I1:I’m going to ask you again, are there any hesitations or-

C7:No [laughs].

I1:-are you still, you know. even if it’s identifiable? […] to a certain extent it’s still genetic information and the fact that you have a rare disease that can one day be- we can still pinpoint that that sample came from that child; any hesitations there-

C7:No.

C8:If it’s not malicious. Like if it’s in the name of research I’m okay with that.

I2:The reason we ask that is because there have been ethical debates in the scientific community about that and it’s interesting to have the point of view of those most concerned.

C7:Yeah, I understand what you were getting at but at the end of the day if it’s going to help, I don’t care.



These points are important for researchers because they show a slight disjuncture between research ethics concerns and the primary concerns of the CF community we were interviewing regarding research; we were having two slightly different conversations. As we brought forward research ethics questions, they redirected to and wanted us to understand their interest in CF research advancement as it relates to their lived experience. Within participants’ accounts there was strong awareness of both CF as a chronic progressive and ultimately fatal condition and of the role research has played in improving the health and longevity of patients with CF over the past century: “I mean the grim reality of CF is that it’s a fatal disease and research is going to take that word out of our vocabulary – I mean that’s the ‘F-word’ in our house [fatal]” (C16). Interest in research for participants was thus inextricably entangled in the lived experience of CF, including both personal and intracommunity loss.

When you have a disease like CF and you see your future flashing by- you see the […] other CF [patients] around, who eventually fall to the fight, and then you see time flashing by-, everything you’re able to do yourself to try to make things better… You know, if they would have told me, “We’re going to take your arm off, then it’s going to help the research,” I would have said yes (P21).

The degree to which the CF population is researched- “they’re always doing something or other” (P11)- and their orientation toward research as a vehicle for advancements in the field of CF care has implications for ethical research design and implementation that we will return to in the discussion.




Interpersonal Communication From Researchers


Informed Consent

While the majority of patients with CF and caregivers expressed satisfaction with the way research teams handled the initial stages of their participation, a significant thread throughout the focus groups involved insufficient communication regarding informed consent. While miscommunication most often appeared to result from a combination of researcher and participant factors, in order to obtain informed consent, it is essential that participants fully understand the purpose, nature, or very fact of participation.

One example which indicated that communication was unclear or missing was that during the focus groups, several participants brought up that they had participated in clinical trials involving drugs and did not know afterward whether or not they had taken the placebo. It was not clear for them whether the topic had been covered during the consent process or if they should even have had access to this information. Another example was that some participants referenced times where they only had vague understandings of studies they were contributing to and even whether they were participating. Part of the reason some patients and caregivers had confusion or outstanding questions about their research participation relates back to the volume of studies in which they take part as well as overlap with the physical spaces of their medical care.


C8:It kind of becomes a routine because yeah- like you see so many people during the day and then-

C7:Then half the time you don’t even know that you’re in the study.

C8:[Laughs] And we sign stuff-

C7:Yeah you sign stuff and you don’t even realize that you’re in the study, it’s like ‘okay sure I’m doing a study now.’



In terms of participant factors, consent forms were described as long and “a lot of jargon” and this, along with participant interest in research advancement, sometimes impacted the way they interfaced with consent processes: “It’s trying to beat this thing… When you go to clinic they hand you a stack of paper, like the research person comes in and says, you know, “Do you consent to us keeping this for CF Canada?” “Sure, I’ll sign that one” (P13). Other participants wished for more time and space to digest information and ask questions: “I would have asked more questions. And I couldn’t because everything was done very quickly…I would have liked a heads-up coming into clinic that there was research going on and I would have had the time to think about questions” (P4). It is important to note, in the context of these accounts of suboptimal consent, that patients and caregivers tended to have limits about which studies they would participate in, such as avoiding ones they considered more invasive or that were not directly tied to CF. Overall, thorough informed consent processes from researchers was viewed as symbolic to respect within the research relationship.

I participated recently in a “trial” (don’t know if it qualifies as research) of a new machine to determine my PFTs. Unfortunately, this experience was unpleasant because I wasn’t explained what was going on and given instructions or an idea of the tests I was doing. The person was unable to explain to me exactly what was happening, and it took several questions before understanding what was going on. This got me extremely frustrated as I was willing to help but felt mistreated and like another “data” set. This was the most recent experience I had with research; however, generally speaking, I have had good experiences with research. For me it all comes down to the information I’m getting (what are we doing, what is it for, what is expected of me and what will happen next) (P5).



Follow Up After Studies

Once the participation phase of research was over, it was rare that participants were aware of the results of the studies in which they took part: “Do we ever receive the results of those studies? Basically never. We aren’t really included in the follow-up of what the outcomes of the study were” (C4). There seem to be two main reasons for this. First, there was a lack of follow-up review by research teams with their participants to keep them informed of the progress of the study.


P17:I’ve never received any follow up that I can think of.

P16:I agree with that.

P17:You know when you check that box and you say I want to know what the results are.

P18:Yeah, me neither. I was just going to add that same here and we’ve come across studies that are, you know [that] we must have been in. So. I too wish there was a little more follow up.



Second, participants did not have the reflex or did not know, when and how to ask for results: “For any study I’ve ever been a part of, I’ve never, ever heard of it” (P11).

There was a general desire on the part of patients and caregivers to have more follow-up from research teams such as a lay summary of findings or notification of associated publications: “[…] some sort of follow-up would be nice, I guess. I like knowing things. So, even if the study didn’t work out or if it found out the drug was awful or something, I would still be curious to know worst case scenarios just because I find that stuff interesting” (P15). Many participants reported feeling a sense of pride or satisfaction knowing that their participation may have led to new discoveries. Further, patients form a community where sharing information about updates in ongoing research is important: “[…] it is very much a community that deals with – has to work against the fact that it’s smaller, in the grander scope of diseases or trials, as well” (C11). Finally, the extent to which many patients with CF participate in studies can create a sense of reciprocity with research teams. Studies in which participants invest significant time and energy, in particular, become a part of their lives, reinforcing a personal interest in the results, not necessarily to know if there was some new important discovery but mainly to have a follow up and conclusion.


I2:Would you want to know even if they found nothing?

C7:Yes.

C8:Yeah.

C7:Because [this] study took a lot of time and if they found nothing, I would be mad, like that was a lot of time out of my day for a whole year.

I2:Because sometimes the results, you know they’re, sometimes they’re very small.

C7:That’s fine. I would want to know because it was every day for a full year twice a day to do the study. That’s a lot of commitment [laughs]. I would want to know what they found even if it’s nothing. It was like “well you know there was that”. Yeah I would – yeah because we never find out after, like once it’s done it’s like “well okay, cool” [laughs].



Some participants allowed that if they had contacted the research team, they would have access to updates. However, they seemed to want the communication of results to be initiated by research teams.

I’ve never received anything. But, like [p10] said, maybe I never followed-up, so maybe that was on me. If I did follow-up, I would have got a response very quickly. But did it come to me without asking, no (P9).

Patient and caregiver interest in study results tie back into their interests in research in several important ways. The considerable participation in research of many patients with CF- “sometimes there’s been a feeling that you are a research study, like your life is a research study” (C2)- and the size of the CF community refracted onto their investment in receiving study results. It is not only about knowing results but about sharing that information among the CF community and having the research team follow up with their end of research relationship.




Access to Research and Its End Products


Geographical Inequities

Participants brought up inequities and barriers to research participation based on where they live within Canada. They noted that, in Canada, healthcare is administered on a provincial level and some jurisdictions have more resources and better infrastructure than others: ”The problem is that I have a lack of confidence because the health care system in some provinces has more money than others. So, there are some people that- seriously, I really have a lack of confidence that we’re not getting the right care” (C18). Participants stated further that the facilities with the most cutting-edge research are located in the country’s largest urban centers. Those who live more rurally or remotely described relatively limited local medical services and longer wait times for advancements in healthcare as well as long commutes to the nearest CF clinic, experts and/or hospital: “I live about 5 hours from the nearest adult CF clinic, so getting there and back every 3 months requires a chunk of time, and then if I need to be hospitalized (which is usually twice a year for 2 weeks each time), then I spend the whole time away from family and friends” (P6). While they would make the commute to access critical medical care, it was sometimes prohibitive in terms of time, energy, and expenses to make such trips for research:

I have concerns sometimes in clinical trials about equality of access. I know that there’s a lot of clinical trials that I would have liked to have been a part of, but that weren’t available in my city, right? [They] were only through bigger centers like in Toronto or Vancouver or whatever. When I lived in [—] which is further north in Ontario, they wanted me to come down for a study in Toronto and they were like just make a trip out of it. It’s like are you kidding me? That’s a four-hour drive and hotels (P16).

Some individuals did end up traveling inter-provincially to access research opportunities:

We travel to SickKids. They wouldn’t be our closest clinic, but we travel to SickKids specifically because research opportunities are really, really important to me. Obviously, gene modulators are like the holy grail of research studies, but just in general I think with rare diseases research studies are just really important and I very much just want [my child] to have the very best opportunities (C17).

However, even participants who were able to travel to major research centers were sometimes excluded precisely because they did not live locally: “We weren’t always included in the research because we were too far away” (C18). Increasing access to research opportunities at the provincial level was thus a part of the advocacy work of some interviewees.



Bureaucratic Factors

Patients and caregivers also expressed frustration with several bureaucratic factors that impacted their access to the end products of research. One was the pace of research. Again, this was inseparable from the lived experience of CF: “The only thing about research for me is I feel there is a lot of red tape, right? Things take years and years and years, and, for some of us, we don’t have years and years and years” (P9). They shared several specific criticisms regarding the research to market access pipeline in Canada. First, some felt that ethics review processes could be simplified and made more efficient: “To me it’s like, knock yourself out, my God you’re going through ethics committees and all these different things and all the hoops. I wish you’d just spend the time getting the research started, or getting it done” (P22). At the federal level, CFTR modulators, Trikafta in particular, were a sore point for many participants, compounding existing frustrations with the current system of drug approval in Canada:

If we’re talking about Trikafta or most of the modulators, I find it extremely frustrating to see how things are moving much faster in the United States and Europe than here in terms of access. We have finally reached Health Canada, which is studying the issue, but we are far from having it in our pockets. So, it’s slow. And it’s hard to understand why, because we know that it’s approved elsewhere, so it’s not a question of its effectiveness. I don’t have the impression that we are a priority for the government, and that it is making every effort to ensure that we have access to this drug, which has been shown to change lives (P19).

Participants further brought up Canada’s Special Access Program, which allows practitioners to request compassionate or emergency access to drugs not yet approved for sale for patients whose illness has become life-threatening (26). While patients or caregivers of patients who had qualified shared accounts of substantial improvement in health and quality of life, they understood their situation as exceptional. In general, stratifying access by severity was not popular among participants and some made contrasts to cancer treatment:

We would never say to a cancer patient, “We’re going to wait until you’re at stage 4 before we allow you to have the drug”… It doesn’t make sense to let our lungs get as bad as they can get, when we could be slowing down the progression of the disease and adding decades to a life. So, what are the reasonable costs for that? It doesn’t make sense (P19).

Finally, even for medications that have been approved for sale in Canada, patients and caregivers described long arduous processes advocating and sending documentation between their insurance brokers, medical centers, and drug companies in order to gain access to new treatments: “If I wasn’t vigilant about it on a daily basis, it would not have happened” (C5). Overall, participants argued that the bench to bedside timeline for crucial and lifesaving treatments evinces problems in research translation on a systemic level:

There needs to be a mutually beneficial system for all involved: drug manufacturers, insurance companies and government health care systems. The current system of drug approval and price setting obviously does not work, especially for the more targeted treatments that are coming down the pipeline (P2).



Accessibility of Information

Living with CF gives patients and their caregivers expertise in understanding their condition, but this does not necessarily translate into the same level of language that medical professionals use in reporting their findings.

I would love to know…whether there are differences that have been proven to occur depending on the mutation that one has; if other modulators in the pipeline target all types of mutations and other stuff like this. I get discouraged when confronted with medical papers on this because I do feel like I lack knowledge to fully understand, but at the same time, I feel like newspaper articles always say the same thing and don’t go as far as I would like (P5).

In order to learn more about their condition, patients and caregivers often turn to written publications or information online, most often only available in English and aimed at the scientific community: “I find that the information that is available is very, very scientific and not made for the general population. It seems to be aimed at people who are already familiar with the subject” (P19). The problem that emerged from the focus group participant responses was thus not so much the amount of information that exists but its accessibility. There is a double challenge for patients with CF and their families of both finding relevant information and being able to understand it.

I always wished there was one website that had everything all in one. That would probably be impossible but -that every single researcher worldwide just put everything onto it. It’s like a data dump where you could easily access whatever you needed instead of trying to figure out just where to find anything. Because it’s so impossible to find anything, I find (C8).

Difficulty finding plain language scientific information about CF research can easily discourage patients and their families from trying to access important information: “The motivation to search it out and then read through the scientific jargon is just really not there” (P7). Further, the fragmentation of information through so many different sources (doctors, researchers, the internet, publications) can also lead to differences in the very nature of the information that is given. This can result in misinformation and delay or even prevent the ability of patients and their families to utilize valuable information coming down the pipeline. At the same time participants acknowledged that the specialized and diffuse nature of research presents limits on lay dissemination by researchers: “I don’t think it’s purposeful to hide it. I think it’s just that there’s not really an accessible way for the general population to be aware of everything that’s going on in research” (C2). Notably, patient advocacy groups (such as CF Canada and groups on social media) were named as very important in regard to the dissemination of accessible and timely CF information.



Financial Inaccessibility

Financial barriers to the end products of research were the most prolific theme under access, particularly regarding CFTR modulators. Respondents described how CF brings added life expenses and limits the ability of many patients and caregivers to work. Individuals with CF are disproportionately in low-income households. They pointed out that the initial costs of these drugs are hugely inaccessible and therefore their access will be dependent on provincial coverage, or, failing that, having private insurance. One participant quipped that in order to have the kind of income necessary to afford Trikafta; “I would have had to create Trikafta” (P20). Another person lamented the two-tier system between: “those who can pay for longer lives and those who cannot” (P1). CFTR modulators run the risk of exacerbating existing systemic health disparities, not only because of their high price tag, but because they represent the closest thing to a cure:

The first time I felt fear about my condition was when the Kalydeco announcement came out. It’s a different fear. When you know the cure is there and available, but it’s not accessible to you yet. It’s like I’m in the ocean, we are all together as a group, there are sharks around, and there are people getting eaten as we go along. It’s not the same fear and the same frustration when it’s, “Ah, the helicopter is on its way.” You know, you say, “Okay, well, let’s give it time to get there. That’s fine. I’ll wait, that’s understandable.” But if the helicopter is above, and it’s waiting to let the rope down because people aren’t sure how much it’s going to cost, that’s extremely frustrating. Once the helicopter is there, it could already be saving people (P21).

For some, the participation of patients in research leading to the development of these medications compounded a further sense of injustice: “I’ve heard from people who participated in the studies for Orkambi, etc., and saw an upward turn in their health, but when the study ended, they didn’t qualify for continuing the medication after the trial. The only way they could continue this medication that had made a big difference in their health was to pay for it, and the cost was too high to absorb” (P6).

While they had serious financial access concerns about CFTR modulators, participants still wanted research to continue in this area. Most asserted that their development is invaluable: “if we don’t do research than nobody’s getting on the drug, period” (P13). They largely believed these new personalized medicines will eventually become broadly accessible, once patents expire and/or their overall cost effectiveness is demonstrated:

I also believe that if more drugs are discovered and are proven to work, and eventually prevent the costs of being sick - including hospital stays, transplants, other medications, etc., and if the criteria are modified to take all of this into consideration, these drugs will eventually be covered. Since I do believe that we can change things in that direction (or very strongly hope so), I think it is crucial that researchers continue to develop these drugs (P5)

However, this did not preclude calls for systemic change in the timeline and costs of access to medication. As one caregiver put it: “Right now, our mission is access to medication” (C9). Participants identified the problem as being: “a system or global discussion to solve with regards to the pharmaceutical industry” (P16) and asserted that “patients, as stakeholders should be a part of that solution” (P22).





DISCUSSION

This empirical study considered the perspectives of patients with CF and their caregivers along three dimensions in order to most fully and dynamically represent their relationship to research. Those were: knowledge (intrapersonal and intracommunity fluency and interest in research), communication (interpersonal communication from researchers regarding studies), and access (structural access to research and its end products). Figure 2 illustrates our main findings.


[image: image]

FIGURE 2. Findings: patient and caregiver perspectives on CF research and personalized medicine.


Participants described a background in and relationship to CF research inextricable from the experience of CF as a lifelong progressive and terminal disease and the goal of advancing medical science. The approach of the CF community to research is thus intertwined with their “fight for life” [p. 356 (27)]. Life not merely as the prevention of death, but life as improved longevity and overall wellbeing. The various ways patients and caregivers articulated their research participation in this study were reminiscent of the findings of Christofides et al. (28) on research participation as a complex helping behavior that simultaneously encompasses prosocial motivations and “a nuanced understanding of the interconnectedness of research and treatment” [p.180 (28)]. Such an interconnected understanding was compounded by the fact that research often takes place in the same settings in which participants receive CF care, that both research participation and care are ongoing aspects of their lifelong medicalization and that progression of their medications and therapies is interwoven with research advancements (27–29). The relationship of participants to CF research thus raises several questions for ethics oversight. On the one hand, some participant accounts venture into therapeutic misconception (i.e., the tendency to misperceive research as treatment). On the other hand, the structural interrelation between research and care for participants as well as their nuanced understandings of the situation echo findings of other studies that question the practicality of binary distinctions between research and care for research ethics including the ideal of a purely altruistic neutral and autonomous research participant (28–32). Overall, the findings of this study highlight the importance of incorporating the lived experience of CF into ethical research design and implementation.

The patients and caregivers we met viewed the emergence of personalized medicine for CF as a major paradigm shift. They were enthusiastic and excited about the emergence of CFTR modulators and emphasized continued research advancement as their primary concern. Focus group discussions about research ethics considerations and personalized medicine brought up two further ethical considerations. The first relates to participants repeated expressed trust in the ethical conduct of Canadian medical researchers. This is a positive finding, especially from those participants who cited decades of research experience. Our findings are also consistent with the results of a recent qualitative research conducted with patients with CF in Europe who show a high degree of trust and a tendency to prioritize research facilitation over other considerations (33). At the same time, participant accounts and illustrative examples de-emphasizing their attention to research ethics (multiple participants only drew the line at the use of research for developing human clones, for example) conversely re-emphasizes the ethical responsibility of researchers to safeguard their rights and wellbeing. This need not be at the expense of the more expedited and accessible ethics process participants asked for but remains an issue of note. Secondly, while participants had a sufficient baseline in the operations regarding CFTR modulators and genomics, their comments evinced a need for more patient/public education on stem cell research and its convergence with genomics, especially if induced pluripotent stem cells (iPSCs) is to be part of new tests and research (34–36).

Participants spoke to how having good communication with researchers is crucial to their relationship with research. The communication during participation in studies may have an impact on how patients feel or experience their disease later. Poor communication with researchers can lead to mistrust and influence future willingness to participate in research. The accounts of patients and caregivers in this study point to the importance of checking with the participants whether the consent form has been understood and whether all questions have been answered. This includes clearer communication regarding the nature of a given study and what will and will not be communicated about the research in which they are enrolled. Participant anecdotes further suggested that more brevity and plainer language on consent forms would be beneficial. Careful and thorough informed consent is especially important in research settings that overlap with clinical care. Participants also wanted to learn about study results (even if nothing significant or new was discovered) and they wanted this to be initiated by the study researchers. Again, this desire comes in part from a more relational understanding of research: participants volunteering their time and bodies via (often familiar) clinics and then expecting to be kept in the loop about published articles and findings. However, they felt this aspect of researcher communication was lacking. Participant requests for greater communication around results has been a theme in previous studies as well as, interestingly, incidents in which participants did not recall that results had been returned, perhaps due to their form of delivery (9, 37). Finally, while it did not come up in focus groups, it is worth noting that since the basis of studies in personalized medicine depends on the genotypic differences between patients, there is the possibility that these studies will uncover important medically actionable individual information for participants and their families. Researchers should have plans in place to deal with these results should they arise (38). Issues of the return of results and incidental findings are complex, however, as they can further blur the lines between research and clinical care.

The access barriers to research and its end products experienced by participants reaffirm those discussed in the literature and offer several concrete points of reflection for researchers (5, 39, 40). First of all, there are inequities of geographical access in Canada. Patients and caregivers asked to have the opportunity to participate in research interprovincially at Canada’s major research centers. The additional time and financial burden for those living more remotely is an argument for travel vouchers or even mobile or multi-site research where possible. Considerations of geographical equity in ethical research design are further important for not compounding the effects of existing disparities in access to CF care and experts in the Canadian context (5). Many participants also argued in favor of more efficient research timelines, including ethics review processes. They believed bureaucratic red tape to be impeding the advancement of research to some degree as well as delaying or obstructing their access to new medications. Participants also had difficulty accessing and understanding much published CF information and wanted researchers to direct more information to lay audiences. Arguably, timely accessible information on CF research is important not only for patient understanding, but for the management of their health. In addition, knowing what is coming down the research pipeline allows patients to better advocate for themselves and the CF community in terms of access to new personalized medicines. The issue of the affordability of the drugs being produced by research also raises several ethical quandaries for researchers, especially given that for many in the CF population, their health condition renders them socioeconomically vulnerable (41). Similar to the lack of effective return of research results, some participants were frustrated with the idea of having helped in the creation of medicines they could not access or afford. It should be noted, however, that the patients and caregivers we spoke with wanted new drugs to continue to be developed regardless because they anticipated they would become accessible eventually. Ultimately, many of the access problems described by participants are systemic and, thus, their resolution would involve the collaboration of multiple stakeholders (policy makers; research and medical institutions; insurance and pharmaceutical companies). Patients with CF and their caregivers explicitly wanted to be part of this process.


Study Limitations

A qualitative approach for this study was chosen to privilege richness of information. Caution should be taken when extrapolating results from our limited sample: a quantitative approach would have provided greater reliability (but less depth). Similarly, as we collected limited demographic data and, in the interest of confidentiality, did not ask about personal health information, our data did not allow for internal comparative analysis according to individual participant factors such as severity or genotype. Considering that participation in the focus groups was on a self-selected basis, we cannot exclude the possibility that our study population is particularly interested in and knowledgeable about CF research. It is possible that there are greater knowledge gaps about CF and advances in care in the general CF population than our study represented. Further, as we recruited through CF Canada, our participants were, for the most part, engaged in the Canadian CF community in a way that is likely not representative of all people in Canada with CF. While participants were heterogeneous in terms of age, income and education, the relative racial homogeneity of our study population may have precluded the discussion of structural racial inequities in personalized medicine and research even as other structural issues came up (5, 42–44). Finally, as we were asking participants to summarize what was often extensive research experience in one sitting, there may have been recall biases in what was shared.




CONCLUSION

The voices of patients with CF and their caregivers are crucial not only in validating or refuting existing concerns in research ethics but in helping to shape the conversation. The findings of this study contribute perspectives, concerns, and priorities of the CF community to the body of work on research about them. Notably also, as a historically and colloquially childhood disease, perspectives of adults living with CF remain particularly scarce (16). There are themes and considerations that emerged in this study that may be applicable to researchers who work in rare and/or progressive diseases more broadly. Of particular interest are the impacts of having a small intercommunicative community with an extensive familiarity with research, overlapping research and medical care settings, and how profoundly the experience of having or living alongside a chronic degenerative disease influenced how participants interfaced with research. Our conceptual model moored research to its implications and circulation not only within but outside the research setting for participants, providing additional layers of context for issues such as informed consent and the return of results. It also raised broader questions regarding what duty researchers have to make research and its end products accessible, not only specific studies and lay dissemination of advancements in the field, but also in terms of advocacy for equitable access to the medicines research produces. Our conceptual model could be applicable to other research ethics projects interested in engaging with research systemically.

Since our focus groups concluded in March 2021, there have been some substantial developments in Canada. In June 2021, Health Canada granted Trikafta market approval. As of November 2021, every province and territory in Canada had committed to fund Trikafta for eligible people on their public drug plans. These developments are significant gains for the CF community in Canada. The focus of CF Canada has shifted to advocating for improved access (as access qualifications and the relative accessibility of reimbursement systems vary by jurisdiction) as well as for private insurers to provide coverage (45). Issues of research ethics and research translation in personalized medicine will continue to be critical as the landscape of CF care shifts in this direction. This includes the need for the development of multi-media educational tools for patients with CF that are readily available and describe current research developments in lay terms. It will also entail new points of consideration for research and research ethics as more people with CF enter later adulthood. Ultimately, better mutual understanding among researchers, policy-makers, and the CF community is necessary to effective, accessible and relevant research advancement.
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Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS), a chronic disease characterized by long-lasting persistent debilitating widespread fatigue and post-exertional malaise, remains diagnosed by clinical criteria. Our group and others have identified differentially expressed miRNA profiles in the blood of patients. However, their diagnostic power individually or in combinations seems limited. A Partial Least Squares-Discriminant Analysis (PLS-DA) model initially based on 817 variables: two demographic, 34 blood analytic, 136 PBMC miRNAs, 639 Extracellular Vesicle (EV) miRNAs, and six EV features, selected an optimal number of five components, and a subset of 32 regressors showing statistically significant discriminant power. The presence of four EV-features (size and z-values of EVs prepared with or without proteinase K treatment) among the 32 regressors, suggested that blood vesicles carry relevant disease information. To further explore the features of ME/CFS EVs, we subjected them to Raman micro-spectroscopic analysis, identifying carotenoid peaks as ME/CFS fingerprints, possibly due to erythrocyte deficiencies. Although PLS-DA analysis showed limited capacity of Raman fingerprints for diagnosis (AUC = 0.7067), Raman data served to refine the number of PBMC miRNAs from our previous model still ensuring a perfect classification of subjects (AUC=1). Further investigations to evaluate model performance in extended cohorts of patients, to identify the precise ME/CFS EV components detected by Raman and to reveal their functional significance in the disease are warranted.

Keywords: myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), extracellular vesicles (EVs), partial least squares-differential analysis (PLS-DA), Raman spectroscopy, microRNAs, carotenoids, biomarker


INTRODUCTION

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a highly debilitating disease characterized by unexplained profound fatigue lasting over 6-months (ICD-10 code R53.82 or G93.3 if post-viral) (1), which is exacerbated by physical, mental, or emotional activity, a process known as post-exertional malaise (PEM); lack of restoring sleep, dysautonomia, and frequent additional comorbidities (2). Despite recent intense biomarker research, its diagnosis relies on clinical symptom assessment, after excluding potential underlying health problems that could relate to patient symptoms (3–5).

Historically, pathway biomarkers that have been interrogated in ME/CFS include cytokine profiles, immune cell subpopulations and metabolites, as reviewed by Maes et al. (6). The recognized value of microRNAs as liquid biopsy biomarkers of complex disease (7, 8) led to genome-wide screenings of miRNA profiles in ME/CFS blood fractions by ours and other research groups (9–12). These encouraging findings, however, have so far failed to provide a specific biomarker signature of the disease (6). Extracellular vesicles (EVs) released by most cell types in the organism can be collected from blood potentially reporting information of the entire organism physiology. This was the reason for our previous study to evaluate ME/CFS EVs and their miRNA contents. Although altered levels of overlapping markers were found for some miRNAs from PBMCs and EVs (12), no miRNA has been widely validated as a biomarker of ME/CFS, and all identified so far appear to have limited diagnostic value, individually or when combined.

Rudimentary statistical methods such as two sample tests (i.e., t-test or Wilcoxon-Mann Whitney test), followed by multiple comparison corrections [i.e., Bonferroni or False Discovery Rate (13)] for the analysis of “omic” data have several drawbacks. These include low statistical power, lack of interpretability of results, and the omission of complex relationships among variables which could, in principle, be addressed using other statistical approaches such as linear or generalized linear models. However, these methods suffer from other problems when dealing with “omic” data, such as large number of variables and low sample size, which produces overfitting, and the high correlation among variables, which produces multi-collinearity. Those limitations have motivated the development of numerous novel statistical techniques (14).

Prediction methods such as Partial Least Squares (PLS) (15) is one of these novel techniques especially suitable for the analysis of “omic” data due to its ability to deal with more variables than observations, and its good model interpretation capacity (16). Conceived as an alternative to classical regression, PLS, is a statistical multivariate technique that models the latent space of predictors and responses (X and Y subspaces, respectively) finding the subspace which maximizes the covariance between both latent subspaces. PLS-DA (Discriminant Analysis) is a variant of PLS for binary responses (17). The work we are presenting here used PLS-DA approaches to classify individuals in the healthy control (HC) or the case group, but also to determine which variables hold best discriminant power between these two classes of participants.

The study includes three PLS-DA models. The first was applied to over 800 variables obtained from 15 severe ME/CFS female cases and 15 matched HCs from the UK ME/CFS Biobank (UKMEB). Data included subject phenotyping with validated instruments, complete blood analytics, miRNA profiles from peripheral blood mononuclear cells (PBMCs) and from plasma-isolated extracellular vesicles (EVs), plus EV associated features, as previously described (9). The results showed that a combination of 32 variables, including several EV features, best discriminates severe ME/CFS cases from healthy subjects. The value of EV features for the assessment of ME/CFS was further supported by Raman spectroscopic data.

The second PLS-DA model focused on detecting discriminant regions of the Raman spectra. These results were compared with classification based on Raman spectra using three other binary classification techniques: an adaptation of linear discriminant analysis (LDA) (18) to deal with more variables than observations, random forest (RF) (19) and support vector machines (SVM) (20).

Finally, the relevant regions of the discriminatory spectra were included in a third PLS-DA model with the previously mentioned set of 32 variables. Using this approach, ME/CFS EV differences detected by Raman helped to further refine our previous ME/CFS PLS-DA model reducing the number of required miRNAs from PBMCs and further supporting the EV potential biomarker value for the diagnosis of ME/CFS.

To the best of our knowledge, this study is the first to provide a PLS-DA model for the accurate diagnosis of severe ME/CFS based on a discreet combination of variables. In addition, we used for the first time Raman fingerprints of EVs to enhance the ability to discriminate severely affected ME/CFS patients from healthy subjects.



MATERIALS AND METHODS


Samples and Associated Clinical Data

Ethical approval of the study was granted by the Public Health Research Ethics Committee DGSP-CSISP, Valencia (Spain), study number UCV_201701 and by the UCL Biobank Ethical Review Committee-Royal Free London NHS Foundation Trust (B-ERC-RF), study number EC2017.01 before the samples were released by the UKMEB.

Data for the initial PLS-DA analysis corresponded to Nanostring datasets generated during a previous study of our group (12), available from the NCBI Gene Expression Omnibus (GEO) database (Accession Number GSE141770) and the (supplementary material) of the cited article. The samples for the Raman analysis consisted of EV aliquots from the cited study isolated from 0.5 ml of platelet poor plasma from 15 severely ill ME/CFS females and 15 age-population matched healthy females, obtained from dipotassium EDTA blood-collection tubes by UKMEB professionals.

As previously described, patient recruitment and clinical assessment for the UKMEB was mainly performed through the UK National Health Service (NHS) primary and secondary health care services (9). Compliance with the Canadian Consensus (4), CDC-1994 (“Fukuda”) (3) and Institute of Medicine (21) criteria were ensured for patient recruitment (22, 23). Clinical diagnosis was complemented with score differences in the SF-36 questionnaire (24) and the GHQ (General health Questionnaire) (25), the last also assessed by a Likert scale (9, 26).

Participants exclusion criteria were as follows: (i) take antiviral medication or drugs known to alter immune function in the preceding 3 months (ii) had any vaccinations in the preceding 3 months; (iii) had a history of acute and chronic infectious diseases such as hepatitis B and C, tuberculosis, HIV (but not herpes virus or other retrovirus infection); (iv) another chronic disease such as cancer, coronary heart disease, or uncontrolled diabetes; (v) a severe mood disorder; (vi) been pregnant or breastfeeding in the preceding 12 months; or (vii) were morbidly obese (BMI ≥ 40).

All methods were performed in accordance with relevant guidelines and regulations. All subjects signed an informed consent before samples could be included in the corresponding sample collection.



Partial Least Squares-Discriminant Analysis (PLS-DA)

In this work we used three PLS-DA models: a first multi-block (27) PLS-DA model (Section PLS-DA Model to Classify ME/CFS Identifies EV Features as Potential Disease Biomarkers), a Raman-based PLS-DA model (Section ME/CFS Classification Model Based on Raman Spectral Fingerprints) and a second multi-block PLS-DA model (Section Refinement of the Initial PLS-DA Model With EV Raman Profiles). It is important to mention that different schemes of calibration and validation were used.

The multi-block PLS-DA models had two goals: to obtain an accurate classifier usable with new individuals and to interpret the set of discriminant features. Given the small sample size of the database, we followed a two-steps procedure. First, we used all observations (i.e., participants) to fit a PLS-DA model obtaining a set of statistically significant discriminant predictors. This way, most observations could be used to fit the PLS-DA model, reducing the uncertainty in the estimation of the parameters of the model, which is a critical aspect for the interpretation goal. Secondly, the dataset was split into calibration and validation subsets. The PLS-DA model was fitted using the relevant predictors of observations from the calibration subset and the model was then used to predict new observations from the validation set. Eight randomly selected individuals were included in the validation subset (four ME/CFS cases and four HCs). For preprocessing, a multi-block approach with block scaling and variable autoscaling was applied. Each block contained a different group of variables with similar features. Five blocks were established: (i) Demographic Variables, (ii) Analytic Variables, (iii) PBMCs' miRNA expression levels, (iv) EVs' miRNA expression levels, and (v) EVs' characteristics (9). The second multi-block PLS-DA model included an additional block with relevant Raman profile features.

For the Raman spectra PLS-DA model, the goal was to determine if an accurate diagnostic tool could be developed solely based on Raman spectra differences. It was crucial to compare all classifiers not only in terms of classification performance, but also in terms of model stability. For this reason, the chosen setup consisted of a three-fold cross-validation scheme. Each fold contained 1/3 of the data, i.e., each fold contained a set of 10 observations (five of each class). In each round, two-folds were used to fit the model and the other fold was used as an external validation set. This way, all observations were used to fit and validate the model, studying the stability on its performance. In this model, the preprocessing consisted of variable centering.

The performance of PLS-DA models was evaluated by the R2 coefficient (goodness of fit) and the Q2 coefficient (goodness of prediction). Permutation tests were used to assess the statistical significance of the model using the SIMCA software. A permutation test (28) consists in randomly permuting the values of the response, yielding a randomized data structure. Afterwards, a new PLS-DA model is fitted using the randomized response, obtaining its corresponding R2 and Q2 coefficients. The values for the R2 (and Q2) coefficients obtained in a series of different permutation testing yields the null distribution of the R2 (and Q2) coefficients under the assumption of no discrimination between both classes. Thus, this permutation framework also offers the possibility of calculating p-values associated with testing the hypothesis of model discrimination. Additionally, to evaluate the classification performance of the model, the Receiver Operating Characteristic (ROC) curve was obtained. For each ROC curve, the AUC (Area Under the Curve) was calculated (29).

Beyond its performance, one of the advantages of PLS-DA models is their interpretability. The PLS (b) coefficients coefficients represent the direct relationship between the original predictors' subspace (X) and the response categories (Y). The higher a b coefficient of a variable is (in absolute value), the more discriminant that predictor will be. The sign of the coefficient indicates the type of the relationship between the variable and the class to be predicted (negative or positive relationship). For the parameters and outcomes of the PLS-DA model, statistical significance was assessed by jackknife intervals at a 95% confidence level. These intervals are calculated in a cross-validation scheme implemented by the Aspen ProMV software used to obtain the PLS-DA model.

Once a PLS-DA model is fitted, it is quite common to follow an iterative depuration procedure variable-wise and observation-wise. On one hand, it is frequent to find that some predictors are not relevant. This can occur when the confidence interval of a b coefficient contains a zero value. In this case, it is possible to perform an initial variable selection, retaining only the relevant predictors to refit the PLS-DA model. For this variable selection the b coefficients and the Variable Importance for the Projection (VIP) coefficients, are used. VIP coefficients (30) represent the influence of each predictor, accounting its weight in each of the latent variables and the percentage of variability of the Y matrix explained by each latent variable. The threshold value of ≥1 for the VIP coefficients is a common threshold to identify variables which are potentially important in the model. Thus, predictors having a VIP with a confidence interval clearly under the 1 value and b coefficients not statistically significant were removed from the modeling.

In this work, the iterative depuration of predictors also helped to reduce uncertainty of the model estimates by decreasing the number of parameters of the model.

On the other hand, it is also common to perform an iterative model fitting until a PLS-DA model without outliers and relying only in relevant predictors, is obtained. Outliers were studied in terms of the Squared Prediction Error (SPE) and Hotelling's T2 (31) metrics.

Finally, to confirm and visualize the discriminant properties of the selected variables (i.e., those showing statistical significance in the PLS-DA) a two sample t- test was applied a posteriori to each potential biomarker included in the final multi-block PLS-DA model. These results can be found in the Supplementary Material.



Isolation of EVs From Plasma

EVs studied corresponded to aliquots isolated from 0.5 ml aliquots of human plasma supernatants from blood collected in dipotassium EDTA tubes (Becton Dickinson, Franklin Lakes, NJ, USA) (undergoing a single freeze/thaw cycle), upon being centrifuged at 10,000 × g for 10 min, with Total Exosome Isolation Reagent (TEIR) (Invitrogen by Life Technologies, Cat. 4484450), following manufacturer's recommendations, as previously described (12). The isolated EVs were characterized following MISEV (Minimal information for studies of extracellular vesicles) recommendations (32), as described in Almenar-Pérez et al. (12).



Raman Spectroscopy

After dilution of the isolated EVs to a concentration of 5 × 108 EVs/ml in distilled water, 1.5 μL of the suspension was deposited on aluminum Raman slides and exposed to room temperature until the sample was completely dry. Spectra were acquired using an HR Evolution confocal Raman microscope (Horiba Jobin-Yvon, UK, Ltd.) equipped with a 532 nm laser. Laser power was 4.5 mW and a filter of 25%. The acquisition time per spectrum was 3 s at a resolution of 4 μm.

For the analysis of the Raman spectra, all spectra were preprocessed by cosmic ray correction, polyline baseline correction, and area normalization using the entire spectral region, using LabSpec 6 (Horiba Scientific, France). Data analysis, statistics and visualization were carried out using in-house scripts in R. Quantification of important biomolecules was performed by integrating the corresponding Raman bands. The quantification results were represented as box plots and sample means of the patients were compared with HCs by using Welch's two sample t-test for unequal variance.

Four classification models were trained with a three-fold cross validation setup to classify a spectrum as either severe ME/CFS or HC using an adaptation of linear discriminant analysis (LDA) (18) to deal with more variables than observations, random forest (RF) (19), a support vector machine (SVM) (20), and PLS-DA. For the LDA, RF, and SVM models, the classifier learning app in MATLAB was used, enabling the optimization of model hyperparameters. The AUC was calculated for each model, enabling the comparison of their classification performance.



Pathway and Gene Enrichment Analysis

Analysis of predicted and validated miRNA-mRNA interactions was performed with the freely available software MiRTargetLink 2.0 (https://www.ccb.uni-saarland.de/mirtargetlink2) (33). Gene ontology (GO) enrichment analysis was performed using the miEAA tool incorporated into MiRTargetLink 2.0, targets were retrieved, sorted by adjusted p-value, and presented in table format. Selected networks of mRNAs targeted by at least two miRNAs were drawn using Adobe Illustrator software.




RESULTS

As described in a previous study (12), study participants were women with an average age of 46.8 (age range 38–53) for the disease cohort and 45.2 (age range 18–52) years for the matched HC group. Median ages were 48 years and 47 for the ME/CFS and HC group, respectively. Average time from disease onset was 17.5 (range 1.5–30.9) years, with a median value of 18.4 years. Health survey SF-36 and General Health Questionnaire (GHQ) scores, including Likert scale for the GHQ, scores clearly separated ME/CFS and HC groups (p < 0.05). Score details can be consulted in the referred work by Almenar-Pérez et al.


PLS-DA Model to Classify ME/CFS Identifies EV Features as Potential Disease Biomarkers

Given the small sample size of the cohort, this first PLS-DA modeling step focused on finding the most statistically significant biomarkers for identifying the severe ME/CFS subjects. All observations (i.e., participants) were used to fit the model in an attempt to reduce as much as possible the uncertainty in the estimation of the model parameters.


ME/CFS Modeling With PLS-DA

ME/CFS PLSA-DA was performed on a collection of data obtained from 30 participants (15 severe ME/CFS females and 15 healthy subjects matched by sex and age (±5 y) of the UKMEB, as previously reported by our group (12) [Nanostring datasets available from the NCBI Gene Expression Omnibus (GEO) database, Accession Number GSE141770]. The complete set of data included 34 blood analyte variables, 775 miRNAs expressed above threshold levels (136 in PBMCs and 639 in EVs), EV concentration, size and z-potential of vesicles prepared with and without proteinase K treatments for a total of six EV-associated measures, together with two demographic variables. The 15 variables obtained from the SF-36 questionnaire (24) and the GHQ questionnaire (25), the last also assessed by a Likert scale (26) were not included since a diagnostic based solely on objective measurements was pursued.

The initial model was fitted with three latent variables (obtained by cross-validation) with a cumulative value of 96% for the R2 coefficient (goodness of fit) and 68% for the Q2 coefficient (goodness of prediction). After obtaining the PLS-DA model, we checked for potential outliers, removing subjects with an SPE (i.e., Euclidean distance to the model) overpassing the control limit (an example of outlier can be seen in Supplementary Figure 1).

The initial PLS-DA model presented a large number of predictors having a VIP with a confidence interval clearly below 1 and non- statistically significant b coefficients (Supplementary Figure 2). Thus, after performing an iterative variable selection, as described in Section Materials and Methods, the final model with the most discriminant variables was obtained.

This depurated PLS-DA model with 32 variables (Figures 1A,B) had similar cumulative R2 and Q2 values (98.71 and 96.31%, respectively), and the optimal number of components based on cross-validation was three (as the initial model). This model was based on a set of N=24 observations, having 12 of each class.


[image: Figure 1]
FIGURE 1. Partial Least Squares (PLS)-Discriminant Analysis (DA) multiblock model based on 32 variables measured from 12 ME/CFS patients and 12 HCs. (A) ME/CFS class jackknife b coefficients for the X subspace. The color code corresponds to the block each variable belongs to, being those analytical variables (blue), PBMCs' miRNAs (orange) and EVs' characteristics (green). Jackknife confidence Intervals were calculated at a 95% confidence level. (B) VIP coefficients with jackknife confidence intervals at 95% of confidence for the X subspace using the calibration dataset. Data set legends can be consulted on Supplementary Table 1. The color code is the same as in the rest of the figures. (C) Score plot, of the 1st and 2nd components (horizontal and vertical, respectively). (D) Weighting plot, of the 1st and 2nd components (horizontal and vertical, respectively). The color code for each variable block is the same as in the rest of the figures. (E) Observed vs. Prediction results for participants shows the class prediction with 95% confidence intervals (magenta lines) using three components. The color code is orange for ME/CFS patients, and black markers for Healthy Controls (HCs). RMSEE stands for Root Mean Square Error of Estimation. (F) ROC curve for the classification of the observations with the dataset. The red cross locates the optimal performance point (maximum specificity and sensitivity) using the classification threshold between 0.0869 and 0.8732.


The permutation test illustrated in Supplementary Figure 3 shows that the R2 and Q2 values of the obtained PLS-DA model (points belonging to the 100% correlation between original y and permuted y) are greater than any of those belonging to the permuted datasets. Thus, the statistical significance of the 98.71 and 96.31% values for the R2 and Q2, respectively, is accepted, rejecting the hypothesis of having obtained these values by chance (with p < 0.05).

Furthermore, the stability and reliability of the final PLS-DA model in terms of its prediction performance can be visualized both in the scores scatterplot (Figure 1C) and in the observed vs. prediction plot (Figure 1E).

The score scatterplot (Figure 1C), showing a clear separation between groups, is directly related with the weighting plot (Figure 1D), which shows the correlation structure between the original and the latent variables. Thus, the probability of being a severe ME/CFS individual (orange triangle in the score scatterplot) is positively correlated with the variables at the same side (left) of the weighting plot, which are the same variables with a positive b coefficient for the ME/CFS class. This means that those variables tend to have greater values in ME/CFS than in HCs. Analogously, the set of variables placed at the opposite semi plane (right part) of the weighting plot (with negative b coefficients for the ME/CFS class), are negatively correlated to the probability of belonging to the ME/CFS class. This means that these variables tend to have lower values in ME/CFS than in HCs. Finally, variables near to the origin (0,0) point are those with coefficients not statistically different from zero (i.e., no statistical differences in both groups of participants).

Finally, the observed vs. prediction results for the participants showed a class prediction with 95% confidence intervals (magenta lines) using just three components, allowing all 12 patient observations to be correctly classified in the ME/CFS group and all 12 observations from healthy subjects in the HC group (Figure 1E). The ROC curve of the model shows a perfect classification of the samples (Figure 1F), since the AUC for both classes reach a value of 1. This means that the model has a perfect sensitivity and specificity (both equal to 1), i.e., it detects all patients and differentiates all controls as healthy individuals.



Classification Performance of the PLS-DA Model With Calibration and Validation Set

The second modeling approach focused on evaluating the potential of our PLS-DA model as a tool to correctly assign new observations into ME/CFS and HC groups. For this second PLS-DA model, the database was partitioned in a training and validation subsets, as explained in the Section Materials and Methods.

The trained model with three components (the same number as the previous model with all the observations) reaches cumulative values of 99.32% for the goodness of fitting coefficient (R2) and 88.52% for the goodness of prediction coefficient (Q2).

The b coefficients obtained are almost of the same order, according to their importance, but with wider confidence intervals (Figures 2A,B). This is caused by the removal of the validation samples from the training set, decreasing the sample size and leading to an increase in model uncertainty. Once the model is fitted, the observations of the validation set are projected onto the latent subspace, obtaining their correspondent scores and predictions (Figures 2C,D). These results support the validity of the model developed in the Section ME/CFS Modeling With PLS-DA for the diagnosis of severe ME/CFS patients. The ROC curve for the validation samples (Figure 2E) shows a perfect discrimination (AUC=1) when the PLS-DA model is used to classify new individuals as healthy or those affected by severe ME/CFS. This means that the model maintains the perfect detection of ME/CFS patients (perfect sensitivity) while keeping the perfect discrimination of healthy controls (specificity = 1).
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FIGURE 2. Classification performance of the PLS-DA model with calibration and validation set. (A) ME/CFS class b jackknife coefficients for the X subspace using the calibration dataset. The color code corresponds the block to which each variable belongs, being those analytical variables (blue), PBMCs' miRNAs (orange) and EVs' characteristics (green). Jackknife confidence intervals were calculated at a 95% confidence level. (B) VIP coefficients with jackknife confidence intervals at 95% of confidence for the X subspace using the calibration dataset. Data set legends can be consulted on Supplementary Table 1. The color code for each variable block is the same as in the rest of the figures. (C) Score plot, of the 1st and 2nd components (horizontal and vertical, respectively) for the validation samples. (D) Observed vs. Prediction results for the validation samples shows the class prediction with 95% confidence intervals (magenta lines) using three components. The color code is orange for ME/CFS patients, and black markers for Healthy Controls (HCs). RMSEE stands for Root Mean Square Error of Estimation. (E) ROC curve for the classification of the validation observations with the trained dataset. The red cross locates the optimal performance point (maximum specificity and sensitivity) using the classification threshold at 0.4801.





Raman Spectroscopy Analysis Supports Composition Differences in ME/CFS Plasma EVs

Intrigued by the fact that four out of the six physical associated parameters of EVs (EV concentration, size, and z-potential obtained with or without proteinase K pretreatment), corresponding to the size and zeta potential of vesicles [as described in Almenar-Pérez et al. (12)] were discriminating features selected by our initial PLS-DA model (Figures 1A, 2A), we decided to further explore the differential nature of ME/CFS EVs by Raman spectroscopy analysis, an approach that has proven to differentiate EVs from various cell sources (34) and has been successfully used to detect ME/CFS specific changes in PBMCs (35).

Raman analysis of the 15 severe ME/CFS cases and 15 HC EVs isolated from aliquots of the plasma used in our earlier study (12), clearly show prominent Raman bands at 1,158 and 1,521 cm−1 (Figure 3A; Supplementary Table 2). These bands are characteristic of carotenoids with the C–C stretching mode (coupled with C–H in-plane bending) contributing to the 1,158-cm−1 band and the C = C stretching mode of the conjugated chain in carotenoids contributing to the 1,510-cm−1 band (36). Further quantification of results for these two bands are shown in Figure 3B, illustrating a significant higher content of carotenoids in ME/CFS patients than in HCs (p = 0.003 and p = 0.005).


[image: Figure 3]
FIGURE 3. Main differences in plasma derived-EVs Raman spectroscopic profiles from ME/CFS (ME, red, N = 15) and matched healthy subjects (HC, blue, N = 15). (A) Mean profile plot values with indication of chemical nature of peaks with prominent differences. (B) Relative quantification of carotenoids by integrating Raman bands at 1,158 cm−1 (p = 0.0032) (left) and 1,521 cm−1 (p = 0.0049) (right). The quantification results were represented as box plots and sample mean of the ME/CFS group (ME) compared with the healthy control's (HC) (N = 15/group) by using Welch's two sample t-test for unequal variance.




ME/CFS Classification Model Based on Raman Spectral Fingerprints

To further investigate the power of Raman spectroscopy to differentiate patients from healthy subjects, we used again PLS-DA as a classifier solely based on the whole Raman spectra. We also compared PLS-DA with a modified version of the LDA, RF, and SVMs to evaluate if there were more suitable techniques to classify individuals using only the Raman spectra as an input.


PLS-DA Model

To evaluate the biomarker value of the observed differential Raman peaks we applied PLS-DA analysis to Raman data. Complete spectra of individuals within each group are represented in Supplementary Figure 4 (HCs in blue and ME/CFS patients in red). As it can be appreciated, signals were already preprocessed and can be directly used for their further analysis with multivariate statistics techniques. Due to a slight (though not relevant) mismatch in the wavelengths of different records, abscises axes in Supplementary Figure 4 are representing wavelength bins that contain the signal recorded for wavelengths within each interval.

An PLS-DA model was fitted to determine if the spectra contained information able to discriminate between the groups. The wavelength intervals that carry discriminant information, should appear with significant b or VIP coefficients. The first PLS-DA model (R2 of 23.95% and Q2 of 16.33%) was not able to separate the groups since many variables are non-statistically significant in terms of the b and VIP coefficients. This can be observed from the high number of jackknife confidence intervals for the VIPs below the VIP = 1 threshold (see Supplementary Figure 5A), and by the jackknife confidence intervals for the b coefficients that contain a zero value (see Supplementary Figure 5B).

All non-significant variables according to these parameters were deleted and the model re-estimated. The resulting model selects only one latent variable, slightly increasing its goodness of fit (R2 of 29.57%) and of prediction (Q2 of 26.36%). The classification performance of the depurated PLS-DA model (Figure 4) is illustrated in the observed vs. predicted values (Figure 4D) and in its corresponding ROC curve generated using the 3-fold cross validation scheme (Figure 4E). The model reaches an optimal AUC value of 0.7067 setting a threshold of 0.3935 on the predicted response. Despite the poor performance of the model in terms of classification, there might still be statistically significant information which could be useful in discriminating the two groups.


[image: Figure 4]
FIGURE 4. Summary of the b PLS coefficients (A), the VIP coefficients (B), the scores (C), the observed vs. predicted values (RMSEE stands for Root Mean Square Error of Estimation). (D) and ROC curve (E) of the depurated PLS-DA model with the Raman spectroscopy data. The red cross locates the optimal performance point (maximum specificity and sensitivity) using the classification threshold at 0.3935. Data set legends can be consulted on Supplementary Table 1. Black triangles represent healthy controls, whereas orange triangles represent ME/CFS cases.


Note that Figures 4A,B display the b PLS and VIP coefficients for the prediction of the ME/CFS class, respectively. Variables with positive b coefficients, indicate wavelengths of the spectrum for which the ME/CFS patients show a statistically significant higher signal when compared to the signal of HCs. Relevant variables according to the b PLS coefficients highlight the importance of the characteristic peaks on which the previous univariate analysis was focused. In the b bar graph, the left window encloses the region close to the 1,158 cm−1 peak, while the right window encloses wavelengths close to the 1,521 cm−1 peak.



Comparison of PLS-DA Model to Other Classification Models

To further investigate the value of the Raman spectra in differentiating severe ME/CFS patients from HCs, we trained three other binary classification models. We used an adaptation of linear discriminant analysis (LDA) for cases with more variables than observations, a random forest (RF), and a support vector machine (SVM). Some of these techniques (such as RF and SVMs) can model non-linearities which could improve the outcome yielded by the PLS-DA model. The same 3-fold cross validation setup as for the PLS-DA model was used, to make results comparable. All ROC curves with their respective AUCs were obtained, as presented in Figure 5. Further information about the comparison between these models can be found on the Supplementary Methods.


[image: Figure 5]
FIGURE 5. ROC curves with their AUCs of the four models classifying ME/CFS or HC based on their Raman spectra. The ROC curve is plotted with true positive rate against false positive rate.


These results suggest that the Raman spectroscopy data by itself does not hold enough information to accurately discriminate between ME/CFS patients and healthy subjects: to achieve a 100% of true positive rate, classifiers would produce a high rate of false positives. However, AUC values close to 0.7 (Figure 5) suggest that EVs might still be representing part of the phenotype of the disease. For this reason, we proposed the last model, combining our initial biomarkers and EV Raman profiles.




Refinement of the Initial PLS-DA Model With EV Raman Profiles

The results of Raman spectrometry analysis show that to be developed as a more comprehensive diagnostic tool the use of further information is required. Therefore, we proceeded to reanalyze our first multi-block PLS-DA model (Figure 2) to check if the relevant Raman wavelengths selected by the PLS-DA model on the spectroscopy data (Figure 4) could be useful predictors when combined with the previously identified biomarkers.

To study this possibility, we fitted a PLS-DA model using the selected variables from the former PLS-DA model, adding the key differential wavelengths from our PLS-DA analysis of Raman spectroscopy data. It is important to highlight that the adequacy of this approach resides in the fact that the samples used to generate the two models came from the same blood samples. The reason for maintaining the use of PLS-DA, was that according to the previous results, it was a technique yielding one of the best classification performances and the only one enabling the interpretation of the discriminant power of the predictors, establishing a set of statistically significant biomarkers.

An initial PLS-DA model was fitted using all observations to allow for the selection of key discriminating variables and removal of potential outliers. The initial fused model selects an optimal number of nine latent variables (R2 of 99.37% and Q2 of 81.15%). This model was depurated observation-wise and variable-wise, as previously described. The b coefficients and VIP coefficients of the final set of selected variables are shown in Figures 6A,B, respectively.


[image: Figure 6]
FIGURE 6. Summary of the VIP coefficients (A), b PLS coefficients (B), observed vs. predicted values for the training set (C), ROC curve for the training set with red cross indicating the point of optimal performance (D) observed vs. predicted values for the validation set (RMSEE stands for Root Mean Square Error of Estimation) (E) and ROC curve for the validation set with red cross indicating the point of optimal performance (F) of the depurated PLS-DA model with the Raman spectroscopy data. Data set legends can be consulted on Supplementary Table 1. Black triangles represent HCs, whereas orange triangles represent ME/CFS patients. Predictor coefficients in (A,B) are colored according to their block of information (blue for analytical features, orange for PBMCs miRs features, green for EVs' features and purple for Raman spectra features).


This refined PLS-DA model based on the final set of selected predictors was fitted excluding the observations used for external validation in the first PLS-DA model. The final model obtained presents a similar performance (R2 of 93.38 and Q2 of 77.06). Supplementary Figure 6 shows the result of the permutation test performed on the PLS-DA model fitted with the calibration set, proving the statistical significance of the yielded coefficients.

The observed vs. predicted values for the observations in the calibration set (Figure 6C) and in the external validation set, show that classes can be perfectly separated (Figure 6E). This is also illustrated by the ROC curves in Figures 6D,F, showing that a threshold on the predicted outcome of 0.481 yields a perfect classification with an AUC of 1.

Inspecting the b PLS and VIP coefficients (Figures 6A,B, respectively), although some of the predictors still appear as statistically non-significant, their jackknife confident intervals are almost under or above zero for the b coefficients, or almost contain the value VIP = 1 for the VIP coefficients. This suggests that the width of the confidence intervals might be influenced by the small sample size, which leads to wide jackknife confidence intervals. In conclusion, this final model yields a perfect classification (AUC=1) and has 35 predictors, meaning that some of the most relevant predictors according to the previous PLS-DA model, have been replaced by wavelength intervals of the Raman spectroscopy analysis. Among these relevant wavelengths, both peaks (around 1,158 and 1,521 cm−1) hold important information as potential biomarkers. The majority of eliminated predictors from the previous PLS-DA model, carried information about PBMC miRNAs.

GO pathway analysis of DE miRNAs from PBMCs selected by our refined PLS-DA model (Figure 6) show that six out of seven share common gene targets with top cellular functions belonging to immunity, neuroinflammation, and metabolism (Supplementary Table 3; Figure 7), all being widely associated with ME/CFS in the literature.


[image: Figure 7]
FIGURE 7. Network of DE miRNAs in ME/CFS PBMCs selected by PLS-DA (shaded green) and their target genes (shaded purple). GO enrichment performed with the miRTargetlink software (33). Adobe Illustrator was the drawing tool used.





DISCUSSION

Because of the lack of an objective diagnostic laboratory test, the diagnosis of ME/CFS is made by ruling out other conditions. ME/CFS patients may not get a diagnosis in many developed countries while in developing countries ME/CFS is still not considered a “real” illness. The burden on patients and their families is enormous.

In 2015 the Institute of Medicine (IOM) in the US (37) informed that ME/CFS is a medical illness and should not be considered a psychiatric condition. In support of IOM conclusions that ME/CFS has a biological basis numerous studies show neurologic (38), immune (39), and metabolic (40) disturbances in these patients. Still, ME/CFS biomarker validation remains an important challenge with many research groups identifying putative diagnostic markers which could help move forward our understanding of the affected pathways in the disease. Research efforts in ME/CFS remain hampered by low numbers of participants in the cohorts studied with disease heterogeneity also playing a role.

The UK National Institute for Health and Care Excellence (NICE) has recently changed the guidelines to treat ME/CFS patients in the NHS (National Health System) (41). The new guidelines do not include graded exercise as a therapeutic strategy. Recent studies have showed that more than 50% of patients either could not start a GET program or failed to complete it, emphasizing the problems of introducing any exercise support program (42, 43). This highlights the urgent need for not only a diagnostic test but the importance of identifying biological/clinical variables able to select patients who are likely to benefit from a particular treatment program. With rising numbers of Long-Covid patients and the possibility that many end-up developing ME/CFS, having good diagnostic test to help patients manage their condition is more important than ever.

Our previous study by Almenar-Pérez et al., although limited in scope by a low number of participants (N = 30, 15/group) attempted to improve patient homogeneity by restricting the inclusion of participants to only severe female cases. The selection of severe cases was based on the premise that severity concurs with highest differential biomarker levels. Although the scope of the findings may be limited to this patients' group, it remains possible that the mechanisms and, therefore, the detected biomarkers turn up valid to diagnose moderately or mildly affected patients. A design including the study of a large number of variables encompassing PBMC and EV miRNomes, together with complete blood analytics, thorough patient phenotyping by validated questionnaires, and the study of EV physical features (12) led to the identification of biological differences with limited diagnostic potential at the individual level.

In the current study we combine these variables and add Raman spectroscopic profiling as a new marker of EV function in the same blood samples. By applying PLS-DA analysis to this large set of data: 34 blood analytic variables, 775 different miRNAs being expressed above threshold levels (136 in PBMCs and 639 in EVs), EV concentration, size and z-potential, we identified 32 variables that can effectively differentiate ME/CFS cases from HCs (AUC=1, i.e., sensitivity and specificity = 1) (Figure 1). Moreover, a second model using calibration and validation sets further confirms the effective diagnostic power of the selected variables (Figure 2), with an AUC still equal to 1 (i.e., sensitivity and specificity are perfect). Strikingly, EV physical features, including EV size and z-potential measures were detected by this model as relevant features for the effective diagnosis of patients indicating a potential important role of EVs in ME/CFS.

Although we and others have consistently found higher counts of EVs in different cohorts of ME/CFS patients (12, 44, 45), even by applying different isolation procedures, EV count in the PLS-DA model was not among the 32 features selected that could discriminate severe ME/CFS patients from healthy subjects. The reasons behind this result are not understood at present. However, the fact that increased EV numbers have been reported for other diseases with an inflammatory component (46, 47) may argue for a restricted disease specificity of this feature.

It is worth mentioning that among the blood analytic group of variables the iterative PLS-DA modeling process selected, blood creatine phosphokinase (CK, labeled as cpkbloodb, please see Supplementary Table 1 key tab for variable nomenclature used) level was a feature retrieved with and without the inclusion of Raman data (Figures 1, 2, 6). CK levels being a clinical feature that had been previously reported as a potential biomarker of ME/CFS for showing significant reduced levels in an expanded cohort of patients (48). Highly expressed in muscle, heart, and brain the CK enzyme holds a key role in ATP homeostasis. The low levels found by Nacul et al., possibly reflecting energy dysregulation in these tissues, may be linked to the profound fatigue found in ME/CFS patients with the severe having the lowest levels.

The increased absolute zeta potential values of ME/CFS EVs detected in a previous study by our group (12) suggested differences in the relative abundance of charged groups in their membranes. Modifications of EVs membrane potential has been related to other pathological conditions, including cancer where the change in EV net charge was attributed to a disbalance in the relative abundance of sialic acid (49). Interestingly polysialylation of exosomal membranes has been shown to provide a thermo-protecting effect being able to modulate exosome-plasma membrane interactions and thus their signaling capacity (50). Further evaluation of these modifications present in ME/CFS EVs will be an important component of future studies aimed at determining their functional impacts as proposed in our recent publication (51).

Raman spectroscopy has shown its utility in detecting composition differences in patient's EVs (52, 53) and could be developed as a cost-effective diagnostic method by its ability to identify complex patterns in biological materials. Encouraged by the discriminating potential of this method to unveil composition differences in biological materials, EVs isolated from severe ME/CFS patients which had shown reduced diameter and reduced zeta potential (increased electronegativity) (12), were compared to HC EVs by Raman micro-spectroscopic analysis. The main difference in the EVs Raman spectra between severe ME/CFS patients and HCs related to two carotenoid peaks (Figure 3; Supplementary Figure 4). Zhang et al., have recently found a shift of a peak at 1,553 cm−1 (tryptophan/amide II) to 1,528 cm−1 (carotenoid) in trophoblast-derived EVs during late stages of pregnancy (54), time at which circulating EVs counts increase and inflammatory responses vary (55, 56).

In the 1970's Raman spectroscopy was used to study the protein properties of red blood cells (RBC) ghosts (57). RBC ghosts are pale cells which turn up on blood smears, coming from the hemolysis of RBCs, are typically linked to disease. Verma and Wallach identified two Raman peaks in RBC ghosts which were later identified as carotenoids (58, 59). Recent studies have showed RBC deformability was reduced in ME/CFS (60). Thus, it is tempting to speculate that the EV differences we are observing by Raman are due to EVs of RBC origin being generated when the RBC are stressed in the patient's circulation. In support of this hypothesis, it is interesting to observe that increased mean corpuscular hemoglobin (mch) and mean corpuscular hemoglobin concentration (mchc), which have been related to decreased deformability of RBCs (61), were identified by our PLS-DA analysis as variables with high discriminant diagnosis capacity (Figure 6; Supplementary Table 1). It seems relevant to mention that Fiedor et al., have recently shown that increased beta-carotene concentration in RBC membranes affect cell's shape, sensitivity to osmolysis and alters hemoglobin-oxygen affinity with potential physiologic implications (62).

Regardless of EV composition differences we were interested in exploring if the Raman spectroscopic data was sufficient to efficiently distinguish ME/CFS cases from HCs. Despite its potential discriminatory capacity of ME/CFS body fluid components (Figures 4, 5), in good agreement with the disease “plasma factor” hypothesis reported by Ron Davis' group at Standford University (63), which is also supported by differences in proteins or lipid plasma levels (64, 65), the diagnostic value of Raman data seems limited when compared to our PLS-DA model including analytic variables, PBMC miRNA profiles and EV features (Figures 1, 2).

It needs to be considered that a particular isolation method used to purify EVs from plasma may lead to the purification of EV sets that may differ from another procedure. Despite the high purity attributed to EVs prepared by ultracentrifugation, this procedure is laborious, and requires both a large volume of fluid and the provision of expensive equipment. A diagnostic method based on EVs requires a much simpler method preferably allowing the analysis of small volumes of fluids without compromising performance. Total Exosome Isolation Reagent (TEIR) was selected from the available kits because according to Helwa et al., it provides higher yields using smaller amounts of plasma when compared to other commercial alternatives or with respect to ultracentrifugation, ultrafiltration, or gel chromatography (66). Moreover, exploratory EV studies using highly purified EV sets (i.e., exosomes) could turn into missing relevant EV subsets, and thus a less restrictive method was preferred.

Unexpectedly our PLS-DA iterative method did not select any of the 639 miRNAs detected above threshold levels in ME/CFS EVs. All miRNAs in our panel of discriminatory measures came from the PBMC's group. Although this may associate with the complexity of ME/CFS, and thus the requirement of features from different compartments for its definition, the possibility that a more selective EV isolation method may render homogenous EV subpopulations with distinctive ME/CFS miRNA profiles cannot be ruled out at present. In support of the first argument, we find that GO pathway analysis of six out of the seven DE miRNAs from PBMCs selected by our PLS-DA model (Figure 6) share common gene targets with top cellular functions belonging to immunity, neuroinflammation, and metabolism (Supplementary Table 3; Figure 7), all being widely associated with ME/CFS in the literature.

In summary, this work describes for the first time an ME/CFS model based on PLS-DA of 32 analytical variables capable of diagnosing the disease with perfect sensitivity and specificity (AUC=1), further confirming the biologic nature of this disease and highlighting the relevance of patient EV features for their diagnosis. An ME/CFS EV Raman spectroscopic fingerprint is also provided, pioneering the potential use of this method for the diagnosis of ME/CFS and for detecting potential RBC defects in severe ME/CFS. Finally, we show that although the diagnostic potential of Raman is limited its simplicity and low amount of sample requirement highlights its potential utility as an early screening tool prior to more comprehensive testing with miRNA's from PBMC's. Moreover, the inclusion of Raman data for the refinement of our previous model, although incapable of increasing the already perfect separation of cases from HCs (AUC=1) (Figures 1, 6), allowed for a significant reduction in the number of PBMC miRNAs from 21 in our initial PLS-DA model (Figures 1, 2) to only 7 in the PLS-DA Raman refined model (Figure 6) (Supplementary Table 1).

The findings obtained in this study are expected to pave the way for unraveling the subjacent disease mechanisms in which EVs and PBMC miRNAs participate with clear implications for the future diagnosis and treatment of ME/CFS, perhaps embracing other patient groups suffering with chronic fatigue.
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Cell-free DNA applications for screening, diagnosis and treatment monitoring are increasingly being developed for a range of different cancers. While most of these applications investigate circulating tumor DNA (ctDNA) or methylation profiles of ctDNA, circulating bacterial DNA (cbDNA) has also been detected in plasma and serum samples from cancer patients. Recent publications have the detection of cbDNA in studies of breast, gastric, colorectal, hepatocellular and ovarian cancers. In several cases, distinction between patients and healthy controls was possible, based on cbDNA profiles, in addition to potential prognostic value. A large pan-cancer study demonstrated the feasibility of cbDNA to distinguish between four types of cancer and healthy controls, even in patients with early-stage disease. While improvements in, and standardization of laboratory and bioinformatics analyses are needed, and the clinical relevance of cbDNA yet to be ascertained for each cancer type, cbDNA analysis presents an exciting prospect for future liquid biopsy screening and diagnostics in cancer.

Keywords: cancer, diagnostic test, bacterial DNA, microbiome, liquid biopsy, cell-free DNA

The concept of a liquid biopsy for monitoring cancer progression or treatment response has become increasingly popular, largely due to technical improvements in the ability to measure and analyze small amounts of cell-free (cf) DNA and RNA in plasma, and is in clinical use in some diagnostic centers in the US and Europe. The advantages of a liquid biopsy approach include the minimal invasiveness of a blood test compared to tumor biopsy, and repeatability of testing over time (1). Circulating tumor DNA (ctDNA) containing tumor-specific mutations can be used to predict outcome and monitor response to treatment in several types of solid tumors, including melanoma and lung cancer, with many uses currently in clinical trial. However, a major drawback of current use is that a common cancer mutation must be identified in the primary tumor, and then this mutation must also be detectable in the tiny amount of ctDNA, a veritable “needle in a haystack.”

Cell-free DNA acts like a genetic reservoir that carries genetic information from all cells within the body (2), including healthy and diseased cells and microbes (3). Applications of cfDNA sequencing in oncology have been increasingly explored (4, 5), however as of yet, little attention has been paid to the identification and characterization of circulating bacterial DNA (cbDNA) in the oncologic context. To date, identification of microbes in the circulatory system has mainly been applied to infectious disease and sepsis, where sequencing of cfDNA has improved detection of micro-organisms that are difficult to culture, and has augmented traditional culture techniques (6, 7). Emerging research in the field of cfDNA has identified highly divergent cbDNA in a variety of non-communicable diseases, including liver (8), metabolic (9), autoimmune (10), and cardiovascular disease (11, 12). Although the source, route of access and significance of this cbDNA in disease states has yet to be fully elucidated (3), several studies have identified DNA from common gut commensal bacteria in patient plasma samples.

Strong associations between alterations in the gut microbiome (dysbiosis) and numerous non-infectious diseases, including those mentioned previously, have been extensively reported in the literature. The role of the microbiome in cancer is no exception, with well-established links to disease progression and response to therapy in a wide variety of tumor types (13–15). Microbiome-based diagnostic testing and interventions are currently being investigated, and interest in the potential role of cbDNA in cancer has also increased in recent years. While the microbiome includes bacteria, viruses, fungi and archea, the bacterial component is the most well-studied, and this also holds true for studies carried out examining circulating DNA; hence, we focus on cbDNA in this review (Figure 1; Table 1).
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FIGURE 1. Graphical depiction of potential routes of translocation of bacterial DNA into the bloodstream in cancer, and subsequent detection in plasma samples.



Table 1. Published studies of circulating bacterial DNA in cancer.
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The first reported study of cbDNA in cancer reported its potential as a prognostic indicator in a study of a small number of women with early-onset breast cancer (16). The authors reported that the cbDNA from both patients and healthy controls was predominantly bacterial in origin and limited to a small number of genera. A key finding of this study was that microbial taxa were more diverse in patients compared to controls. A patient with a similar cbDNA profile to that of healthy controls was disease-free after more than 10 years of follow-up. In contrast, patients with more diverse taxa had short disease-free survival, suggesting the potential for cbDNA as a prognostic indicator.

While the aforementioned study used a metagenomics approach to analyse cbDNA in cancer patients, several other studies have looked at the circulating microbiome using an amplicon sequencing method, namely 16S rRNA sequencing, or DNA detection of specific bacterial species of interest using PCR. 16S rRNA is commonly used in microbiome studies to define the bacterial taxonomic composition to the genus level and analyse diversity between samples or environmental conditions. Dong et al. used 16S rRNA sequencing of plasma samples to compare cbDNA from patients with gastric cancer, atypical hyperplasia, chronic gastritis and healthy controls (17). Alpha diversity was significantly lower in gastric cancer patients compared to chronic gastritis patients or healthy controls, and genus-level analysis showed similar profiles between gastric cancer and atypical hyperplasia. Significant correlations were also reported between circulating DNA from specific bacterial genera and clinical indices, such as lymphatic metastases and tumor. A similar approach used 16S rRNA sequencing data from serum samples from patients with hepatocellular cancer, cirrhosis and healthy controls (18). In this study, microbial diversity was also reduced in cancer patients compared to non-cancer patients and controls, with differences in relative abundance of taxa between patients with hepatocellular cancer and controls. A five microbial gene marker model, based on these initial findings, could differentiate cancer patients from controls with >80% accuracy.

Extracellular vesicles (EV) have also been shown to contain microbial DNA arising from the gut microbiome and this phenomena has been exploited to investigate bacterial EV-derived DNA in the circulation of patients with ovarian cancer (19). Comparison of 16S rRNA sequencing data uncovered a significant difference in the abundance of Acinetobacter between ovarian cancer patients compared to patients with benign ovarian tumors.

Research into the contribution of the gut microbiome to the development and progression of colorectal cancer (CRC) is an area of intense interest, given the proximity of colorectal tumors to the gut microbiome. Sequencing studies have highlighted the taxonomic differences in the microbiota of CRC patients compared to healthy controls and in tumor tissue compared to matched normal, while functional studies have identified potential mechanisms of action for certain bacterial species, such as Bacteroides fragilis and Fusobacterium nucleatum in colorectal carcinogenesis. Increased concentrations of cfDNA have been reported to correspond to higher stage in CRC (20), suggesting that tumor DNA is present in the circulation either as part of the haematogenous spread of the primary tumor or due to increased shedding of tumor DNA into the circulatory system from the metastatic site, which is predominantly the liver. Xiao et al. reported the use of metagenomic analysis of plasma samples to investigate the utility of cbDNA as a diagnostic marker in CRC (21). The study compared whole genome sequencing data from plasma samples of CRC and colorectal adenoma patients, and healthy volunteers and found that cbDNA profiles could distinguish between the three patient groups. While the cohorts were small, a classifier model based on 28 species successfully distinguished between the three groups using a separate validation cohort. Two separate studies from a Greek research group have reported the utility of measuring specific bacterial species in the blood, namely E. coli, B. fragilis and C. albicans, for prognostic (22) and predictive (23) purposes. They found that detection of DNA from these microbes using PCR was associated with metastatic disease and shorter survival, whereas the association with circulating tumor cells and response to therapy was less clear.

The most comprehensive pan-cancer study to date was recently published by Poore et al., and described how whole-genome sequencing data from blood and tissue microbiomes can discriminate between 33 different cancer types using data from The Cancer Genome Atlas (TCGA) (24). Using plasma samples from a separate cohort, the authors were also able to distinguish between healthy controls and four types of cancer using cbDNA signatures. A potentially transformational finding from this study was that the cbDNA signatures remained predictive of cancer type, even in Stage I and II cancers, and in cancers lacking any genomic alterations. This is an important point, as current circulating tumor DNA (ctDNA) analysis relies on detecting common genomic alterations that are present in the primary tumor, and implies that cbDNA may be a more sensitive and widely applicable cancer biomarker.

From the currently available literature, there is accumulating evidence that cbDNA may have diagnostic and/or prognostic value in cancer. However, the source of cbDNA in cancer, whether it be from direct shedding into the bloodstream from primary or metastatic tumors, intestinal barrier dysfunction (leaky gut), or other unidentified mechanisms, remains unclear, and future research should address the source and clinical importance of cbDNA in any given cancer type. As with microbiome analysis of other sample types, such as tumor tissue and stool samples, the analytical method (metagenomic, 16S amplicon-based or PCR) will greatly impact the findings and make comparisons difficult. Different sequencing platforms and bioinformatics tools will also influence the outcome of cbDNA studies, and benchmarking should be carried out to ascertain the best practice for cbDNA analysis. Consistent with other low-biomass microbiome studies, contamination is also an area of concern, whether physically introduced through analytical reagents and kits, or due to errors and inconsistencies in microbial DNA databases used for identification, and future efforts must include robust controls to mitigate these effects. The development of cbDNA as a diagnostic tool for cancer faces many challenges and is very early in its development, particularly compared to ctDNA, which has already shown to have clinical utility. However, future large-cohort studies with robust sequencing and analytical methodologies may identify potential clinical applications, particularly in the area of screening and early detection for a wide range of malignancies.
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Introduction: Low back pain (LBP) leads to considerable impairment of quality of life worldwide and is often accompanied by psychosomatic symptoms.

Objectives: First, to assess the association between stress and chronic low back pain (CLBP) and its simultaneous appearance with fatigue and depression as a symptom triad. Second, to identify the most predictive stress-related pattern set for CLBP for a 1-year diagnosis.

Methods: In a 1-year observational study with four measurement points, a total of 140 volunteers (aged 18–45 years with intermittent pain) were recruited. The primary outcomes were pain [characteristic pain intensity (CPI), subjective pain disability (DISS)], fatigue, and depressive mood. Stress was assessed as chronic stress, perceived stress, effort reward imbalance, life events, and physiological markers [allostatic load index (ALI), hair cortisol concentration (HCC)]. Multiple linear regression models and selection procedures for model shrinkage and variable selection (least absolute shrinkage and selection operator) were applied. Prediction accuracy was calculated by root mean squared error (RMSE) and receiver-operating characteristic curves.

Results: There were 110 participants completed the baseline assessments (28.2 ± 7.5 years, 38.1% female), including HCC, and a further of 46 participants agreed to ALI laboratory measurements. Different stress types were associated with LBP, CLBP, fatigue, and depressive mood and its joint occurrence as a symptom triad at baseline; mainly social-related stress types were of relevance. Work-related stress, such as “excessive demands at work”[b = 0.51 (95%CI -0.23, 1.25), p = 0.18] played a role for upcoming chronic pain disability. “Social overload” [b = 0.45 (95%CI -0.06, 0.96), p = 0.080] and “over-commitment at work” [b = 0.28 (95%CI -0.39, 0.95), p = 0.42] were associated with an upcoming depressive mood within 1-year. Finally, seven psychometric (CPI: RMSE = 12.63; DISS: RMSE = 9.81) and five biomarkers (CPI: RMSE = 12.21; DISS: RMSE = 8.94) could be derived as the most predictive pattern set for a 1-year prediction of CLBP. The biomarker set showed an apparent area under the curve of 0.88 for CPI and 0.99 for DISS.

Conclusion: Stress disrupts allostasis and favors the development of chronic pain, fatigue, and depression and the emergence of a “hypocortisolemic symptom triad,” whereby the social-related stressors play a significant role. For translational medicine, a predictive pattern set could be derived which enables to diagnose the individuals at higher risk for the upcoming pain disorders and can be used in practice.

Keywords: allostatic load index, hair cortisol, low back pain, psychosocial moderators, hypocortisolemic symptom triad, stress types


INTRODUCTION

Low back pain (LBP) is the leading cause of disability worldwide. In 2015, approximately 540 million individuals were affected by activity-limiting LBP one time during the year (1). Although the prevalence rates are high, most individuals express no pathological causes and recover quickly, but around 8.5% develop non-specific persistent pain and disability (2). There is evidence that a range of biological, psychological, and social factors contribute to the development of chronic low back pain (CLBP) that accompany impaired function in daily life, reduced social participation, and financial welfare (3).

In particular, stress is discussed as an important risk factor for the development of non-specific CLBP within the yellow flag concept (4). Stress can be both a trigger or/and an amplifier of pain. For example, early life trauma [e.g., pain prone patients (5)] or the accumulation of adverse life events (6) have been described as triggers of pain. In fibromyalgia, stress was an amplifier for pain (7, 8). These two effects may be based on neuroendocrine and psychophysical responses during stress experience, influencing pain perception and pain processing by multiple neuro–functional processes.

During the stress response, neurotransmitters and hormones are released. These processes take place in the so-called stress triangle, which comprises the ergotropic (noradrenergic bundle: Locus coeruleus/sympathetic nervous system, or working system), the glandotropic system (paraventricular nucleus, pituitary gland, adrenal glands, glucocorticoid receptors, or energy supply system), and the trophotropic [raphe nuclei/parasympathetic nervous system, or recovery system (9, 10)]. In this triangle, allostasis and the adaption to stress are organized. During prolonged stress, the glandotropic system habituates, while the ergotropic system remains overactive. This asynchronous change of the involved systems disturbs the body’s own tuned protective mechanism of allostasis and leads to an accumulation of physiological imbalances in the long-term, the so called allostatic load (11, 12). One example for such an imbalance regarding the association between stress and pain disorders is the reduced hypothalamus–pituitary–adrenal axis (HPA) activity due to cortisol deficiency (7, 8). This so-called “hypocortisolism symptom triad” comprises the joint occurrence of pain, depression, and fatigue as a result of chronic stress.

The interface between stress and pain is complex because of the various physiological pathways by which pain disorders could be triggered or amplified. First, the messenger substances released during stress exposure [e.g., neurochemical transmitters such as norepinephrine, acetylcholine, dopamine, cytokines, neuropeptides, glutamate, gamma-aminobutyric acid (GABA)] can influence nociception at the peripheral level (recruitment and sensitization) as well as nociceptive processing at the spinal level (signal cascades, afference, and efference) (13). These same transmitters play a further role in the modulation of the descending serotonergic and noradrenergic signals from the brainstem influencing the central reciprocal pain inhibition (14). Additionally, these chemical alterations reduce the amount of nerve growth factor which plays an important role in the differentiation of Aδ or C-fibers, their innervation density and therefore their transmission quality. Second, the stress response is controlled by a synaptic information from the various brain regions, such as the limbic system (including the hippocampus and amygdala) or the brain stem, all involved in the processing of pain stimuli (areas of the pain matrix). Prolonged stress exposure leads to altered connectivity in the pain matrix, to a reduction in cell proliferation and gray matter volume, and to a reorganization of the brain areas of the pain matrix (11, 15). Third, stress-related changes in the metabolic system (e.g., local fat depots, cholesterol in plasma membranes) can influence myelination, peripheral nerve functions (16) and pain transmission (17).

Accordingly, stress is associated with pain and is an important factor in developing chronic pain. However, which types of stress are most relevant and which underlying mechanisms is still not fully assessed. A more differentiated comprehension of such stress-related mechanisms on musculoskeletal problems and pain (15) would be necessary for the development of more concrete therapeutic treatments and diagnostics (12). Until now, mostly multimodal treatments are generic, and they are not considering specific personal needs. For this reason, a simultaneous assessment of different psychobiological interactions within the stress triangle would be beneficial. It would allow an identification of important predictive stress patterns in the development of chronic pain. In this regard, a predictive pattern set could be the basis for the derivation of a diagnostic tool, as it was done for burnout syndrome (10, 18). Here, a specific Neuropattern (10) diagnostic for burnout symptoms was developed, which is unfortunately still missing with regards to the non-specific pain syndromes (19). Therefore, this study aims to the following factors:

(1) Analyze the associations between different types of stress with non-specific current LBP and its influence on the development of non-specific CLBP as well as on fatigue and depressive mood (as individual outcomes or as symptom triad) within 1 year.

(2) Identify the most important stress types regarding the development of non-specific chronic LBP, fatigue, and depressive mood within 1 year.

(3) Identify the most predictive stress-related (neuro) pattern set regarding the development of non-specific CLBP within 1 year and to test its accuracy for diagnostics.



MATERIALS AND METHODS


Study Design

This observational longitudinal study includes four measurement time points (M1–M4), every 4 months, for a total duration of 1 year. The measurements consisted of hair samples and standardized questionnaires at each time point (M1–M4), as well as blood, urine samples together with clinical and laboratory parameters collected only at baseline (M1) and at the 1 year follow-up (M4) by medical nurses. The study was conducted between August 2013 and June 2015.



Participants

The individuals who were seeking back pain treatment at the Ernst von Bergmann clinic and the outpatient clinic of the University of Potsdam were recruited through announcement at the University Potsdam. In total, 140 subjects with intermittent non-specific LBP between 18 and 45 years of age took part in the study. The participation was not compensated, but the participants received their examination data and an individual stress profile after study completion. Convenience sampling technique was used.

Inclusion criteria were listed as follows: At least one episode (≥4 days) of non-specific LBP in the last 12 months [according to the national treatment guideline NVL (20) and ICD-10: M50-54; LBP appearance defined as a minimum pain intensity score of 20 on a pain 100-point visual analog scale (VAS)], ability to understand the content of the study and to fill in a German questionnaire independently. Exclusion criteria were acute infections, pregnancy, hormonotherapy or the intake of certain types of medication (e.g., antibiotics and glucocorticoids), particular diseases (e.g., cardiovascular, metabolic diseases, thyroid disorders, vascular, malign, lung, liver or autoimmune diseases, hemophilia or psychological disorders, e.g., ICD-10: F70-79), inability to fill in a questionnaire and hair shorter than 2 cm. All participants signed a written informed consent after receiving written and oral information about the study by a study nurse.

The defined criteria on maximal age (individuals aged less than 45 years) was based on epidemiological studies, which indicated that the chronic courses after an acute LBP episode increased abruptly from 40 years of age. Therefore, with a preventive perspective, risk patterns for developing CLBP should be identified earlier (2).

Further, 46 individuals agreed and committed to the protocol of an additional comprehensive medical and laboratory test battery (see Figure 1). This protocol included avoiding certain foods (coffee, tea, alcohol, bananas, cheese, nuts, vanilla, and citrus fruits), intensive physical activity (>2 h/day) and medication, as well as collecting one’s own urine from 7 p.m. to 7 a.m. (12 h) 1 day before the examination. The fasting blood tests (12 h food abstinence before blood withdrawal) and the medical examination took place between 7 a.m. and 8:00 a.m. at the University of Potsdam outpatient clinic. The blood samples were evaluated both at the outpatient clinic and clinic laboratory of the University of Potsdam, while the hair samples were analyzed in the laboratory of biopsychology of the Technical University of Dresden.
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FIGURE 1. Flow diagram of participants and sample analyzed data.


The sample size calculation for the minimal number of subjects required to detect an association between psychometric stress measures and pain disability was based on a medium effect size f2, as well an α-error probability of 5%, a β-error probability of 20%, suggesting a n = 85 [power analysis by G*Power (21)]. The sample size calculation for detecting differences between stress physiological measures [allostatic load index (ALI) scores] within 1 year was based on a medium Cohen’s d (0.5) effect size, as well an α-error probability of 5%, a β-error probability of 20%, suggesting a n = 34.



Ethics Approval

All clinical investigations, and measures have been conducted according to the principles expressed in the Declaration of Helsinki. The final ethics approval was provided on 6 May 2013 by the major institutional ethics review board of the University of Potsdam, Germany (No. 44/2012).



Assessments

The outcomes non-specific current and chronic LBP, fatigue, and depression were assessed by the standardized questionnaires at each measurement point (M1–M4, Figure 2). The exposure or predictor criteria stress was operationalized using both psychometric and physiological/biometric data. Further, sociodemographic and lifestyle factors [alcohol (glasses per week, type of alcohol); tobacco consumption (cigarettes a day, pack years); medication (type, daily dosage); physical activity (frequency per week, duration of unit, intensity according to the WHO guidelines (22)); sleep (quality on a 0-10 Likert scale)] were documented for all participants at all time points.
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FIGURE 2. Study design regarding psychometric and biological measures and its rotation. von Korff, CPG, chronic pain grade questionnaire; VAS, visual analog scale; VE, vital exhaustion, TICS: trier inventory of chronic stress; PSS, perceived stress scale; ERI, effort-reward-imbalance; ILE, inventory of life-changing events; POMS, profile of mood status; HADS, hospital anxiety depression scale, sociodemographic and lifestyle factors, hair cosmetic, comorbidities, ALI, allostatic load index; HCC, hair cortisol concentration.




Outcomes


Chronic Pain

Chronic pain was assessed by the German version of the chronic pain grade questionnaire (23) [original English version (24)], which consisted of 7 items; 1 item considered the days of chronic pain and 6 items rated the chronic pain on an 11-point numeric rating scale). The original questionnaire showed a good internal consistency (Cronbach’s alpha of 0.91) and good correlations (p < 0.001) with the equivalent dimensions of the Short Form 36 Health Survey Questionnaire (convergent validity) cross-sectional (25) and over time in a general practice population in Scotland (26). The translated German version used in our study showed good internal consistency (Cronbach’s alpha reported was 0.82), it was significantly correlated with other clinical variables; moderate to high with instruments assessing patient’s disability, and weak to moderate but significant with grading and staging chronic pain measurements, all within a population of primary care back pain patients (23). The questionnaire operationalized the severity of pain syndromes on the following two subscales: Characteristic pain intensity (CPI; 0 = “no pain” to 100 = “the worst pain imaginable”) and the subjective pain disability (DISS; 0 = “no disability” to 100 = “I was incapable of doing anything”) within the past 3 months. Both subscales were defined as the mean of three individual numeric rating scales questions. The high quality of the questionnaire was also confirmed in the context of the International Classification of Functioning, Disability and Health (ICF) (27). Cronbach’s alpha in our sample was α = 0.92. Current pain intensity (acute pain) was assessed by a horizontally presented 100-mm VAS [0 = “least possible pain” and 100 = “worst possible pain” (28)].



Fatigue

Fatigue was evaluated by the short version of the Maastricht questionnaire vital exhaustion (VE) [9-Item version (29, 30)] and the fatigue subscale from the German short version Profile of Mood States Questionnaire [POMS (31, 32)]. The VE questionnaire included nine questions about disturbed sleep, extreme fatigue, mental and physical irritability, and feelings of hopelessness with four possible answers (“no” = 0; “undetermined” = 1; “yes” = 2). The scale total score ranges from 0 to 18 (scores up to 4 indicate mild-to-moderate exhaustion). Cronbach’s alpha in the sample was α = 0.71. The POMS fatigue subscale included 7 items to be ranked on a 7-point Likert scale ranging from 1 (= “not at all”) to 7 (= “very strong”), so the total score ranged from 0 to 42.



Depressive Mood

Depressive mood was assessed by one scale of the German short version of the POMS (31, 32). The depression subscale comprised 14 mood relevant adjectives that had to be ranked on a 7-point Likert scale ranging from 1 (= “not at all”) to 7 (= “very strong”). Subjects completing the POMS were asked to reflect on their emotional states over the past week. The internal consistency in this sample was at α = 0.88.




Predictor Criteria/Exposure

Stress was defined though psychometric and physiological variables as discussed in the following sub-sections:


Stress Psychometric Tests

The extensive psychometric test battery to measure the different stress types led to the decision to offer questionnaires only in rotation, not at every measurement point as far as feasible in form and content (assessment time frames and stability of attributes). The aim was to record a broader spectrum of stress-related assessments while preserving the motivation of the participants. Long-term prediction should not be limited due to this rotation as assessments at M1 and M4 were complete.

The types of stress were assessed by the following questionnaires: The “Trier Inventory of Chronic Stress” [TICS (33)] with its 57 items (rated on a 5-point Likert scale, from 0 = “never” to 4 = “very often”) was used for the assessment of chronic stress in the past 3 months. The items are summed up to nine scales of potential chronic stress domains such as “work overload, social overload, pressure to perform, work discontent, excessive demands at work, lack of social recognition, social tensions, social isolation, and chronic worrying.” Cronbach’s alpha in the sample was α = 0.95.

Perceived stress was assessed by the Perceived Stress Scale (PSS) (34, 35), a questionnaire with 10 items asking about stressful situations during the last 3 months (e.g., “In the past 3 months, how often have you been upset because of something that happened unexpectedly?”). The sum of the answers on a 5-point Likert scale (0 = never to 4 = “very often”) gave information about the corresponding stress value ranging from 0 (no perceived stress) to 40 (high perceived stress). Cronbach’s alpha was α = 0.86.

Stress at work was measured by the effort–reward–imbalance questionnaire (ERI) (36), which consisted of 16 items measuring effort, reward (general reward, esteem, job promotion, and job security),and over-commitment on a 4-point Likert scale (0 = “not true at all” to 3 = “completely true”). Furthermore, an additional scale sets effort and reward into relation. Cronbach’s alpha was α = 0.64.

The inventory of life-changing events counts for type, number and load of critical life events (ILE) (37), whereby participants rate 40 critical life-events regarding occurrence, frequency, and year of occurrence. For the analysis here, only the scale for the total number of life events was used, for which all critical life-events over lifespan were summed up ranging from 0 to 40.

Stress burden was operationalized by a total stress index which was created by using a median split (score below the median = 0 or above the median = 1) for each stress questionnaire (TICS, PSS, and ERI). Afterward, the zeros and ones were summed up to an individual stress index. As the total number of life events referred more to a lifespan perspective, the ILE was not sub-summarized in the total stress index, which included mainly tests covering the last months.



Stress Physiological Tests

Regarding the stress burden and the stress-related reactivity of different neurobiological interfaces, mostly analytical techniques and methods less susceptible to daily fluctuations were chosen (38). Also, ALI and hair cortisol concentration (HCC) were not dependent on daily fluctuations and cycle phases and were used in this study. The validity of the methods is well confirmed in different previous studies (39, 40). Within an additional pilot study, HCC and ALI showed a high test-retest reliability of the biomarkers within a 24-h time frame (38).

Allostatic load index represents the physiological load accumulated in the body through prolonged physical or mental stress (11, 12). Current standards suggest an evaluation of 24 indicators on different levels/systems to define total ALI (39). These indicators include the sympathetic nervous system (12-h urinary adrenaline and noradrenaline), parasympathetic nervous system (four heart rate variability indicators measured through electrocardiogram), HPA axis [12-h urinary cortisol and serum dehydroepiandrosterone sulfate (DHEA-S)], immune system [C-reactive protein and fibrinogen in plasma, interleukin-6, E-selectin, and intercellular adhesion molecule 1 (ICAM-1) in serum], cardiovascular system [systolic blood pressure (BPSYS) and diastolic blood pressure (BPDIA), resting heart rate], fat metabolism [body mass index, waist-hip ratio, triglycerides, high density lipoprotein (HDL) cholesterol, and low density lipoprotein (LDL) cholesterol] and sugar metabolism (glycohaemoglobin, fasting glucose and insulin) (41). The biomarkers assessed are discussed as in the following:

(1) Sympathetic nervous biomarkers: Analysis of urinary epinephrine and norepinephrine levels from 12-h overnight urine collections were performed via ELISA (norepinephrine RE5926, epinephrine RE59251, both ILB International GmbH Germany).

(2) Parasympathetic nervous biomarkers: Electrocardio graphic (Holter ECG, Schiller MT-101) electrodes were placed in the left lower quadrant on both shoulders. The ECG activity was monitored over an 11-min seated baseline period to assess heart rate variability indicators (SDNN, rMSSD, SDANN, SDNNidx) and resting pulse. The ECG was additionally standardized by breathing rhythm.

(3) The HPA biomarkers: Urine cortisol (μg/day) was measured with ELISA (RE52241, ILB International GmbH Germany). The DHEA-S was measured with ELISA (RE52181, TECAN Hydro Flex, ILB International GmbH Germany).

(4) Immune system biomarkers: Soluble E-selectin (sE-selectin), soluble ICAM-1 as well as interleukin-6 were assessed with enzyme-linked immunosorbent assays (BE59011 for sICAM-1, BE59061 for sE-selectin and BE58061 for IL-6; all from IBL International GmbH, Hamburg Germany). Further, C-reactive protein was measured by an immunoturbidimetry latex test (ABX Pentra 400) and Fibrinogen by traditional turbidimetry according to Claus (Siemens BCS XP).

(5) Cardiovascular biomarkers: Outpatient nurses assessed BPSYS and BPDIA 3 times, each separated by a 30-s rest period. The final blood pressure scores were obtained by averaging the values of the second and third measurements (BOSO BS 90 Blood pressure instrument, BOSCH + SOHN GmbH u. Co., KG, Jungingen, Germany).

(6) Lipid metabolic biomarkers: Triglycerides, HDL cholesterol and LDL cholesterol were assessed via enzymatic colorimetric assays (ABBOTT Architect ci8200; Abbott Laboratories, IL, United States). Furthermore, weight (Kern MPS scale; Kern & Sohn GmbH, Balingen, Germany), height (Seca 222 telescopic measuring rod; seca ag, Suisse) and waist/hip circumference (customary measuring tape) were measured, whereby hip circumference was assessed above the umbilicus at the narrowest point between ribs and the iliac crest, the hip circumference at the widest point across the buttocks. Body mass index (BMI) was calculated as weight in kg/(height in m)2.

(7) Glucose metabolic biomarkers: Glycosylated hemoglobin (HbA1c) was analyzed with HPLC Bio–Rad Variant II (Bio–Rad Laboratories, CA, United States), fasting glucose via a hexokinase enzymatic reaction using the Roche Cobas 400 plus (Roche Diagnostics Ltd., Basel, Switzerland), and fasting insulin by an electrochemiluminescence enzyme immunoassay (ECLIA), using Roche Cobas 8000 Modul E620 (Roche Diagnostics Ltd., Basel, Switzerland). Insulin resistance [via Homeostasis model assessment index (HOMA)] was calculated using the formula: glucose [mg/dl] × insulin [μU/ml]/405).

The ALI was calculated by classifying each biomarker into quartiles within the sample: subjects with values in the fourth quartile (>75%) were assigned the value 1 (loaded), while the rest were assigned the value 0 (unloaded). Subsequently, ALI was created by summarizing the values for each test person across the 24 biomarkers [ALI-total (39, 40)]. Furthermore, stress burden was represented more differentiated by ALI-sub-scores as discussed in the following: The ALI-I (ALI-primary) represents mediators of the primary stress response and physiological adaptation (first defense line including cortisol, noradrenalin, adrenalin, and DHEA-S). The ALI-II (ALI-secondary) expresses secondary mediators which are involved in the prolonged maladaptation to chronic stress (HbA1c, ratio of total cholesterol to HDL, LDL, BPSYS, BPDIA, and waist–hip ratio (WHR) (40).

Hair cortisol concentration was extracted from two thin hair strands taken from the back of the head below the covering hair (diameter approximately 2 mm; length, 2 cm) and analyzed by ELISA, IBL RE62019 (42). One centimeter of hair corresponds to a 1-month measurement period, so a total of 4 months measurement period was covered retrospectively.




Statistical Analysis

Psychometric tests were prepared in line with test manuals. Physiological data were controlled for outliers and treated along analysis kit recommendations. The total stress burden was represented by aggregated variables to map a subjective accumulation of stress (total stress index) and a biological accumulation of stress (ALI).

Descriptive and inferential statistics were applied to the data using SPSS (IBM 24.0) and R (43). Regarding the first study objective, the multiple linear regression models for main effects (M1 and M4) were used, whereby these calculations were controlled for age, sex, and the baseline value of the respective variable. For the second study objective, identification of the most predictive stress type concerning the symptom triad (pain, fatigue, and depressive mood), selection procedures for model shrinkage and variable selection [least absolute shrinkage and selection operator (LASSO) (44)] were performed. Considering the third study objective, LASSO was applied on a variable basis for selection of the best predictor set (once for biomarkers, once for psychometric items and then sub-summarized to a psycho and bio-set). Only metric indices were used for the LASSO analysis. Afterward, root mean squared error (RMSE) for prediction accuracy of each set, was calculated for pain intensity and disability. Finally, receiver-operating characteristic curve (ROC) and area under the curve (AUC) were performed to assess the model’s ability to discriminate (only applied to the selected biomarker model). The dichotomous reference needed to compute ROC curves classifying low and high risk patients was defined as equal or more than 30% (45) of pain intensity and disability (corresponding to 30 points of the 100 on the von Korff scales). Further, the AUC corrected for optimism using bootstrapping (1,000 iterations) was reported. All LASSO models and RMSE calculations were controlled for lifestyle factors that had a significant effect on the outcomes during previously performed LASSO selections [age, sex, tobacco, alcohol consumption, sleep, sports activity (logarithmic sports variable), monthly income as well as baseline pain/fatigue or depressive mood].




RESULTS


Descriptive

A total of n = 121 participants took part in the longitudinal study, of which n = 110 were included in the analysis at baseline (age mean = 28.2 ± 7.5 years, 38.1% female, BMI mean = 23.4 ± 3.5 and WHR mean = 0.8 ± 0.7). On average, the subjects participated in physical activity (sports) 5.7 ± 5.1 h per week, 23.7% were academic professionals, 28.8% clerical support or sales workers, 10.9% craft and trades workers, 22% of the others included students. 35% reported a monthly net income under €1,250, 22.6% from €1,750–2,249, 17% from €1,250–1,749, and 24.5% over €2,250 (n = 53). The sample shows, on average, low to moderate values for chronic and acute pain complaints; at baseline CPI mean of 26.4 ± 18.3, DISS 12.2 ± 17.4, and current pain VAS 11.1 ± 16.8. Further, participants reported a moderate impairment due to fatigue and symptoms of depressive mood (see Supplementary Table 1). Physiological parameters were distributed within normal ranges. Allostatic load index was on average five with a maximum of 11 (possible range: 0–24, see Supplementary Figure).



Stress Types and Burden in the Prediction of Pain, Fatigue, and Depressive Mood (Objective 1)

In this objective, the influence of stress types on current and on the development of non-specific back pain, fatigue, and depressive mood in individual appearance or as symptom triad was investigated.


Stress and Back Pain

Cross-sectional results (baseline M1) show that social and work-related stress types such as “Social overload, Social tensions, Excessive demands at work, or Work overload (from TICS), Perceived stress (from PSS),” and total stress index were significantly associated with current LBP pain intensity. Regarding CLBP “Excessive demands at work, Social tensions, and Perceived stress” were significantly associated with CLBP intensity, while “Social tensions, Perceived stress, Over-commitment (from ERI)” and critical life events were associated with CLBP disability. Considering the 1-year prediction of the pain development (M1 to M4 longitudinal), the results differ considerably; CLBP intensity is predicted by Chronic Worrying and current LBP intensity by critical life events and HCC (see Table 1).


TABLE 1. Main effects: (regression coefficients ß) for the influence of types and burden of stress (psychometric and physiological measures) on the outcome criteria back pain, mood, and fatigue as well as symptom triad (gray marked).
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Stress and Fatigue

Chronic stress (all TICS scales), perceived stress, stress at work (Effort, Over-commitment) and total stress index showed associations to the current fatigue state measured in two different dimensions (VE and POMS, see Table 1). Regarding a 1-year prediction, work-related stress types such as “Pressure to perform, Work discontent, Effort, and Over-commitment” as well as physiological stress burden measured by the biomarker index allostatic load (ALI-secondary) had the strongest influence (see Table 1).



Stress and Depressive Mood

Cross-sectional results at baseline (M1) indicate that almost all chronic social stress types (TICS and PSS) and stress burden (total stress index) had an influence on the current mood. Moreover, these associations also referred to depressive mood in the future (upcoming 12 months) in the case of some work-related stress types (Over-commitment, Effort), although no biomarker association was found (see Table 1).



Stress and Symptom Triad

Including all p-levels (p < 0.01 up to p < 0.05), significant associations to the appearance of a symptom triad can be shown cross-sectionally for the stress burden (total stress index) and following stress types: “Social overload, Work overload, Excessive demands at work, Social tensions, and Perceived stress.” An upcoming symptom triad (longitudinal) is best described by an influence of Over-commitment (see Table 1 gray area).

Inter-correlations regarding different stress types simultaneously within the multiple regression models are shown in Figure 3.
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FIGURE 3. Correlation matrix of baseline measures demonstrate intercorrelations between psychometric stress scales, lifestyle factors (sleep, age, and physical activity) and the outcome criteria. Intercorrelations limit the significance of prediction methods such as linear multiple regressions models in identifying best predictors.





Most Important Stress Types for the Development of Pain, Fatigue, and Depressive Mood (Objective 2)

Considering the stricter LASSO model for the 1-year prediction of non-specific CLBP, only “Excessive demands at work (from TICS)” out of all psychometric scales remained predictive for the development of disability (b = 0.51 [95%CI -0.23, 1.25], p = 0.18). No biometric scale could be identified by LASSO models.

For the prediction of fatigue in the upcoming 12 months, no psychometric or biometric scale could be identified by LASSO models.

For the 1-year prediction of depressive mood out of all psychometric scales only “Social overload [b = 0.45 (95%CI -0.06, 0.96), p = 0.080)]and Over-commitment at work [b = 0.28 (95% CI -0.39, 0.95], p = 0.42] remained within the LASSO models.” No biometric scale could be identified by LASSO models.



Most Predictive Pattern Set for 1-Year Prediction of Chronic Pain and Its Accuracy (Objective 3)

The LASSO models on item level identified the most predictive (bio)marker set for non-specific CLBP consisting of seven psychometric items (out of 95 items) and five biometric markers (out of 30 markers), see Figure 4. Regarding the prediction accuracy for 1 year of these psychometric items, a RMSE = 12.63 for chronic pain intensity and RMSE = 9.81 for the subjective pain disability were found. The biomarker set reached a RMSE of 12.21 for CLBP intensity and a RMSE of 8.94 for CLBP disability, which meant that the prediction for pain disability only differed 8.94 points from the finally observed pain value 12 months later on a 0–100 point from von Korff scale; the prediction error was adjusted for age, gender, tobacco, alcohol, drug use, and physical activity.
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FIGURE 4. Correlation matrix of the seven psychometric items and five biometric markers from the LASSO models with pain M1 and M4.


Discriminant validity of the biomarker-set (ROC curve) showed an apparent AUC of 0.93 (95%CI: 0.85–1.00) for chronic pain intensity with a corrected AUC of 0.88 (bootstrapping by 728 iterations), the apparent AUC for subjective pain disability was 1.00 (95%CI: 1.00–1.00) with a corrected AUC of 0.99 (bootstrapping by 950 iterations) (see Figures 5A,B) [only in the case of subjective pain disability, our developing sample had very few participants with disability scores higher than 30 (n = 3)].
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FIGURE 5. (A) Receiver-operating characteristic (ROC) curve for characteristic pain intensity prediction of the biomarker set. (B) ROC curve for pain disability prediction of the biomarker set.





DISCUSSION


Main Findings

First, the associations of stress with current LBP and the development on pain, fatigue, and depressive mood (individually as well as the appearance of a symptom triad) in chronic LBP (1-year after) were cross-sectionally and longitudinally evaluated through regression models. Associations of different types of stress (social, work-related, stress burden and critical life events) with current LBP or CLBP were observed. Furthermore, the same types of stress (excluding critical life events) together were associated with fatigue and mood in LBP (as symptom triad).

However, multiple inter-correlations between the stress types within the regression models were detected, indicating the need of statistical reduction procedures (such as LASSO).

Consequently, to be able to identify the most important stress type influencing the development of non-specific CLBP, fatigue, and depressive mood, a LASSO algorithm was applied. LASSO first results exhibited a reduction of influencing factors within a 1-year prediction; CLBP disability was best predicted by “Excessive demands at work,” while depressive mood was predicted by “Social overload” and “Over-commitment at work.” For fatigue, none of the stress types was selected.

Beyond and most relevant, to identify the most predictive stress-related (neuro)pattern set regarding the derivation of a diagnosis for the development of non-specific CLBP, LASSO models were further applied. Here, the results offered a psychometric-set based of seven simple questions and a biomarker set of five biomarkers (norepinephrine, interleukin-6, triglycerides, WHR, and resting pulse) with good predictive value.



Comparison With Other Studies, Explanation of Findings

First results, similar to other studies, found that different types of stress (social, work-related, stress-burden, and critical life events) play a significant role in the appearance of current LBP and CLBP (46), fatigue, and depressive mood. Besides, a simultaneous presentation of pain, fatigue, and depressive mood as a symptom triad was observed. This symptom triad might be best explained by the overlapping neuroendocrinological mechanism between stress, pain, mood and fatigue (7, 8) and was in this study associated with almost all stress types at baseline.

A multimodal treatment strategy targeting physical and mental pain complaints—as it is often used in practice—make sense in light of these results. However, considering the influence of stress dimensions on CLBP after 1-year, results were less consistent. For example, on the one hand, the associations of chronic social, perceived or work-related stress and stress burden with current fatigue were observed, but only work-related stress and allostatic load (secondary ALI) seem to be relevant for the 1-year prediction. Similarly, current depressive mood was related to almost all stress types; but only work-related stress seemed to be relevant for the prediction of depressive mood within the upcoming year. Finally, the 12-months prediction of current pain was best described by the number of “critical life events” or “chronic worrying.” Therefore, although the data confirmed stress as a trigger (5, 6, 46) or an amplifier of pain (7, 8), methodological questions about prediction accuracy including multiple inter-correlations remained.

Ergo, the issue of a limited prediction quality by regression methods was addressed by applying a LASSO algorithm regarding the development of non-specific CLBP, fatigue, and depressive mood (second objective of this study). Here, all variables (scales) entered the LASSO model at the same time (as competitors), whereby only the strongest predictor remained in the model. In this way, variables were compared with each other while simultaneously controlling for baseline value, age, gender, and lifestyle factors (tobacco, alcohol consumption, sleep, physical activity, and income). Therefore, inter-correlations are prohibited.

Within the regression models, various different work-related stress scales were relevant for the 1-year prediction of fatigue and depression in CLBP, besides one social stress scale and life events for back pain. Otherwise in LASSO models, only two scales from work-related stress and one social stress type were relevant for the prediction of pain and depression in CLBP.

The last results and most important, intended to derive the “best-of” diagnostic set for CLBP (focus solely on pain) showed a psychometric-set based on seven questions and a biomarker set of five, with similar good predictive value. The psychometric diagnostic set reported a good accuracy in comparison to other psychometric stress screeners within the context of back pain [e.g., RPI-S domain stress with a RSME of 16.72 for CPI and of 16.20 for DISS (47)]. Nevertheless, at the moment there were already diagnostic stress screeners with appropriate sensitivity and specify values and cut-off for treatment personalization (45, 48–51); hence, the focus in this study was on the further development of the biomarker diagnostic set. The RMSE of the biomarker-set of only eight points already indicated a very good diagnostic accuracy with a very accurate clinical prediction sensitivity and specificity for pain intensity as well as disability (AUC 0.93 and 0.99, respectively); however, only few cases reported more than 30 points in the case of pain disability. The five biomarkers included in the set suggested that the prediction model for pain intensity might reside in parameters from the ergotropic system. The over-activity of the ergotropic system was generally associated with high noradrenergic activity, high blood pressure, cardiovascular output, and hypertension (52) as well as a reaction of the glandotropic system corresponding to mobilization of energy stores and metabolic processes. These processes fit to the neurochemical inflammatory mediator noradrenaline and interleukin-6, as well as with the metabolic parameter triglycerides, WHR and resting pulse identified in the study (all together grouped as “bio-set” consisting of the markers norepinephrine, interleukin-6, triglycerides, WHR and resting pulse).

A relation of stress and pain intensity is also conceivable for the reason that noradrenergic neurons have a variety of influences on pain inhibition (14), as well as on fat metabolism and fatty acid concentration (e.g., prostaglandins), which conversely influence the thickness of myelin sheaths and axon length; hence, axonal transport (53). The effect of local storage lipids on peripheral nerves functions is described elsewhere (16). Largely, the results may be best interpreted as meaning that chronic stress can be associated with a habituation of the glandotropic system (with blunted cortisol response, slight hypocortisolism and symptom triad), so that, for example, the prostaglandin synthesis (54) or an over-activation of the ergotropic system could not be sufficiently inhibited (55). Although the results can be understood in such a way and fit to the physiological pathways described in the introduction, many questions remain unanswered and should be investigated in a broader frame (56), for example, in further studies with considerably larger sample size.



Strengths

The overall purpose of this study was to shed light on the question which stress types influence the development of non-specific CLBP. Considering that pain mostly appears in combination with fatigue and depressive symptoms these constructs were likewise included in the study. Further and most relevant, a diagnostic tool for practical use was introduced.

This longitudinal mixed-method study was conducted through a step-by-step methodologic procedure to approach the research questions in a structured way. Difficulties regarding different stress types simultaneously within multiple regression models (intercorrelations, see Figure 3) were addressed by specific selection models (e.g., LASSO), which allowed a selection of the most important predictor out of similar dimension within one model and the derivation of a diagnostic pattern set. This procedure highlighted the problems of translating theoretical knowledge into practical application, providing significant hints into understanding how stress influences the development of chronic pain disorders or the pain–fatigue–depression symptom triad and was a strength of this study.

Even though stress is often reported to be associated with pain becoming chronic (57), it becomes distinct in our results that the standard analytic models such as regression models and questionnaires alone might not be appropriate to deeply understand the underlying stress–pain pathways. Furthermore, regarding the stress-associated physiological scenarios on pain discussed at the beginning of this study, our data point out that a plain look at global biometric measures (ALI and HCC) may not be enough for an understanding and giving practical recommendations, even considering that mathematical algorithms were based and used across different biometric indices (58). Pain is represented in a network of biology, driven by genetic, cellular, neuronal, psycho-social or biomechanical triggers (59). For example, motor control exercise improves core stability, spine control, and muscle performance and is an important preventive or therapeutic strategy against CLBP (60, 61). On the other hand, neuromuscular adaption within the sensorimotor system is, for example, influenced by the neurotransmitter concentration. This reciprocal relationship between exercise, pain and stress (49) leads to limitations in the explanation of the pain network constellations (62). Therefore, the results in general may be conflicted or limited by methods or exclusion of important factors (e.g., physical activity/exercising, sleep) (59). Hence, in our LASSO model, physical activity was controlled for. Till today, it is only known that stress has an influence on pain becoming chronic; a remarkable finding from a twin study (63). However, less is known about developmental mechanisms and its detection at early stage for prevention (64). Indeed, our study recruited mostly young individuals to be able to follow them after an acute LBP episode, and so to derive a diagnostic tool with practical relevance.



Limitations

(1) Due to the observational longitudinal design, the study did not include dynamic test procedures which might be better suited to evaluate the HPA-axis and make conclusions about hypo- or hyperactivity.

(2) Restricted sample size of the biomarkers assessments: It was difficult to recruit individuals who were willing to take part in the arduous physiological measurements (e.g., 12-h urine sampling overnight and nutrition protocol).

(3) We did not collect information about menstrual cycle phases of women. Indices such as ALI and HCC were less dependent of these phases, but other biomarkers could be, although there was no hormonal biomarker of relevance.

(4) Relatively small sample size for the applied selection procedure (LASSO), although by its mathematical construction LASSO was able to handle cases where the number of predictors was equal or greater than the sample size. However, the computational test sequences with decision trees (C4.5 algorithm selection) already came to similar results in the preliminary study, corresponding with first literature results from epidemiological data sets (65).

(5) Finally, ROC curves were only calculated in the developmental sample. An external validation of the screening by cross-validation in future studies was needed, and which was essential for the next developmental step.

(6) Development of simplified biomarkers measurements was desired. Practical application remains limited till now.




CONCLUSION

The overall purpose of this study was to shed light on the question of how stress influences non-specific LBP and CLBP. It was shown that different stress types are associated with current LBP and CLBP, fatigue, and depressive mood. Work-related stress (e.g., Over-commitment, Excessive demands at work, and Effort), social stress (Chronic worrying and Social overload), and life events played role in the prediction of upcoming chronic pain complaints and depression in the next 12 months. Most importantly, it was possible to derive a “best-of” marker set for the prediction of a chronic course of LBP, once for psychometric items (7 items) and once for physiological markers (5 biomarkers). For the physiological marker set, additionally, a clinical prediction sensitivity and specificity was calculated with good accuracy. The psychometric items could be best sub-summarized under the broad concept of searching for sense of coherence in daily life, while the biomarker set gave information about possible mechanisms and physiological pathways between stress and pain, and the symptom triad. Finally, a step for step methodological procedure showed that very specific methods were needed to gain knowledge about these associations and their translation in clinical practice for an early screening of persons at risk for pain becoming chronic. One strength of this study was the presentation of the courses of different bio–psycho–social markers over 1 year in combination with lifestyle (such as sleep, physical activity, alcohol, tobacco, and medication) in regard to pain. Opening the possibility of formulating new research questions.



DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethic Board University of Potsdam. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

P-MW: design, survey, first draft, and study Principal Investigator. DD and LPV: statistical analyses. P-MW, DD, and LPV: critical revision of the manuscript for important intellectual content. All authors contributed to the article and approved the submitted version.



FUNDING

The study was funded by the German Federal Institute of Sport Science on behalf of the Federal Ministry of the Interior of Germany. Realized within MiSpEx – the National Research Network for Medicine in Spine Exercise (Grant No. 080102A/11-14). We further acknowledge the support of the Deutsche Forschungsgemeinschaft and the Open Access Publishing Fund of the University of Potsdam.



ACKNOWLEDGMENTS

We would like to thank Clemens Kirschbaum and Josefine Worseck for their support in the study methods, analysis and its coordination, as well as all involved employees of the Klinikum Ernst v. Bergmann laboratory in Potsdam, the laboratory of the Professorship for Biopsychology in Dresden, of the Professorship for Bioinformatics at the University of Potsdam and of the Institute for Statistics of the Ludwig-Maximilians-University Munich (Küchenhoff). Further, we express our gratitude to Sanne Houtenbos for valuable support in proofreading.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.828954/full#supplementary-material


ABBREVIATIONS
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Oxidized nicotinamide adenine dinucleotide (NAD+) is a biological molecule of systemic importance. Essential role of NAD+ in cellular metabolism relies on the substrate action in various redox reactions and cellular signaling. This work introduces an efficient enzymatic assay of NAD+ content in human blood using recombinant formate dehydrogenase (FDH, EC 1.2.1.2), and demonstrates its diagnostic potential, comparing NAD+ content in the whole blood of control subjects and patients with cardiac or neurological pathologies. In the control group (n = 22, 25–70 years old), our quantification of the blood concentration of NAD+ (18 μM, minimum 15, max 23) corresponds well to NAD+ quantifications reported in literature. In patients with demyelinating neurological diseases (n = 10, 18–55 years old), the NAD+ levels significantly (p < 0.0001) decrease (to 14 μM, min 13, max 16), compared to the control group. In cardiac patients with the heart failure of stage II and III according to the New York Heart Association (NYHA) functional classification (n = 24, 42–83 years old), the blood levels of NAD+ (13 μM, min 9, max 18) are lower than those in the control subjects (p < 0.0001) or neurological patients (p = 0.1). A better discrimination of the cardiac and neurological patients is achieved when the ratios of NAD+ to the blood creatinine levels, mean corpuscular volume or potassium ions are compared. The proposed NAD+ assay provides an easy and robust tool for clinical analyses of an important metabolic indicator in the human blood.
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INTRODUCTION

Nicotinamide adenine dinucleotide (NAD, the sum of the oxidised NAD+ and reduced NADH forms) is a very important biological molecule which is involved in various metabolic and signaling pathways. Undergoing reversible reduction to NADH in many redox reactions, NAD+ is also involved in signaling of perturbed homeostasis and DNA damage response. The signaling pathways include the NAD+-degrading reactions catalyzed by protein deacylases sirtuins (1–3), poly(ADP-ribose) polymerases 1 and 2 involved in the DNA damage response (4, 5), and NAD+ hydrolyzing enzymes CD38 (6)/CD157 (7). These NAD+-dependent reactions are involved in regulation of circadian rhythms (8), aging (9–11), and immunity (12). Major portion of NAD+ resides inside the cells, where its concentration may vary from 0.01 to 1 mM, yet some studies also determine significantly lower quantities of NAD+ in the blood plasma [2–70 nM in humans (10, 13, 14) and 240–290 nM in pigs (15)].

The correlation between the concentrations of NAD+ in blood/plasma and tissues has been studied in aging (16–18). The reduction in NAD+ level with age is observed in healthy human brain (19, 20), liver (21), red blood cells (22) and macrophages (23). In plasma, the NAD+ level is shown to drop from app. 50 nM in young (20–40 years) to app. 10 nM in elderly subjects (60–87 years) (10). Human skin NAD+ content also sharply declines as people age: from 8.5 ± 1.6 ng/mg protein in newborns to 1.1 ± 0.2 in elders (>51 years) (9). A strong negative correlation is observed between NAD+ levels in skin and age in both males (r = −0.706; p = 0.001) and females (r = −0.537; p = 0.01) (9). The total pool of NAD (both NAD+ and NADH) in whole blood, however, shows a trend to a negative correlation with age in males that is not observed in females (11). In the population combined from both genders, blood NAD levels in elderly patients (75–101 years old) hospitalized for decompensated heart failure are shown to be lower (20.7 ± 3.6 μM) than those in a healthy population of 151 voluntary donors aged 19 to 68 years (23.4 ± 4.1 μM) (11).

Changed NAD levels may be associated with cancer (16, 24, 25), obesity and type 2 diabetes (16, 26, 27), various neurological disorders (28–30), intestinal inflammation (31). Many studies point to decreased NAD levels under disturbed nutrient conditions (26). In view of the wide range of pathologies potentially affecting the NAD levels and redox state, the quantitative determination of this metabolite in human blood may be of diagnostic value. Worth noting, a rapid and efficient assay of NAD+ may be extremely useful to decide on treatments of critically ill patients, as the tissue damage response is associated with the NAD+ depletion in the poly(ADP-ribose)- polymerase-catalyzed reaction (4, 5). As a basic indicator of the healthy metabolism, NAD+ level has a potential to be used as a marker of biological age or nutritional state.

Recently, we have published the method of NAD+ quantitative determination using recombinant formate dehydrogenase (FDH) (32), whose application to the extracts of the rat brain tissue and its mitochondria has demonstrated such advantages of the assay as its high sensitivity and specificity. Compared to the “gold-standard” HPLC- and/or mass-spectrometry-based methods, our FDH assay does not require expensive consumables, neither highly professional supervision. A number of already existing biotechnological applications of FDH (33), also as fusion protein (34–36), enzyme mixture (37, 38) or in whole cell biocatalysis (39), extending from NAD(P)H regeneration to fixing atmospheric CO2 (40–43), demonstrate the enzyme robustness and utility for the environmentally friendly procedures. In this regard, development of the FDH-based clinical assays has another advantage over the currently employed assays of total NAD pool, using formazan dyes, as the most employed 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, known as MTT, is toxic for eucaryotic cells (44, 45). In the present study, we use FDH from Pseudomonas sp. that is extremely specific to NAD+, i.e., does not catalyze the reduction of NADP+, and is characterized by high catalytic efficiency and high thermal stability, compared to FDH from other sources (33, 46, 47). Employing this enzyme and developing the optimized protocol of the extraction of NAD+ from blood, we demonstrate the diagnostic potential of the assay for medical application by measuring the whole blood NAD+ in the healthy subjects and patients with neurological and cardiological pathologies.



METHODS


Enrollment of Patients in the Study

The study was approved by the ethics commission of M.F. Vladimirsky Moscow Regional Research and Clinical Institute (MONIKI), decision N 17 of 10. December, 2020. All participants gave informed consent. The neurological patients with demyelinating diseases and cardiological patients with the heart failure of stage II and III according to the New York Heart Association (NYHA) functional classification, were enrolled in the study (Table 1) during 1 year. Our choice of the NYHA heart failure stages II and III was based on clinical abundance of these cardiological patients, in contrast to those of stage I, and a lower occurrence in these patients of additional deteriorations associated with the profound pathology of stage IV.


TABLE 1. Summary of the studied cohorts where the NAD+ content in the whole blood is quantified.
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Preparation of Recombinant Formate Dehydrogenase

Recombinant FDH from Pseudomonas sp. was produced in E. coli as described in (48). The enzyme (1.1 mg/mL, app. 10 U/mg) was stored in 0.1 M sodium phosphate buffer, pH 7.0, containing 10 mM EDTA, at + 4°C.



Preparation of Methanol-Acetic Acid Extracts of Whole Blood

The blood was collected in the morning in a vacutainer tube with heparin (6 ml), aliquoted in 1 ml and frozen at −70°C. The blood levels of NAD+ did not decay upon the blood storage up to several months. Typically, the samples were accumulated and extracted within 2 months after the blood collection. A modification of the extraction protocol previously elaborated for the rat brain (49) was used. To prepare the extracts, blood samples were thawed on ice, 0.2 ml of each sample was transferred into a clean microcentrifuge tube and mixed with 1.6 ml of methanol precooled at + 4°C, using the T10 Basic ULTRA-TURRAX disperser (IKA, Staufen, Germany). 0.27 ml of 2% acetic acid was added, followed by 30 min shaking on ice in New Brunswick Excella E24R incubator (Eppendorf, Moscow, Russia) at 180 rpm. The resulting suspension was deproteinized by 20 min centrifugation at 21,500 g and 4°C, using Hitachi CT15RE centrifuge (Helicon, Moscow, Russia). The supernatant was transferred into a clean tube and stored at −70°C until analysis, usually performed the day after the extract preparations. Repeated assays of the same blood extracts before and after the storage showed that their NAD+ content was stable during several months.



NAD+ Determination Procedure

NAD+ concentration in the blood extracts was determined enzymatically as described earlier (32), using fluorescence mode of BMG ClarioSTAR Plus plate reader (Helicon, Moscow, Russia). Samples of blood extracts were shaken and 0.01, 0.015 or 0.02 ml aliquots of each sample were added into a 96-well black microplate (Greiner #655076) in duplicates. The mixture of 87% methanol/0.3% acetic acid was added to the aliquots to obtain the total volume of 0.02 ml. The blank contained 0.02 ml of the methanol-acetic acid mixture only. 0.18 ml of 0.6 M sodium formate in 0.1 M sodium phosphate buffer, pH 7.0, was added to all the wells. The background fluorescence (340/475 nm) of the samples was measured during 6 min. After registering the background levels, app. 0.03 U of FDH (app. 3 μg) was added into each well, and the fluorescence change was measured for 20 min. Usually, a plateau in the fluorescence was reached within 10 min, pointing to the completion of the reaction. NAD+ content in each well was calculated using the calibration curve employing 0.01–0.1 nmol of NAD+ and 0.03 U of FDH per well. Our comparison to the calibration with added NADH showed that the calibration employing the FDH reaction, better reproduced exact conditions of the NAD+ fluorescence assay. Simultaneously, the calibration employing the FDH reaction served as an internal control for the linearity and functionality of the enzyme assay in the selected interval of the NAD+ concentrations. The NAD+ content in the whole blood was calculated, taking into account the added extract volume and a 10.2-fold dilution of blood upon the extraction procedure.



Statistical Analysis

Comparisons between groups were made by one-way ANOVA with Tukey’s post hoc test or by Mann–Whitney’s U test in case of comparisons of two groups (*, **, ***, **** for p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively). Outliers were determined using the interquartile range rule (1.5 IQR criterion). Holm-Bonferroni correction was used for multiple testing adjustment. All statistical analysis and data visualization was performed using R Statistical Software (version 4.1.1; R Foundation for Statistical Computing, Vienna, Austria).




RESULTS

In our pilot study, concentrations of NAD+ in the whole blood are compared in three different cohorts: healthy controls, cardiological patients with the heart failure of the NYHA class II and III, and neurological patients with demyelinating diseases, such as Charcot-Marie-Tooth type, Okinawa type and multiple sclerosis (Table 1). All the analyzed neuropathies are characterized by impaired myelination of nerve fibers, either in the central (multiple sclerosis) or peripheral (neuropathies of Charcot-Marie-Tooth and Okinawa types) nervous systems. Analysis of the quantified values of the whole blood NAD+ within the studied cohorts using the interquartile range rule (1.5 IQR criterion) has revealed four outliers in the group of cardiological patients, all of them determined in the patients with heart failure of the NYHA stage III. All the blood parameters inherent in the studied cohorts are shown as medians, minimum and maximum values in Supplementary Table 1, which also presents p-values characterizing significance of the group differences.

Independent of the exclusion (Figure 1) or inclusion (Supplementary Table 1) of the outliers, NAD+ concentrations in the blood of healthy subjects are significantly higher than those in the cardiological or neurological patients. No gender differences in the NAD+ levels are detected in our study. Cardiological patients with NYHA stage III show a trend to lower NAD+ levels, compared to the patients with NYHA stage II (p = 0.09, Supplementary Figure 1). Taking into account the known decreases in the blood NAD+ level with age (11) and the different median age of the studied groups (Supplementary Table 1), we have verified the finding in the cohorts using their comparison to the controls of similar age. With the studied subjects divided into the age groups of 42–68 years (cardiological patients vs. controls of the respective age) and 27–55 years (neurological patients vs. controls of respective age), significant differences in the NAD+ concentrations between the control subjects and cardiological or neurological patients are preserved (Supplementary Figure 2).
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FIGURE 1. Differences in the concentration of NAD+ in the whole blood between the control subjects (n = 22), the cardiological (n = 24, excluding the four outliers) and neurological (n = 10) patients. ****p < 0.0001.


As the NAD+ levels alone cannot unambiguously discriminate the cardiological and neurological patients (p = 0.1, Figure 1), we have attempted to increase the discriminating power of the NAD+ assay by finding potentially different relationships between the NAD+ levels and associated blood markers in different pathologies. Correlations of the blood levels of NAD+ to the available parameters of the clinical and biochemical blood analyses of the studied cohorts indicate that the control correlations are always well separated from those in the patients, while the difference between the cardiological and neurological patients is not so strong (Supplementary Figure 3 and Supplementary Table 2). However, the NAD+ dependence on Na+ ions is opposite in the control subjects and neurological patients (Supplementary Figure 3 and Supplementary Table 2), complemented by statistically significant group differences between the median values of Na+ ions.

Analysis of the ratios of NAD+ levels to each of the available parameters, inherent in a specific blood sample, reveals that some of the ratios may be used for a better discrimination between the neurological and cardiological patients (Table 2). Figure 2 presents such ratios for the three parameters assayed in the blood along with NAD+. While one of the parameters (creatinine) is characterized by statistically significant group differences in its median values, the medians of the two other parameters (MCV, mean corpuscular volume, and K+) do not significantly differ between the groups (Supplementary Table 1). It is worth noting in this regard that the ratios presented in Figure 2 are determined in each patient. Therefore, they manifest the coupled changes better than the overall median values of the parameters. This is exemplified in Figure 2 by the statistically significant differences between the cardiological and neurological patients in their NAD+ ratios to creatinine, MCV and K+ ions. These ratios show a higher statistical significance of the differences between the neurological and cardiological patients, than NAD+ levels alone (Figures 1, 2). Thus, in addition to the blood levels of NAD+, taking into account the coupled changes in other parameters may increase the diagnostic power of the NAD+ assays.


TABLE 2. Discriminating power of the ratios of NAD+ content to other blood parameters.
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FIGURE 2. Analysis of discriminating potential of the coupled variations in the NAD+ concentrations and other parameters of the blood. (A) Correlations of the NAD+ concentrations with the creatinine level, mean corpuscular volume (MCV) and K+ ions. (B) Significance of the differences between the NAD+ ratios to creatinine, MCV and K+ ions, determined for each of the studied samples. (C) Tabular presentation of the ratios used in panel (B). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < <0.0001.




DISCUSSION

The NAD+ values determined in our study for the healthy volunteers are in good accordance with those of independent studies, where NAD+ in human blood is measured by mass spectrometry or NMR (Supplementary Table 3). Other enzymatic assays of NAD+ are known to employ lactate dehydrogenase or alcohol dehydrogenase. Unlike our FDH-based assay, these reactions are reversible. The reversibility makes such tests prone to conditional problems when established equilibria interfere with the completion of NAD+ transformation to NADH. In modern commercial kits, this is overcome by shifting an equilibrium through coupled reaction(s), usually including the reduction of formazan dyes, such as MTT. However, introduction of each additional coupled reaction makes the test prone to additional artifacts. Moreover, the artifacts are not possible to control when using commercial tests whose components are not disclosed. Furthermore, without additional procedures, the MTT-based tests, employing redox transformation of nicotinamide adenine dinucleotide, do not discriminate between the oxidized (NAD+) and reduced (NADH) forms of the dinucleotide. In particular, this is characteristic of the enzymatic studies mentioned in Supplementary Table 3. Although NADH and the redox ratio of NADH to NAD+ are important metabolic indicators, additional to NAD+ alone, the different chemical stability of NADH and NAD+ poses challenges for simultaneous quantification of both indicators in the same blood extract in clinical settings.

According to some estimates, the blood levels of NADH are 5–10 times lower than those of NAD+ (50), and thus should not contribute more than 20% to the total NAD pool, comprising both the oxidized and reduced dinucleotide. However, a two-fold variation in the range of the NAD pool, determined by the MTT-employing enzymatic tests (Supplementary Table 3), agrees with the notion that such tests are prone to various artifacts (32, 44, 45, 51). More importantly, comparison of the MTT-based tests relies on the arbitrary reaction time rather than the end-point titration, used in our FDH-based assay. In this case, if the sample composition differs, e.g., due to the various prescription drugs in different patients, the drugs may affect the MTT reduction, resulting in an artifactual change of the determined NAD pool. That is, the observed change may be related not to the NAD(H) content, but to the MTT reduction rate. Ascorbic acid, vitamin A, cellular sulfhydryl-containing compounds, such as reduced glutathione and coenzyme A, are known to reduce MTT to formazan (52–55). Varied content of these and other compounds in blood of different patients would thus contribute to the NAD-independent differences in the MTT-reduction. As an example, the MTT-based NADH assay in human erythrocytes shows diurnal oscillations, but they are coupled to changes in the cellular redox metabolism, including the changed expression of a highly abundant thiol-comprising redox enzyme, peroxiredoxin (56). These diurnal changes in the cellular redox metabolism raise questions regarding the nature of the MTT-detected changes, which do not necessarily reflect the NAD content. In case of the FDH reaction, the inhibitors or activators may also affect the reaction rate. However, in contrast to the MTT-based assay, the assay employing FDH is not dependent on the reaction rate or time, but based on the end-point titration of NADH itself, characterizing the complete transformation of NAD+ to NADH. Therefore, significant effects of different drugs prescribed to patients on the FDH-based NAD+ assay are not expected.

Apart from the high resistance to the artifacts discussed above, sensitivity of our fluorometric NAD+ assay corresponds to the detection limit of 5 pmoles NAD+ per 50 uL sample, or 100 nM NAD+, that is better than the detection limit of 400 nM NAD+, reported by Abcam1 or Biovision2 for the MTT-based assays.

It is worth noting that the tissue NAD+ or total NAD content may be subject to circadian changes, although the oscillation periods do not coincide in different studies (57–59). Probably, this poor coincidence is related to the fact that even in the liver tissue, where the NAD+ oscillation amplitudes are high, they are mostly within the standard errors of the NAD assays. Nevertheless, to exclude additional source of variations, the blood samples for our analyses are taken in the morning. Using the FDH-based test to detect potential circadian changes in NAD+ content in human blood may open new perspectives for chronobiological implications in medicine.

Decreased NAD+ content in demyelinating neuropathies is known from cellular and animal models of the diseases. For instance, rapid NAD+ drop upon Wallerian (injury-induced) degeneration of axons (29, 60), neurites (61) and in dissected nerves (62) suggests diminished NAD+ level in Charcot-Marie-Tooth disease and other peripheric neuropathies. Thus, our finding of decreased NAD+ levels in patients with demyelinating neuropathies is in good accordance with the model studies. Interestingly, the NAD pool is depleted in neurons exposed to toxic prion proteins, or in models of protein misfolding in Alzheimer’s and Parkinson’s diseases (63). Reduced level of total NAD in the brain tissue is observed in a mouse model of cerebellar ataxia (64), but the depletion does not occur in astrocytes or brain homogenates of scrapie-infected mice (63).

Similarly, decreased content of total NAD in myocardium is shown in mouse models of dilated cardiomyopathy (65) and failing heart (66). These model studies are in good accord with our finding of decreased levels of NAD+ in the whole human blood of cardiological patients (Figure 1). As mentioned in Introduction, the old (75–101 years) patients hospitalized for decompensated heart failure have a lower level of total NAD, compared to the younger (19–68 years) controls (11). In view of the published results on decreased NAD pool in cardiological pathologies, our finding of decreased NAD+ in the blood of cardiological patients suggests an impairment in NAD biosynthesis rather than increased NADH/NAD+ ratio in these patients. However, the abovementioned comparison of the MTT-based quantification of total NAD employs the cardiological patients and control subjects of different ages. Hence, further studies are needed to decipher the molecular mechanisms underlying decreases in NAD+ upon the cardio- and neuropathologies.

Thus, to the best of our knowledge, declines in the blood levels of NAD+ in the neurological and cardiological patients, shown in our work (Figure 1 and Supplementary Figure 2), have not been demonstrated before, although decreased NAD levels are known in healthy aging (16–18). Our data support this finding, as we also observe a slight decline in the blood NAD+ content in healthy subjects with age (Supplementary Figure 3). For the future studies it is important to note, however, that this and other correlations may be changed in different cohorts, manifesting certain specificity of pathophysiological changes in patients (Supplementary Figure 3 and Supplementary Table 2). Owing to this, the discriminating power of NAD+ as a clinical indicator of specific pathologies or as a risk factor of their development may be increased by taking into account potential associations of the NAD+ levels with other clinically relevant parameters (Figure 2 and Table 2). Further studies in these directions may be performed using the FDH-based NAD+ assay, developed in the current work. Remarkably, the associations between perturbed levels of NAD+ and creatinine, observed in our study (Figure 2), are also known in animals with acute and chronic kidney disease (67) and in patients with pellagra (68).

Supplementation with vitamin B3 (NAD precursor) to subjects under increased risks of neurological, cardiological and other disorders is currently considered as an efficient therapeutic strategy (69). Our easy NAD+ test may be applied to reveal the best therapies to increase the NAD+ level for protection from the age-related pathologies.

As a result, the proposed FDH-based assay of NAD+ in human blood may be useful for a more precise diagnosis of different pathologies and associated risks.
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Delayed Impact of 2-Oxoadipate Dehydrogenase Inhibition on the Rat Brain Metabolism Is Linked to Protein Glutarylation
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Background: The DHTKD1-encoded 2-oxoadipate dehydrogenase (OADH) oxidizes 2-oxoadipate—a common intermediate of the lysine and tryptophan catabolism. The mostly low and cell-specific flux through these pathways, and similar activities of OADH and ubiquitously expressed 2-oxoglutarate dehydrogenase (OGDH), agree with often asymptomatic phenotypes of heterozygous mutations in the DHTKD1 gene. Nevertheless, OADH/DHTKD1 are linked to impaired insulin sensitivity, cardiovascular disease risks, and Charcot-Marie-Tooth neuropathy. We hypothesize that systemic significance of OADH relies on its generation of glutaryl residues for protein glutarylation. Using pharmacological inhibition of OADH and the animal model of spinal cord injury (SCI), we explore this hypothesis.

Methods: The weight-drop model of SCI, a single intranasal administration of an OADH-directed inhibitor trimethyl adipoyl phosphonate (TMAP), and quantification of the associated metabolic changes in the rat brain employ established methods.

Results: The TMAP-induced metabolic changes in the brain of the control, laminectomized (LE) and SCI rats are long-term and (patho)physiology-dependent. Increased glutarylation of the brain proteins, proportional to OADH expression in the control and LE rats, represents a long-term consequence of the OADH inhibition. The proportionality suggests autoglutarylation of OADH, supported by our mass-spectrometric identification of glutarylated K155 and K818 in recombinant human OADH. In SCI rats, TMAP increases glutarylation of the brain proteins more than OADH expression, inducing a strong perturbation in the brain glutathione metabolism. The redox metabolism is not perturbed by TMAP in LE animals, where the inhibition of OADH increases expression of deglutarylase sirtuin 5. The results reveal the glutarylation-imposed control of the brain glutathione metabolism. Glutarylation of the ODP2 subunit of pyruvate dehydrogenase complex at K451 is detected in the rat brain, linking the OADH function to the brain glucose oxidation essential for the redox state. Short-term inhibition of OADH by TMAP administration manifests in increased levels of tryptophan and decreased levels of sirtuins 5 and 3 in the brain.

Conclusion: Pharmacological inhibition of OADH affects acylation system of the brain, causing long-term, (patho)physiology-dependent changes in the expression of OADH and sirtuin 5, protein glutarylation and glutathione metabolism. The identified glutarylation of ODP2 subunit of pyruvate dehydrogenase complex provides a molecular mechanism of the OADH association with diabetes.

Keywords: DHTKD1, glutathione, glutarylation, 2-oxoadipate dehydrogenase, citrulline, phosphonate analog of 2-oxoadipate, sirtuin 5


INTRODUCTION

DHTKD1-encoded 2-oxoadipate dehydrogenase (OADH, EC 1.2.4.2) is a recently identified member of the family of the thiamine diphosphate (ThDP)-dependent 2-oxo acid dehydrogenases, found in animals and slime mold Dictyostelium discoideum (1). Prediction of the catalytic function of the DHTKD1 protein as OADH (2) has been supported by increased excretion of the OADH substrate, 2-oxoadipate, and its transamination sibling 2-aminoadipate in urine and blood upon human mutations of DHTKD1 gene (3–5). 2-Oxo- and 2-aminoadipate are intermediates of the metabolic pathways degrading lysine, hydroxylysine, and tryptophan, in which OADH thus takes part.

The DHTKD1 mutations in humans mostly lack severe phenotypes, but may be associated with muscle weakness and cardiovascular disease risks (3–7). Some DHTKD1 variants are enriched in patients with eosinophilic esophagitis (8). Other mutations are shown to cause Charcot-Marie-Tooth disease—a hereditary motor sensory neuropathy, characterized by atrophy of the distal parts of limbs (6, 9, 10). According to a recent study, heterozygous DHTKD1 variants may also contribute to the phenotype of amyotrophic lateral sclerosis (11). In rare cases, 2-oxoadipate accumulation leads to the vitamin B6-responsive epilepsy, supposed to be caused by toxic reactions with vitamin B6, involving a 2-oxoadipate precursor (5, 12). Metabolic corrections in these patients employing a diet with low lysine and high arginine, decrease the epilepsy markers including 2-oxoadipate, improving the neurological symptoms (13, 14).

Several lines of evidence link the DHTKD1 expression and/or the OADH substrate 2-oxoadipate to glucose homeostasis. The risk of developing cardiometabolic diseases is increased by elevated levels of 2-aminoadipate (15, 16), while the reduced DHTKD1 expression in adipose tissue correlates to insulin resistance (17). Accordingly, a higher DHTKD1 expression increases the insulin sensitivity (18). Our previous study on pharmacological inhibition of OADH in cells suggests that the enzyme function may regulate biosynthesis of nicotinamide adenine dinucleotide (NAD) metabolites from tryptophan, the pathway of high homeostatic significance, particularly for glucose metabolism (19).

Thus, OADH regulation may provide an important therapeutic tool to fight systemic pathologies. However, developing such novel therapeutic approaches requires knowledge of molecular mechanisms of the OADH involvement with (patho)physiological events.

A cellular model of the DHTKD1 gene silencing shows disturbed mitochondrial function and biogenesis, associated with decreased activity of the tricarboxylic (TCA) cycle enzyme 2-oxoglutarate dehydrogenase (OGDH, EC 1.2.4.2), an isoenzyme of OADH (7, 8, 20). These data are in accord with the known inactivation of OGDH by 2-oxoadipate in vitro (21). However, in vivo, the 2-oxoadipate concentration in brain does not usually exceed 0.01 mM (3, 22), which is 10–20 times lower than that of 2-oxoglutarate. Hence, unlike the observations in cellular models, significant inactivation of OGDH can hardly be expected in vivo even when 2-oxoadipate is increased due to the DHTKD1 mutation (3, 22). Nevertheless, decreased mitochondrial function and increased reactive oxygen species are observed in epithelial cells of patients with allergic inflammation of esophageal epithelium or Charcot-Marie-Tooth disease, where the DHTKD1 mutations are enriched (8, 20).

In view of the very low concentrations of 2-oxoadipate in most tissues, i.e., small substrate fluxes through OADH, and similar catalytic activities of OADH and the ubiquitously expressed OGDH, we hypothesize that systemic importance of OADH function is linked to the enzyme participation in homeostatic regulation through post-translational modifications of proteins. As a producer of reactive glutaryl residues, either ThDP-bound in the isolated OADH, or CoA-bound in its multienzyme complex (OADHC), OADH may be a part of the system of post-translational protein modification by glutarylation (Figure 1). Like other acyl-CoA’s, glutaryl-CoA may modify lysine residues of proteins (23). The accompanying change in the lysine residue charge from the positive to negative one may be involved in functional regulation of glutarylated proteins (23, 24). Removal of glutaryl moieties is performed by specific deacylase of the negatively charged acyl groups—NAD+-dependent deglutarylase/desuccinylase/demalonylase sirtuin 5 (EC 2.3.1.B43). Sirtuin 5 has neuroprotective significance under ischemic conditions in the brain (25). In the model of spinal cord injury (SCI) the protein expression of sirtuin 5 correlates positively with the rehabilitation of animals (26). On the contrary, excessive protein glutarylation upon increased levels of glutaryl-CoA is known to cause neurological disorders (27). Such neurological significance of protein glutarylation implies that the balance of activities of the glutaryl-CoA producer OADH and protein deglutarylase sirtuin 5 may be an important homeostatic determinant in neural tissue.
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FIGURE 1. Schematic view of the association between the OADH-catalyzed reaction and protein glutarylation.


The goal of our current work is to experimentally test the hypothesis that systemic significance of the function and expression of OADH is related to the enzyme participation in protein glutarylation. Taking into account delayed effects of metabolic alterations in neuropathologies, that may be mediated by post-translational acylation of proteins, mostly studied regarding acetylation of histones (26, 28–33), we characterize long-term changes in protein glutarylation, OADH expression and metabolism, induced by a short-term pharmacological challenge of OADH function in animals of different (patho)physiological states. Our choice of the pathology model for these studies accounts for several considerations. As noted above, the DHTKD1 mutations are often associated with muscle weakness (4, 5) and Charcot-Marie-Tooth disease (6, 9, 10). It is remarkable in this regard that our search on the DHTKD1 expression in Gene Expression Omnibus database1 has revealed that the SCI at T8 vertebra, known to induce muscle atrophy due to impaired muscle innervation, is associated with changed DHTKD1 expression, both in the injured spinal cord and skeletal muscles (Supplementary Figure 1). In the current study we therefore use a rat model of SCI and specific OADH-directed inhibitor adipoyl phosphonate (19, 34) in its membrane-permeable trimethylated form (trimethyl ester of adipoyl phosphonate, TMAP) to investigate (patho)physiological significance of OADH function and its link to glutarylation in neural tissue. Based on previous studies on systemic significance of metabolic changes in cerebral cortex (26, 31, 35–38), we select this brain region to reveal the consequences of the perturbed OADH function for the brain metabolism in healthy and diseased animals. Addressing the goals of current study using this tissue also considers neurological outcome of the DHTKD1 mutations (3, 6, 9–11) and significant changes in cellular metabolism, including that of the deacylases substrate NAD+, upon the OADH inhibition in cells where the enzyme expression is low, as also observed in the brain cortex (19).



MATERIALS AND METHODS


Materials

All used reagents were of the highest purity grade available. Trimethyl ester of adipoyl phosphonate (TMAP) was synthesized according to (19). EDTA was purchased from Serva (Germany); methanol—from Merck (Germany); Triton-X 100, KH2PO4, and NaCl—from Panreac (Spain); glycerol—from MP Biomedicals, LLC (Santa Ana, CA, United States). NAD+ was obtained from Gerbu (Heidelberg, Germany), oxidized glutathione—from Calbiochem (La Jolla, CA, United States). All other reagents were of the highest purity available and obtained from Sigma-Aldrich (Helicon, Moscow, Russia). Deionized MQ-grade water was used to prepare solutions. The used antibodies are indicated in section “Western-Blotting Quantification of the Protein Levels of OADH, Sirtuin 3, and Sirtuin 5 and of Glutarylated Proteins in Rat Cerebral Cortex.”



Animal Husbandry

Manipulations with rats were carried out in accordance with the international recommendations of Good Laboratory Practice (GLP), methodical recommendations for laboratory animal care (Agricultural-Industrial Guidance Document 3.10.07.02-09), European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes, Strasbourg, 1986 ETS No. 123), as well as Guidelines for accommodation and care of animals, including species-specific provisions for laboratory rodents and rabbits developed by Rus-LASA (No. 33216-2014, 01.07.2016) and internal rules of Russian Cardiology Research and Production Complex. The experimental protocols were approved by Bioethics Committee of Russian Cardiology Research and Production Complex (Protocol No. 3, 23.03.2016) and Bioethics Committee of Lomonosov Moscow State University (protocol number 69-o from 09.06.2016). The study was not pre-registered. The minimum necessary size of the animal sample was estimated by t-test using a power of 80% and a level of significance of 0.05.

The study was exploratory, and no exclusion criteria were pre-determined. The animals were kept in standard conditions with 12 h light and 12 h dark cycle in individual cages with free access to water and meal.



Spinal Cord Injury Model and Administration of the 2-Oxoadipate Dehydrogenase Inhibitor

The SCI model and postsurgical care were described in details in previous works (26, 33). Severe SCI was performed using the weight-drop method that allows maximal standardization of the injury level (39). The rats were purchased from Nursery of laboratory animals, Institute of Bioorganic Chemistry (Pushchino, Russia). The adult female Sprague–Dawley of 12–13 weeks (weighing 230 ± 20 g) were exposed to laminectomy (LE) or SCI at the T9 vertebra, with their follow-up ended after 8 weeks, i.e., at the corresponding age of 20–21 weeks (weighing 290 ± 20 g in LE group and 265 ± 15 g in SCI group) (Figure 2B). Sham-operated animals were subjected to LE without affecting the dura matter. LE was associated with the formation of granuloma, affecting muscles, vessels, and connective tissue at the site of the operation.
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FIGURE 2. Experimental flow-chart. (A) An overview of experimental procedures for each animal group in SCI model. (B) Timeline of the procedures in SCI model. (C) Distribution of rats across the groups in SCI model with initial and end point number of animals in each group. (D) Timeline of the procedures in the study on short-term effects of the OADH-directed inhibitor TMAP. The color code of the experimental groups, given in (A,C), is employed in the following presentation of the results in different figures.


Intranasal administration of a water solution of TMAP (at a dose of 0.02 mmol/kg) were performed once in the morning following the operation, i.e., within 15–20 h after the operation. This experimental design imitated potential therapeutic intervention after the neurotrauma. Intranasal application was used as a non-invasive method providing an access to the CNS for different molecules that do not cross the blood-brain barrier (40). Control animals received the corresponding administration of physiological solution (0.9% NaCl). No nasal bleeding was observed. In total, 33 rats were involved in the SCI model study. One rat died during the post-surgical recovery period. The resulting 32 rats were distributed among the experimental groups as shown in Figures 2A,C.

Eight weeks after the operations, the rats were decapitated, the brains were excised and transferred on ice. The cerebral hemispheres (called as cerebral cortex further in the text) were separated from other brain parts and frozen in liquid nitrogen 60–90 s after decapitation. The cortices were stored at −70°C before biochemical analyses.



Independent Experiments on Short-Term Effects of Administration of the 2-Oxoadipate Dehydrogenase Inhibitor

Intranasal administration of TMAP was also performed in the study of the short-term consequences of the TMAP treatment (Figure 2D), using the male Wistar rats obtained from the Russian Federation State Research Center Institute of Biomedical Problems RAS (IBMP) (265 ± 10 g, 8–10 weeks old). The TMAP administration was as described in section “SCI Model and Administration of the OADH Inhibitor.” The rats were sacrificed by decapitation using a guillotine (OpenScience, Russia) 24 h after the administration of the OADH inhibitor. The brain cortices were excised and frozen as described above. No rats died or were excluded during the short-term experiment.



Homogenization and Extraction of Rat Tissues

To assay the enzymatic activities, halves of the cortex tissue were homogenized according to the previously published protocol (41). Homogenization buffer contained 50 mM MOPS pH 7.0, 2.7 mM EDTA, 20% glycerol and the mammalian protease inhibitors cocktail. For metabolic profiling, another half of the brain cortex was extracted with methanol and acetic acid according to the published procedure (33, 42).



Enzymatic Assays

Extramitochondrial activity of multienzyme OADH complex (OADHC), designated as OADHCem in the further text, and activities of enzymes of central carbon metabolism were measured in the brain homogenates as described in (26, 41, 43), using Sunrise microplate reader (Tecan, Grödig, Austria). The multienzyme assay scheme ensured at least three technical replicates for each sample. Activities of enzymes are expressed in μmol of a product generated per min per g of the tissue fresh weight (FW). The enzymatic activities were measured at saturating concentrations of all the substrates and cofactors. The maximal reaction rate of an enzyme or enzymatic complex was thus estimated, corresponding to the functional expression of an enzyme or its multienzyme complex in the tissue homogenate.



Western-Blotting Quantification of the Protein Levels of 2-Oxoadipate Dehydrogenase, Sirtuin 3, and Sirtuin 5 and of Glutarylated Proteins in Rat Cerebral Cortex

The levels of sirtuin 3 (EC 2.3.1.286), sirtuin 5, OADH and protein glutarylation were estimated by western-blotting using primary antibodies from Cell Signaling Technology (Danvers, MA, United States) #8782 and #5490 for sirtuin 5 and sirtuin 3, respectively, Thermo Fisher Scientific (Waltham, MA, United States) #PA5-24208 for OADH and PTM Biolabs (Chicago, IL, United States) #PTM-1151 for glutaryllysine. The primary antibodies for sirtuin 5, sirtuin 3, OADH protein and glutaryllysines were used in 1:1,000, 1:2,000, 1:200 and 1:2,000 dilutions, respectively, with the appropriate secondary anti-rabbit HRP-conjugated antibodies from Cell Signaling Technology, #7074. The relative quantification of chemiluminescence was performed in ChemiDoc Imager (Bio-Rad, Hercules, CA, United States) and Image Lab software version 6.0.1 (Bio-Rad, Hercules, CA, United States). Normalization of the protein levels to the total protein in the corresponding gel lanes was performed using the protein fluorescent quantification with 2,2,2-trichloroethanol, similarly to the published procedure (44). The band intensities from different membranes were compared across all the membranes after the normalization on the levels of the common samples repeated on independent membranes.



Metabolic Profiling of the Rat Brain Extracts

Amino acids and related compounds were quantified in extracts of cerebral cortices according to (26, 33, 42) using the amino acid analyzer L-8800 (Hitachi Ltd., Japan), employing a gradient of Li-citrate buffers and the ninhydrin reagent (Wako Pure Chemical Industries; P/N 298-69601). Glutathione disulphide (GSSG) was quantified using fluorescence of its product with o-phthalic aldehyde according to the method described in (45) and optimized in (46). Tryptophan levels in the brain extracts were determined as described in (47) with modifications according to (48), using the tryptophan conversion into fluorescent norharman. The fluorescent signal was obtained at λex/ λem of 365/460 nm. NAD+ levels in the brain extracts were measured as described in (49).



Mass-Spectrometric Detection of Glutarylation

Mass-spectrometric detection of ODP2 (EC 2.3.1.12) glutarylation was carried out in the cerebral cortices of male Wistar rats. The tissue samples were treated according to the previously published protocol (50) and subjected for SDS-PAGE electrophoresis with the concentration of the separating gel of 10% (51). Gel lanes from 25 to 75 kDa were excised, subjected to proteolysis by trypsin, and the resulting peptide fragments were analyzed by LC-MS with detection of modified and unmodified peptides according to the previously published protocol (50). The peptides for quantification of the ODP2 glutarylation level are given in Table 1.


TABLE 1. Characterization of ODP2 peptides.

[image: Table 1]
Mass-spectrometric detection of OADH glutarylation was performed using the recombinant human OADH expressed in Pichia pastoris and purified according to the previously published protocol (1). The major protein band of 100 kDa after SDS-PAGE electrophoresis with the concentration of the separating gel of 10% was analyzed by LC-MS as above.



Statistical Analysis

All data were analyzed using GraphPad Prism 7.0 software (GraphPad Software, Inc., La Jolla, CA, United States) or RStudio2 and shown as mean ± SEM. For metabolic profiling visualization and correlation analysis pheatmap and ggstatplot R packages were used, respectively. Changes in specific biochemical parameters are presented as box-and-whisker plots, showing quantiles of each sample distribution. For comparison of more than two groups, two-way analysis of variance (ANOVA) and post-hoc Tukey’s test were used. The two-tailed p-values 0.05 were considered to indicate statistically significant differences, shown in the figures.




RESULTS


Analysis of Overall Metabolic Impact of 2-Oxoadipate Dehydrogenase Inhibition Under Different (Patho)physiological Conditions

To identify the pathways associated with OADH function in the brain, where OADH/DHTKD1 expression is relatively low (19), the metabolism of the rat cerebral cortex has been challenged by specific OADH inhibitor TMAP in different (patho)physiological states of the rats. Based on an earlier finding of the long-term time-dependent biphasic changes in the DHTKD1 expression following SCI (Supplementary Figure 1), the metabolic changes 8 weeks after a single administration of TMAP have been determined in the female rats of the control, LE and SCI groups (Figure 3). The usual levels of the OADH substrate 2-oxoadipate and its transamination sibling 2-aminoadipate are far too low for unambiguous detection of their changes in animal tissues. However, the amino acid metabolism, where OADH takes part, is tightly interconnected. Therefore, the amino acid profiles in the rat cerebral cortex are used as indicators of OADH function. To analyze the associated changes in the functional expression of the enzymes of amino acid metabolism, the activities of such enzymes are included in the metabolic cluster maps. To assay the OADH and OGDH reactions, catalyzed by the enzymes assembled into the multienzyme complexes (OADHC and OGDHC, respectively), the previously elaborated protocol is followed (41). The extramitochondrial activity of OADHC (OADHCem) is assayed before the mitochondrial solubilization that releases the intramitochondrial activities of both the OGDH and OADH complexes. The intramitochondrial activity of OADHC cannot be discriminated from a much higher level of the activity of OGDHC, also catalyzing the reaction with 2-oxoadipate. However, because of its low expression, OADHC does not significantly contribute to the assayed intramitochondrial OGDHC activity. In view of the problems with assaying the intramitochondrial activity of OADH, where major part of the enzyme is supposed to be localized, the expression of the previously identified OADH isoforms of 70 and 130 kDa (1) is determined by western-blotting. Finally, given the possible link between the OADH-dependent production of glutaryl residues and system of post-translational modification of proteins by glutarylation (Figure 1), the levels of glutarylated proteins and deglutarylase sirtuin 5 in the brain are also included in the metabolic heatmap. Expression of the major mitochondrial deacetylase sirtuin 3 is determined in view of its involvement into the regulation of mitochondrial metabolism, particularly the enzymes of the amino acid metabolism (50, 52).
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FIGURE 3. Clusters of metabolic changes induced by the OADH-directed inhibitor TMAP in the cerebral cortices of the control (Ctrl), sham-operated (LE) and SCI rats. Metabolic changes in the cerebral cortex are presented as log2(fold-change), where a fold-change is a ratio of the mean metabolite level in the treated group to the corresponding mean level in the control group. These normalized values are shown in the heatmap according to the color code of the scale bar. The animal groups are indicated at the bottom of the heatmap and assigned the color code used in all the figures presenting the data on these groups. Metabolites (at the right side of the heatmap) and experimental groups (at the bottom of the heatmap) are clustered using ward.D method from pheatmap package in RStudio. The main metabolic clusters are numbered 1 and 2, each having the subclusters designated by the letters. The cluster 1 with decreased levels of metabolites is assigned the blue color, while the cluster 2 with increased levels of metabolites is shown in red. Number of animals in each group: Ctrl, n = 7; LE, n = 5; SCI, n = 5; Ctrl + TMAP, n = 5; LE + TMAP, n = 5; SCI + TMAP, n = 5.


Overall, the changes in 42 biochemical parameters of the brain, quantified 8 weeks after a single TMAP administration to the control, LE or SCI rats, as well as the changes due to LE and SCI, all relative to the control levels, are shown as a heatmap in Figure 3. Different sets of biochemical parameters that change in concert, form clusters shown as a tree at the left of the heatmap, while the level of similarity between specific metabolic states is shown in the tree above the heatmap (Figure 3). Thus, the clustering procedure reveals certain sets of linked biochemical parameters, as well as specific and common features of the analyzed (patho)physiological states.

The clustering tree of the metabolic states (Figure 3, clusters above the heatmap) shows that TMAP administration is the main differentiator between the studied animal groups, as all the groups treated with TMAP are clearly separated from the rats not exposed to TMAP, independently of their (patho)physiological state. The clustering tree of metabolites (Figure 3, clusters at the left of the heatmap) points to the two major clusters of the first level, each headed by the glutarylated proteins of 70 and 130 kDa, respectively. Glutarylated proteins of 70 kDa are associated with the cluster 1 combining parameters which mostly decrease after OADH inhibition in different (patho)physiological states, as compared to those in the control rats. This “blue” cluster 1 includes subclusters of the less (above, 1a) and more (below, 1b) strong changes. The stronger changes include the expression of OADH 70 kDa, activity of OADHCem, activity of PDHC and levels of a number of redox metabolites, such as glutathione, its precursor cystine, and citrulline—a marker of NO synthesis from arginine. Glutarylated proteins of 130 kDa (branch 2a at Figure 3), representing the key long-term effect of TMAP administration across all the three studied states (control, LE and SCI), are associated with the “red” cluster 2, combining parameters which mostly increase, as compared to those in the control rats. The “red” cluster is further divided into the subclusters of the parameters changing less (above, 2b) and more (below, 2c) across the studied groups in comparison to their levels in the control rat brain. The stronger changes in the subcluster 2c are inherent in the expression of OADH 130 kDa, deglutarylase sirtuin 5, deacetylase sirtuin 3, activities of OGDHC and NADP+-dependent malic enzyme, as well as the levels of the amino acids serine and alanine (Figure 3).



Pyruvate Dehydrogenase Complex Glutarylation

It is remarkable that the subcluster 1b within the “blue” cluster 1, which is headed by the glutarylated proteins of 70 kDa, comprises changes in the activity of PDHC, levels of the redox-state-related metabolites, such as glutathione and citrulline, along with changes in expression of OADH 70 kDa and activity of OADHCem (Figure 3). While the link of PDHC activity to the brain redox state is well-known, the clustering of these indicators with the expression and activity of OADH suggests the PDHC regulation by glutarylation. In fact, the second enzymatic component of PDHC, dihydrolipoamide acetyltransferase (ODP2, encoded by DLAT gene) has the same molecular mass (∼70 kDa) as one of the two major bands of the brain glutarylated proteins (Supplementary Figure 2). In view of the known proteolysis of this protein, and potential glutarylation of other PDHC components, we have identified the glutarylated proteins of 25–75 kDa in the homogenates of the rat brain cortex by mass-spectrometric analysis. Glutarylation of the brain ODP2 subunit of PDHC at K451 residue is revealed in this experiment. The corresponding MS/MS spectra of the glutarylated ODP2 peptide are shown in Figure 4A.
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FIGURE 4. Glutarylation of pyruvate dehydrogenase complex. The glutarylation of lysine K451 of the second component of rat PDHC (ODP2 protein, encoded by DLAT gene) is identified in the rat brain by LC-MS. (A) The spectra of the peptide with K451 glutarylation. (B) The spectra of non-glutarylated peptide, used for normalization. (C) Correspondence of K451 glutarylation of ODP2 to PDHC activity: The six animals with the low K451 glutarylation level also have the low PDHC activity, while the four animals with the high glutarylation level have the high PDHC activity. The animal subgroups exhibit significant differences in the parameters, determined by unpaired Mann-Whitney test and shown as p-values in the graphs. (D) Localization of the glutarylated residue (shown with pink carbon atoms) in the ODP2-formed core of PDHC, according to the structure (PDB: 6CT0) of human protein, whose K466 corresponds to K451 of the rat protein. Subunits of one of the ODP2 trimers, organized by five around the “pore” to the inner cavity of the core, are colored in green, blue and marine. As seen from the structure, K451/K466 residue faces the pore. The residue glutarylation would change electrostatics of the entrance to/exit from the inner cavity of the core.


Quantification of the level of ODP2 glutarylated peptide in a sample of control rats is based on normalization of the glutarylated peptide abundance to ODP2 expression, estimated by simultaneous quantification of the well-defined ODP2 peptide shown in Figure 4B. This quantification reveals a high interindividual variability in the levels of glutarylation of ODP2, that interferes with identification of statistically significant differences in this parameter upon comparison of different animal groups. Among the factors potentially affecting the variability, we have assessed its response to such known metabolic regulators of the brain metabolism as vitamins B1 and B6. The animals supplemented with 100 mg per kg of vitamins B1 and B6 as described earlier (43), do not exhibit any shift in the ODP2 glutarylation level, compared to the control animals. In both cases, the two different subgroups of the animals could be seen. Those with the low ODP2 glutarylation level also possess the low PDHC activity, while the animals with the high glutarylation level have high PDHC activity. The differences between these subgroups become statistically significant in the pooled sample of the control and vitamin-supplemented animals (Figure 4C). The data suggest regulatory role of K451 glutarylation of ODP2 in PDHC.

Structural analysis reveals that the glutarylated K451, belonging to the catalytic domain of ODP2, extends into the pores of the dodecahedral 60-meric core of mammalian PDHC (Figure 4D). As the pores may be important for the CoA entry to the catalytic channel of ODP2 from the inner cavity of the core (53), our analysis favors functional importance of ODP2 glutarylation. As a result, the OADH-dependent glutarylation of PDHC may underlie the common allocation of the PDHC activity, redox-related metabolites, OADH 70 kDa isoform expression and OADHCem activity within the subcluster 1b of the “blue” cluster 1 headed by glutarylated proteins of 70 kDa.



Long-Term Changes in the 2-Oxoadipate Dehydrogenase-Associated Parameters of the Rat Cerebral Cortex

Statistically significant differences between the studied groups have been assessed for selected metabolic parameters (Figure 5) from the OADH-comprising subclusters (Figure 3). The three indicators of OADH function, i.e., the extramitochondrial activity of OADHCem and the protein expression of the two OADH isoforms, respond differently to the interventions (Figure 5A). Expression of 130 kDa isoform of OADH is influenced by the TMAP treatment (p = 0.011 for the TMAP factor), significantly elevated in the TMAP-treated LE animals compared to LE rats without TMAP (p = 0.047). In contrast, 70 kDa isoform of OADH is significantly affected by the (patho)physiological state of animals (p = 0.001 for the condition factor). That is, independent of the TMAP treatment, either LE or SCI animals exhibit a lower level of 70 kDa OADH than is inherent in the control animals (Figure 5A). The OADHCem activity does not exhibit significant changes across the studied conditions.
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FIGURE 5. Long-term changes in selected biochemical parameters of the cerebral cortex of the control, LE and SCI rats 8 weeks after a single administration of the OADH-directed inhibitor TMAP. Representative Western blots for relative glutarylation and protein levels are shown in Supplementary Figures 2–5. (A) Relative expression of the OADH isoforms 130 and 70 kDa, total OADH and enzymatic activity of extramitochondrial OADHC. (B) Relative glutarylation of the brain proteins of 130 and 70 kDa, total glutarylated protein and PDHC activity. (C) Expression of sirtuin 5, sirtuin 3, level of NAD+ and enzymatic activity of OGDHC. (D) Glutathione redox state homeostasis: levels of reduced glutathione (GSH), total glutathione, oxidized glutathione (GSSG), and the glutathione redox ratio. (E) Levels of metabolites involved in glutathione homeostasis: citrulline (Cit), cystine, glutamate (Glu), glycine (Gly). (F) Metabolic indicators of the OADH function: tryptophan (Trp) and lysine (Lys). Statistical significance of differences between experimental groups is determined by two-way ANOVA with Tukey’s post-hoc test. Factor significances and their interaction, estimated by ANOVA, are shown as p-values (p < 0.05 only) below the graphs. The p-values on the graphs show the results of the post-hoc test, that are in black or gray for the experimental groups differing by one or two factors, correspondingly.


Regarding glutarylation of the brain proteins of 130 kDa, both the TMAP administration and (patho)physiological state are significant and interacting factors, based on the ANOVA analysis provided under the graphs in Figure 5B. In contrast, only the animal state significantly affects glutarylation of 70 kDa proteins. Comparison of the studied groups indicates that the TMAP administration significantly increases glutarylation of 130 kDa proteins in both the LE and SCI animals, but not in the control animals. The total glutarylation is increased by TMAP only in SCI animals (Figure 5B).

The TMAP effect on the sirtuin 5 expression (Figure 5C) reciprocates the TMAP-induced increase in total glutarylation (Figure 5B). That is, there is an increase in sirtuin 5 expression by TMAP in LE, but not in SCI animals. In contrast, the total glutarylation increases in SCI animals, but is constant in LE animals. These findings indicate that a long-term effect of the OADH-directed inhibitor on the brain protein glutarylation is tightly linked to the regulation of the sirtuin 5 expression, with the regulation depending on pathophysiological state of the animals.

As shown in Figure 5D, the TMAP exposure strongly diminishes the brain glutathione levels in the control and SCI animals, but not in LE animals, where expression of sirtuin 5 is increased. Thus, the TMAP-induced perturbation impairs glutathione homeostasis when the perturbation is not addressed by an increase in the sirtuin 5 expression. However, the mechanisms of the TMAP-induced decreases in the glutathione level in the control and SCI brains are different. This is obvious from the associated changes in the levels of the glutathione precursors—cystine, glutamate, glycine—and the level of the marker of NO⋅ production citrulline (Figure 5E). In the control animals, the glutathione decrease is accompanied by the decrease in the cystine level (Figures 5D vs. 5E). Simultaneous decline in the level of citrulline (Figure 5E) points to insufficient generation of the cystine transporter activator NO⋅ and diminished cystine transport (54). However, neither cystine, nor citrulline levels are significantly reduced by the TMAP treatment of SCI animals, suggesting another mechanism of the glutathione drop after SCI. Among these mechanisms, OGDHC dysfunction is a factor that may perturb the redox status of the brain glutathione buffer (55). Yet in our experimental settings, the TMAP treatment is not significant for the OGDHC activity, which responds to the (patho)physiological state only (Figure 5C, condition significance). From the parameters analyzed, the increased glutarylation in SCI animals coincides with the TMAP-induced decrease in the brain glutathione levels (Figures 5B vs. 5D). The role of glutarylation in the glutathione homeostasis is supported by the fact that in LE animals, neither the glutathione homeostasis nor the glutarylation are perturbed by TMAP, as the inhibitor administration increases the sirtuin 5 expression. The different homeostatic mechanisms maintaining the brain glutathione level in response to the TMAP treatment in different (patho)physiological states, are further supported by the correlation analysis of the three experimental groups comprising the animals with and without TMAP (Figure 6). In control animals, cystine and citrulline levels are strongly correlated to each other and to the levels of reduced glutathione, that is in accordance with the NO⋅-dependent cystine supply being limiting for glutathione biosynthesis. In SCI animals, these strong correlations disappear, while the reduced glutathione becomes inversely correlated to the level of its precursor glutamate.
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FIGURE 6. Pearson’s correlation matrices between the brain metabolites involved in glutathione biosynthesis. Each of the three shown groups, i.e., the control, LE and SCI rats, include animals with and without administration of the OADH-directed inhibitor TMAP. Sample sizes for the estimated metabolites are indicated in the figure. In SCI, sample with n = 9 refers to the GSSG level estimation. Non-significant (p ≥ 0.05) correlations after Holm-Bonferroni multiple testing adjustment are crossed out. The figure is created using ggstatsplot package in Rstudio.


The levels of OADH-related amino acids lysine and tryptophan (Figure 1) decrease in the LE and/or SCI animals, compared to the control animals. These decreases depend on the (patho)physiological state of the animals more than on the TMAP administration (Figure 5F). The lysine levels show a significant interaction between the animal state and TMAP administration, while the levels of tryptophan decrease significantly in the TMAP-treated SCI animals compared to the control ones (Figure 5F).



Concordance Between the 2-Oxoadipate Dehydrogenase Expression and Brain Protein Glutarylation

As revealed by Western-blotting (Supplementary Figures 2, 3), the major glutarylated proteins and OADH isoforms in the brain have the same molecular masses, i.e., 130 and 70 kDa. Together with the known autoacylation reactions in the 2-oxo acid dehydrogenases (53), this finding suggests that the TMAP-induced increases in both the OADH expression (Figure 5A) and brain protein glutarylation (Figure 5B) manifests autoglutarylation of OADH isoforms, as occurrence of this side reaction is expectedly proportional to the OADH expression. The ratios of the glutarylated proteins to the OADH expression have therefore been calculated for each animal (Figure 7). Such analysis shows that the TMAP effects on the brain glutarylation of 130 kDa, 70 kDa and/or total proteins in the control and LE animals disappear when normalized to the OADH expression (Figure 7, control and LE rats). In contrast, in the TMAP-treated SCI rats, also the normalized protein glutarylation exhibits an increase, compared to the non-treated SCI animals (Figure 7, SCI rats). The increase is statistically significant regarding glutarylation of 130 kDa proteins (Figure 7, SCI in the middle panel). Besides, statistically significant differences in the normalized glutarylation of total proteins and 70 kDa proteins are observed between the TMAP-treated animals after SCI and LE (Figure 7, the left and right panels). Thus, only in SCI animals, the normalized glutarylation of brain proteins after the short-term OADH inhibition exceeds the glutarylation proportional to the OADH expression.
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FIGURE 7. Levels of brain protein glutarylation, normalized to OADH expression, in the rat cerebral cortex of the studied animal groups. Representative Western blots for estimation of relative glutarylation and OADH levels are shown in Supplementary Figures 2, 3, respectively. (A) Total protein glutarylation levels normalized to the sum of the expression of the two OADH isoforms. (B) Levels of glutarylation of 130 kDa proteins normalized to expression of 130 kDa isoform of OADH. (C) Levels of glutarylation of 70 kDa proteins normalized to expression of 70 kDa isoform of OADH. Statistically significant (p < 0.05) differences between experimental groups, determined by two-way ANOVA with Tukey’s post-hoc test, are shown on the graphs. The black and gray colors correspond to the groups differing in one or two factors, respectively. Statistically significant (p < 0.05) factors and their interactions, estimated by ANOVA, are shown as p-values below the graphs.


In view of the low OADH expression in the brain, the mass-spectrometric identification of the enzyme peptides in the tissue homogenates is below the detection limit. However, glutarylation of OADH is confirmed by our mass-spectrometry analysis of human OADH protein, overexpressed in yeast. In the purified recombinant OADH the peptides with glutarylated OADH residues K155 and K818 are determined (Figures 8A,B). Structural analysis shown in Figure 8C reveals that the glutarylated residues are located on the protein surface away from the active sites.
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FIGURE 8. Mass-spectrometric identification of OADH glutarylation. The glutarylation of lysine K155 and K818 is identified by LC-MS in human recombinant OADH expressed in yeast. (A) The spectra of the peptide with glutarylated K155, namely RFEELQK(+114.03)ETFTTEER, m/z = 686.3347, retention time (RT) = 96.49; (B) the spectra of the peptide with glutarylated K818, namely HFYSLVK(+114.03)QR, m/z = 431.2349, RT = 82.38; (C) localization of the identified glutarylated residues (the carbon atoms marked in pink) in the OADH dimer. The available structure of the enzyme dimer crystallized with Mg2+ThDP (PDB: 6SY1) is shown, with the active site regions defined by ThDP and magnesium ions (shown in green).




Short-Term Changes in Glutarylation System Upon 2-Oxoadipate Dehydrogenase Inhibition

The long-term metabolic consequences of a single TMAP administration cannot be caused by the permanent action of a water-soluble inhibitor during 8 weeks, as such inhibitors are usually excreted within 24 h. It thus appears that the observed long-term consequences for metabolism (Figures 3, 5) result from the short-term perturbation of the brain glutarylation system by administration of TMAP. To support this assumption, we have assessed the short-term effects of OADH inhibition, estimating key parameters of the brain glutarylation system (Figure 9) and metabolism (Figure 10) 24 h after the TMAP administration to control animals. Within this time period, prompt responses of the brain metabolism to different challenges including drug administration, are observed, but the time is not enough for metabolic reprogramming (56, 57). Indeed, no significant changes in the brain OADH expression or protein glutarylation are observed in this case (Figure 9). However, the TMAP-induced inhibition of the glutaryl-CoA producer OADHC is accompanied by decreased levels of the deglutarylase sirtuin 5 and deacetylase sirtuin 3 (Figure 9), linking the OADH function to the brain protein acylation. These short-term changes are not accompanied by metabolic perturbations observed upon the long-term changes in the glutarylation system. Among the metabolites tested in both the long-term and short-term experiments, the only significant short-term effect of TMAP is an increase in tryptophan (Figure 10), that is in good accord with the OADH participation in tryptophan degradation. Thus, the short-term consequences of the TMAP administration are an increase in the level of tryptophan manifesting OADH inhibition, and decreased levels of sirtuin 5 and sirtuin 3. The concerted perturbations in the brain acylation system 24 h after the OADH inhibition are thus revealed (Figure 9), that may underlie the long-term metabolic rearrangements (Figure 5).


[image: image]

FIGURE 9. Short-term changes in the protein glutarylation system of the brain cortex 24 h after TMAP administration to the control rats. Representative Western blots for estimation of relative glutarylation and protein levels are shown in Supplementary Figure 6. Statistical significance of the differences between experimental groups is determined by unpaired Mann-Whitney test, with p-values < 0.10 shown on the graphs.
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FIGURE 10. Short-term changes in the redox-state- and OADH-related metabolites in the brain cortex 24 h after a single administration of TMAP. Statistically significant (p ≤ 0.05) differences between experimental groups are determined by unpaired Mann-Whitney test, with p-values shown on the graphs.





DISCUSSION

Post-translational acylation of metabolic proteins and histones through covalent modifications of their lysine residue is an important mechanism contributing to organismal homeostasis and its changes in different pathologies (58–61). The major attention in this regard receives the most abundant modification of lysine residues—acetylation (62–65), whereas significantly less is known about the (patho)physiological role of other types of the acylation (66, 67). In particular, studies of the lysine glutarylation are mostly limited to pathological situations, e.g., when pathogenic mutations in glutaryl-CoA dehydrogenase cause increased levels of the glutarylating agent glutaryl-CoA (27). Our current result on an elevation in protein glutarylation in the animal brain affected by severe SCI, adds to results from independent studies on enhanced abundance of this modification in different pathologies, e.g., in patients with acute myocardial infarction (68), or upon impaired function of deglutarylase sirtuin 5 (69, 70), the enzyme known to be neuroprotective (25, 26).

In general, tissue level of protein glutarylation depends on the availability of glutaryl-CoA as a source of glutaryl residues, and activity of deglutarylase sirtuin 5. As a producer of glutaryl-CoA, OADH may thus have specific significance for the protein glutarylation. Our results about dependence of the brain protein glutarylation and/or sirtuin 5 expression on administration of the OADH-directed inhibitor TMAP, demonstrate tight connections between the OADH function and glutarylation in the rat brain. The OADH role in regulatory glutarylation is in good accord with the predicted nuclear localization signal of the enzyme (2). In addition to the known mitochondrial localization, the dual localization of the enzyme is also supported by experimental assays of OADH in the extramitochondrial fraction (41). In this regard, the known nuclear localization of the second component of the multienzyme OADH complex (DLST-encoded dihydrolipoamide transsuccinylase, EC 2.3.1.61) (71), that is common for the OADH and OGDH complexes, further supports the OADHC role in nuclear production of glutaryl-CoA. Thus, participating in the mitochondrial steps of the lysine and tryptophan catabolism, OADHC may also contribute to glutarylation of proteins, including those in nucleus, e.g., histones. In our samples, glutarylation of the low molecular mass proteins is negligible, compared to the major glutarylated protein bands of 130 and 70 kDa, responding to the TMAP treatment. This is in line with an earlier comparative study of the lysine glutarylation, succinylation, and acetylation detectable by specific antibodies in the brain cortex homogenates: Only the acetylation band is visible in the region of the protein molecular masses below 20 kDa (72). Hence, further studies are required for assessment of the OADH-dependent glutarylation of histones after their enrichment, not compatible with the experimental design of the current work. Nevertheless, nuclear function of OADH in protein glutarylation is in good accordance with our result on the long-term effects of the short-term perturbation of the OADH function by TMAP.

The short-term (24 h after the TMAP administration) inhibition of OADH by TMAP is evident from increased levels of the brain tryptophan (Figure 10). This metabolic indicator provides a good measure for the mitochondrial OADH activity that cannot be determined due to its overlap with that of OGDH. In this regard, it is also worth noting that the activity assayed in vitro is not equal to the substrate flux through an enzyme in vivo, as the flux depends on the in vivo concentrations of the enzyme substrates and regulators, which are not equal to those in vitro. Hence, the levels of related metabolites are better indicators of the in vivo fluxes than the levels of the enzymatic activities in vitro, assessing the enzyme functional expression. Simultaneously with the increased tryptophan level (Figure 10), the sirtuin 5 expression decreases (Figure 9), demonstrating an adaptation in protein deglutarylation to the decreased production of glutaryl-CoA by OADH. Interestingly, also the level of mitochondrial deacetylase sirtuin 3 decreases along with that of sirtuin 5. Apart from confirming the perturbations in the brain acylation system, this finding further links the OADH function to that of PDHC which produces acetylating residues in the form of acetyl-CoA. The lack of other short-term metabolic changes in response to TMAP agrees with the small flux through OADH in the brain, supporting the assumption that the delayed consequences of the TMAP action rely first of all on perturbations in the brain protein acylation.

Thus, the brain metabolic changes 8 weeks after the TMAP administration manifest a new metabolic state that is apparently controlled at epigenetic level by the short-term (patho)physiology-dependent decreases in the OADH function, linked to expression of sirtuin 5 and sirtuin 3. While sirtuin 3 controls mitochondrial metabolism where acetyl-CoA production by PDHC is of immense significance, extramitochondrial OADH may be involved in glutarylation of histones. Certain histones are known to be subject of glutarylation (66, 73)—the type of modification that changes the charge of lysine residues, thus regulating the chromatin state. For example, glutarylation of K91 of H4 histone is associated with higher transcriptional activity (74). Thus, the TMAP-induced changes in the glutarylation system involving the glutaryl-CoA producer OADHC and deglutarylase sirtuin 5, upon the short-term OADH inhibition may lead to the long-term consequences for gene expression due to the glutarylation-dependent chromatin remodeling. Obviously, this mechanism of metabolic regulation should depend on the chromatin state at the time of the TMAP action. This presumption is in good accord with conditional outcomes of the long-term TMAP effects, i.e., their dependence on (patho)physiological state of an organism. Remarkably, the difference between the LE and SCI rat brains in the reactivity of their glutarylation system to TMAP points to perturbed adaptability of SCI animals to metabolic challenges. After the TMAP treatment, the protein glutarylation does not increase in the brains of LE animals, as these animals are able to up-regulate their sirtuin 5. The upregulation is not possible in SCI animals, as their brain metabolism is significantly perturbed (26). As a result, these animals demonstrate increased glutarylation of the brain proteins in response to TMAP, compared to LE animals (Figure 7). A neuroprotective effect of sirtuin 5, observed in previous studies of SCI and other neuropathologies (25, 26), is in good accord with our current data, further supporting importance of the brain protein glutarylation for long-term systemic changes in neuropathologies. Dependence of these systemic changes on OADH inhibition, shown in this work, indicates that biphasic regulation of the OADH expression in spinal cord and skeletal muscles after SCI, known from independent transcriptomics studies (Supplementary Figure 1), is involved with the enzyme role in protein glutarylation that is of pathophysiological significance.

TMAP is a membrane-permeable trimethylated derivative of the true inhibitor, adipoyl phosphonate. Inside the cells, TMAP is hydrolyzed to adipoyl phosphonate by the action of intracellular esterases. Specific structural determinants in the active sites of OADH and OGDH are known, that promote preferential binding of AP to OADH, compared to OGDH preferring a shorter phosphonate analog, succinyl phosphonate (34). Our data on the TMAP-induced changes in the protein glutarylation along with the changed expression of OADH and sirtuin 5, are in good accordance with the specific action of TMAP on the brain OADH.

In addition to the TMAP-induced long-term changes in the protein components of the brain glutarylation system, associated with the changes in the level of protein glutarylation, some of the metabolic indicators of the long-term effects agree with independent data. One of the enzymes for which the functional significance of glutarylation is known, is carbamoyl phosphate synthetase 1 (CPS1, molecular mass 165 kDa, EC 6.3.4.16), producing carbamoyl phosphate for citrulline synthesis from ornithine. Glutarylation of CPS1 inhibits its function (23). Hence, the TMAP-induced decrease in citrulline simultaneously with increase in protein glutarylation in SCI vs. LE animals, are in good accordance with increased glutarylation of CPS1 as a molecular mechanism underlying the decreased citrulline level in the TMAP-treated SCI vs. LE animals.

The current study provides further evidence on functional differences between 130 and 70 kDa isoforms of OADH. Changed expression of the full-length 130 kDa isoform is grouped in the cluster 2 including the activity of a key protein of mitochondrial metabolism, OGDHC, and regulators of mitochondrial acylation—sirtuins 3 and 5 (cluster 2c, Figure 3). On the other hand, the N-terminal-truncated 70 kDa isoform (1) is clustered with activity of OADHCem (cluster 1b, Figure 3). Across all the treated animals groups, metabolic indicators of the two major clusters comprising either 70 (cluster 1) or 130 (cluster 2) kDa isoforms of OADH, undergo opposite changes, as compared to the levels in the control rats. Mostly, the coupled decreases in metabolic indicators occur in the 70-kDa-including cluster 1 (Figure 3), while the 130-kDa-including cluster 2 is associated with the increased levels vs. those in the control brains (Figure 3). This strong separation of the metabolic clusters associated with the OADH isoforms of 130 and 70 kDa points to the different biological roles of the isoforms.

It is worth noting that the most abundant fractions of glutarylated proteins in the brain cortex homogenates are those of 130 and 70 kDa. These molecular masses accurately match the apparent molecular masses of the previously characterized mammalian isoforms of OADH (26). Remarkably, in homogenates of liver, where the OADH expression is an order of magnitude higher than in the brain (34), the glutarylated proteins of the same molecular masses are stained by anti-glutaryllysine antibodies with a much higher intensity than in the brain homogenates (72). Moreover, the same protein bands are also detected as major glutarylated proteins in the fraction of liver mitochondria (72). After chemical glutarylation of the liver mitochondrial proteins, many additional protein bands become reactive to anti-glutaryl-lysine antibodies.

Autoglutarylation of OADH is supported by the coupled changes in the glutarylation of the brain proteins and expression of OADH isoforms, that is observed in the control and LE animals (Figure 7), and mass-spectrometric identification of glutarylation of recombinant human OADH (Figure 8). This side reaction of the catalytic process performed by 2-oxo acid dehydrogenases, is well-known from studies of other members of the enzyme family (53). Interestingly, one of the two glutarylated lysine residues of OADH, identified in the current work using eukaryotic expression of human OADH (K818, Figure 8), has been detected in the mouse liver enzyme under pathological conditions induced by knockout of glutaryl-CoA dehydrogenase (27).

Under pathological conditions, such as in the brain of SCI animals treated with TMAP, excessive glutarylation of the brain proteins is observed. This is accompanied by the TMAP-induced decline in the levels of the brain glutathione, localized to the same subcluster as PDHC activity. Association of this subcluster with the “blue” cluster 1 comprising glutarylation of 70 kDa proteins and expression of 70 kDa isoform of OADH, suggests that glutarylation of PDHC, the highly regulated system coupling the cytosolic and mitochondrial processes of glucose degradation, may mediate the systemic significance of OADH for insulin sensitivity, observed in independent studies (16–18, 75). The glutarylated residue of the PDHC component ODP2 is outside the enzyme active sites. Nevertheless, the glutarylation may affect the entry of CoA to the complex inner cavity, from where CoA arrives at the ODP2 active site. Thus, the position of the glutarylated ODP2 residue suggests a fine tuning of the PDHC function, probably involving conformational changes of the core, rather than a straightforward effect on the catalysis. One should also take into account that this residue of ODP2 and the neighboring residues are subject to other modifications, such as acetylation and ubiquitination. Hence, the observed effect of the ODP2 glutarylation level on the functional expression of PDHC in the brain homogenates may be due to complex regulation, potentially involving the protein stability. Functional significance of this modification of PDHC requires further studies in view of its potential role in the association between the OADH function and glucose homeostasis.



CONCLUSION

The role of the DHTKD1-encoded OADH in the brain protein glutarylation, expression of sirtuins 3 and 5, and homeostasis of glutathione and amino acids is established. Glutarylation of ODP2 component of PDHC is shown, providing a molecular mechanism of the OADH association with systemic pathologies, such as diabetes.
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Background: While all efforts have been undertaken to propagate the vaccination and develop remedies against SARS-CoV-2, no satisfactory management of this infection is available yet. Moreover, poor availability of any preventive and treatment measures of SARS-CoV-2 in economically disadvantageous communities aggravates the course of the pandemic. Here, we studied a new immunomodulatory phytotherapy (IP), an extract of blackberry, chamomile, garlic, cloves, and elderberry as a potential low-cost solution for these problems given the reported efficacy of herbal medicine during the previous SARS virus outbreak.

Methods: The key feature of SARS-CoV-2 infection, excessive inflammation, was studied in in vitro and in vivo assays under the application of the IP. First, changes in tumor-necrosis factor (TNF) and lnteurleukin-1 beta (IL-1β) concentrations were measured in a culture of human macrophages following the lipopolysaccharide (LPS) challenge and treatment with IP or prednisolone. Second, chronically IP-pre-treated CD-1 mice received an agonist of Toll-like receptors (TLR)-7/8 resiquimod and were examined for lung and spleen expression of pro-inflammatory cytokines and blood formula. Finally, chronically IP-pre-treated mice challenged with LPS injection were studied for “sickness” behavior. Additionally, the IP was analyzed using high-potency-liquid chromatography (HPLC)-high-resolution-mass-spectrometry (HRMS).

Results: LPS-induced in vitro release of TNF and IL-1β was reduced by both treatments. The IP-treated mice displayed blunted over-expression of SAA-2, ACE-2, CXCL1, and CXCL10 and decreased changes in blood formula in response to an injection with resiquimod. The IP-treated mice injected with LPS showed normalized locomotion, anxiety, and exploration behaviors but not abnormal forced swimming. Isoquercitrin, choline, leucine, chlorogenic acid, and other constituents were identified by HPLC-HRMS and likely underlie the IP immunomodulatory effects.

Conclusions: Herbal IP-therapy decreases inflammation and, partly, “sickness behavior,” suggesting its potency to combat SARS-CoV-2 infection first of all via its preventive effects.
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  toll-like receptors, SARS-CoV-2, inflammation, pro-inflammatory cytokines, mice


Introduction

Although the vaccination against SARS-CoV-2 is being implemented worldwide to curb the epidemic, none of the available vaccines provide full protection from the infection, and no specific drug to combat or prevent severe SARS-CoV-2 infection is anticipated (1, 2). As such, the search for alternative approaches to improve this situation has become the focus of much research (3). Excessive inflammation (i.e., the so-called “cytokine storm”), once established as a key pathophysiological feature of SARS-CoV-2 infection (4), became a target of the drug research and development in this area. The anti-inflammatory interventions were shown to be beneficial for both a prevention and treatment of viral infections, including SARS (4–6). These studies have resulted in the implementation of the preventive anti-inflammatory remedies and pathogenetic therapies in SARS-CoV-2 patients, such as hydroxychloroquine, chloroquine, azithromycin, ivermectin, colchicine, thalidomide and glucocorticoids methylprednisolone and dexamethasone, the monoclonal antibody tocilizumab, convalescent plasma interferons, and intravenous immunoglobulin therapy (7–9). However, these types of medicine are often unaffordable in low-income countries (10), which become a natural reservoir of the virus and a prerequisite of the appearance of new mutations (11).

The “cytokine storm” caused by SARS-CoV-2 can result in detrimental effects and even death (12–14). SARS-CoV-2 can activate the pattern recognition receptor (PRR) toll-like receptor (TLR) 4 that triggers the myeloid differentiation primary response (MyD) 88, causing a consequent NF-κB translocation to the nucleus and the upregulation of central and peripheral pro-inflammatory cytokines: tumor-necrosis factor (TNF), interleukin (IL)-1β, and IL-6 that increase the permeability of blood vessels and the migration of immune cells (15, 16). The SARS-CoV-2-induced inflammatory response also involves the IRF7-mediated TLR7/8 induction of type-1 interferon via a MyD88-dependent cascade and the upregulation of NFkB via the IL-1β receptor-associated kinase 1 (IRAK-1), IRAK-4, and TNF receptor-associated factor 6 (TRAF6) and of the type I interferons (IFNs) (15, 17). The activation of PRR toll-like receptors TLR4 and TLR7/8, via a series of molecular cascades, results in the upregulation of central and peripheral cytokines expression (18). It is regulated according to the nature of the pathogen and the TLR signaling pathways activated. Typically, TLR-mediated immune response involves an increase in circulating and central cytokines such as IL-1β, TNF and IL-6, as well as chemokines such as CXCL1, CCL2 and CXCL10 (15, 18, 19) and the induction of “sickness behavior,” i.e., reduced activity and exploration, and anxiety-like changes (15, 18–22).

The clinical management of “cytokine storm” is not a trivial challenge. For instance, the use of corticosteroids in SARS patients in 2003 increased mortality (23). Other therapies were not sufficiently effective either (24). At the same time, in the literature, the beneficial effects of herbal medicine combined with traditional medicine in SARS patients were demonstrated (4–6, 25–27), giving hope that therapeutically effective herbal compositions might combat the severe course of SARS-CoV-2. In addition, animal studies suggested possible mechanisms of anti-inflammatory immunomodulatory effects of medicinal herbs that target inflammatory pathways of TLRs-induced mechanisms, e.g., polysaccharides from red seaweed suppressed the expression of TNF, receptor-associated factor-6 in a model of LPS-induced toxicity (26), the use of vanilla extract suppressed free radical production in a mouse model of cancer (28, 29), ginger phenolics decreased lipid peroxidation and oxidative stress in rats (30). Our recent studies with a mouse ultrasound model of “emotional stress” have shown the beneficial action of herbal compositions with anti-inflammatory properties on the oxidative stress markers malondialdehyde and protein carbonyl and the expression of IL-1β and IL-6 (31, 32). Given important roles of excessive inflammation in the pathophysiology of severe course of SARS-CoV-2 infection, and beneficial effects of preventive and therapeutical application of herbal medicine with viral infections, we sought to study a preventive potential of a novel herbal composition that could be affordable as for instance in the communities with insufficient healthcare systems.

Therefore, we investigated the effects of a new immunomodulatory phytotherapy (IP), an extract of blackberry, chamomile, garlic, cloves, and elderberry (for the IP content, see Supplementary Table 1), that was designed as an anti-inflammatory composition (see Supplementary File) in previously established in vitro and in vivo models of inflammation (21, 22, 33). These paradigms were adapted from the classic experimental models that are based on the activation of TLRs, which implicate distinct but overlapping pathways (19). In particular, we recently established a model of peripheral inflammation that is induced by resiquimod, an agonist of TLR7/8 (33). In this model, strong up-regulation of IL-1β, TNF, IL-6, and chemokines in lungs, spleen, liver, and brain was decreased by the anti-inflammatory drug nafamostat (33). These recent studies showed that gene over-expression of SAA-2, ACE-2, CXCL1 and CXCL10 in the liver and spleen were effectively reduced by applied anti-inflammatory therapy and thus was investigated in the present work. We also used lipopolysaccharide (LPS), an agonist of TLR4, in an in vitro model of macrophage IL-1β and TNF release (19) and in an in vivo paradigm of “sickness behavior,” measuring inflammation-induced signs of anxiety, hypolocomotion, and suppressed exploration in mice (21, 22, 34, 35). High potency liquid chromatography (HPLC-HRMS) was employed to study the constituents of the IP.



Methods


Study flow

In the in vitro study, we studied the release of TNF and IL-1β by LPS-challenged human macrophages that were pre-treated with IP or prednisolone, about 10 samples were used per condition. We next pre-treated CD-1 mice with an IP herbal composition for 2 weeks (36) and intraperitoneally injected them with resiquimod (200 μg). Mice (n = 7–8 in each group) were culled 6 h post-challenge and examined for liver and spleen genes mRNA concentrations of inflammatory markers whose expression was most profoundly altered in our previous study: SAA-2, ACE-2, CXCL1, CXCL10, IL-1β, IL-6, and for blood formula (33) (Figure 1A). Finally, using the same IP dosing conditions, pre-treated CD-1 mice were challenged with a low dose of LPS (0.05 mg/kg) and 6 h post-challenge were investigated for helplessness, locomotion, anxiety-like, and exploratory behaviors in the open field, novel cage, and forced swim models (n = 6–7 in each group, Figure 1B). Separately, high potency liquid chromatography (HPLC)-high resolution-mass-spectrometry (HRMS) was employed to analyze biologically active constituents of the IP. All experiments were approved by the University of Oxford local committees (LERP, ACER) in accordance with the UK Animals (Scientific Procedures) Act 1989 and iCell2 METC Zuyderland Zuid, the Netherlands and MSMU#11-18-2018/2019 and were compliant with ARRIVE guidelines (http://www.nc3rs.org.uk/arrive-guidelines).
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FIGURE 1
 Schematic of in vivo tests performed and the outcome from the in vitro assay. In the in vivo experiments, animals were exposed to a daily administration of herbal drops or vehicle during the 14 days. On the day of the experiment, mice received an intraperitoneal injection (A) with resiquimod or vehicle and killed 6 h post-challenge, (B) with LPS or vehicle and 6 h post-challenge completed the novel cage, open field, and the forced swim test. In the in vitro assay, herbal drops or prednisolone was applied in the human macrophage cell culture that was treated with LPS. In comparison with the non-stimulated samples, there was a significant increase in the concentrations of (C) IL-1β and (D) TNF in all LPS-challenged samples. Significant group differences: *vs. non-challenged samples, (one-way ANOVA and Tukey's test). Data presented as mean ± SEM.


Experiments were performed on male 2.5-months-old CD-1 male mice that were purchased by a provider licensed by Charles River (http://www.spf-animals.ru/about/providers/animals). Mice were housed under standard conditions (in plastic cages 27 cm × 22 cm × 15 cm, 22 ± 1°C, 55% humidity, food and water ad libitum), reversed 12-h light/dark cycle (lights on at 19:00). All efforts were undertaken to minimize the potential discomfort of the animals.



A study of LPS-induced cytokine release by human macrophages

Human macrophages from healthy volunteers of both sexes were used. The effects of the IP application on the LPS-stimulated release of IL-1β and TNF were determined and compared against potential effects of the IP on non-stimulated macrophages, the effects of a standard anti-inflammatory treatment with prednisolone, and a release of non-treated LPS-challenged macrophages (see Supplementary File). Separate studies that were carried out to rule out potential effects of the IP-alcohol-containing vehicle on these read-outs showed a lack of such effects (Supplementary Figure 1).



Induction of systemic inflammation in mice

The first cohort of mice received an intraperitoneal (i.p.) injection of resiquimod (R848, Enzo Life Sciences, Farmingdale, NY, USA) that was diluted in a DMSO-vehicle (1 mg/mL). Because the administration of DMSO-vehicle alone did not alter the immunological response (37), it was not used in the present study. The second cohort of mice was treated with an i.p. injection of LPS (0.05 mg/kg, E.coli 0111:B6, Sigma-Aldrich, Gillingham, UK) dissolved in NaCl (21, 22, 36). The choice of this dose was based on separate control studies showing the “ceiling” behavioral changes in mice injected with the LPS dose of 0.1 mg/kg (see Supplementary Figure 2).



The administration of the IP

The drops of the IP were administered orally (120 μL per day) for each mouse during the morning hours using a pipette (26, 36). A composition of a 30% alcohol IP solution can be found in a Supplementary Table 1.



Behavior

To determine the effect of the IP on the LPS-induced “sickness” behavior, novel cage, open field, and forced swim tests were performed (38), see Supplementary File.



Tissue collection

Mice were anesthetized with isoflurane (21, 22). Blood (200 μL) was then collected by cardiac puncture, transferred into an EDTA-coated tube, and immediately analyzed for blood formula. Animals were then intracardially perfused with cold saline, liver and spleen were collected and snap-frozen.



Blood analysis

Blood was measured in triplicate on the ABX Pentra 60 (Horiba, Northampton, UK). The number of lymphocytes, monocytes, neutrophils, basophils, and eosinophils per μL (cells/μL) and percent of the cells were counted (33).



RNA extraction, CDNA conversion and QPCR

According to the manufacturer's instructions, RNA was extracted from samples of liver and spleen using the Qiagen RNeasy Mini kit, RNA concentration was measured using a NanoDrop, and 1,000 ng of RNA was converted to cDNA with the Applied Biosystems High Capacity cDNA conversion kit. Real-time qPCR was performed with samples in duplicate (25 ng/well) using the SYBR green qPCR master mix (PrimerDesign, Camberley, UK) with the Roche LightCycler 480 (33). Relative expression was determined by the 2-ΔΔCT method, normalized to GAPDH as the housekeeping gene (PrimerDesign, Camberley, UK); for the list of primers, see Supplementary Table 2.



High-potency-liquid chromatography high-resolution-mass-spectrometry

The solution was analyzed using the chromatographic system Agilent 1,290 Infinity II, quadrupole-time streaming high precision mass detector Agilent 6,545 Q-TOF LC/MS, and Zorbax Eclipse Plus C18 RRHD columns (Agilent Technologies, Santa Clara, CA, USA); for details, see Supplementary File.



Statistical analysis

Statistical analyses were performed with the GraphPad Prism 7 software. Data sets were tested for normal distribution; Welch's test and t-test were used to perform two group comparisons where appropriate, and one or two-way analysis of variance (ANOVA) was employed for multiple group analysis, with Tukey's post-hoc test. Results were considered significant at p < 0.05 with 95% confidence intervals. In the study with resiquimod, data were expressed as percent of challenged groups from the respective non-challenged groups that either received the IP or were not treated with the immunomodulatory agent and were compared to a 100%-level. Data are expressed as mean ± standard error of the mean (SEM).




Results


Application of the IP reduces cytokine release from LPS-induced macrophages

The IL-1β and TNF concentrations in the macrophage cell culture were significantly different between the groups (F = 145.6 and F = 94.45, respectively, both p < 0.0001, one-way ANOVA). In the challenged non-treated samples, there were significant increases in these parameters compared to the non-treated group, as well as to the LPS-challenged samples treated with the IP or prednisolone (all p < 0.0001, Tukey's test, Figures 1C,D). The IL-1β and TNF levels were significantly higher in both the IP- and prednisolone-treated preparations than in the non-treated samples (IL-1β: p = 0.0021 and p < 0.0001, respectively, TNF: both p < 0.0001), whereas the latter groups had lower IL-1β concentrations compared with the IP-treated group (IL-1β: p < 0.0001; TNF: p = 0.0001).



Chronic administration of the IP diminishes the resiquimod-induced expression of inflammatory markers in the liver and spleen

All non-normalized to unchallenged values can be found in the Supplementary Tables 3, 4. In the liver, a comparison of the resiquimod-challenged groups showed that the normalized SAA-2mRNA expression in the IP-treated mice was lower than in the non-treated mice (p < 0.0001, Welch's test, Figure 2A); compared to 100%, both groups had an elevated SAA-2mRNA expression (p < 0.0001). Both challenged groups demonstrated an increased normalized SAA-2mRNA expression in the spleen (p = 0.0137, vs. 100%, Figure 2A). There was a trend of a lower normalized ACE-2mRNA expression in the IP-treated group than in the resiquimod-challenged non-treated mice (p = 0.093, Figure 2B) and a significant decrease in this parameter in the former but not the latter group as compared to 100% (p = 0.005 and p = 0.594, respectively). No group differences were found in the normalized spleen ACE-2mRNA expression level (p = 0.874, Figure 2B). Compared to 100%, no significant difference was observed in any group (p = 0.877 and p = 0.525, respectively).


[image: Figure 2]
FIGURE 2
 Pro-inflammatory resiquimod-induced gene expression changes in the liver and spleen are ameliorated with the herbal IP treatment. (A) Resiquimod-challenged groups showed a significant increase in the normalized liver expression of SAA-2mRNA in comparison to a 100%-level. This measure was lower in the liver of IP–treated animals. No such differences were shown for the spleen. (B) As compared to a 100%-level, there was a significant decrease in the normalized ACE-2mRNA expression in the liver of the IP-treated group but not in the non-treated resiquimod-challenged mice that was not found for the spleen (C) Both resiquimod-challenged groups showed a significant increase in liver CXCL1mRNA normalized concentrations as compared to 100%; the IP-treated group subjected to the resiquimod injection had a significantly decreased normalized liver CXCL1mRNA expression compared with resiquimod-injected animals. In the spleen, compared to 100%, this measure was decreased in the IP-treated resiquimod-challenged group. (D) We found a significant increase in the normalized CXCL10mRNA expression in the liver and spleen compared to 100% in both groups, while this measure was lower in the IP-treated group than in resiquimod-challenged mice without treatment; no group difference in this measure was found for the spleen. (E) Elevated normalized IL-1βmRNA levels compared to 100% in the liver and spleen were shown for both groups; no other differences were found. (F) Normalized mRNA expression of IL-6 was similarly elevated in two groups in the liver and spleen compared to the 100% level. No other differences were found. *vs. 100% level, # vs. the challenged non-treated group (Welch's test and t-test, see the text). Data presented as mean ± SEM.


The IP-treated group subjected to the resiquimod injection had a significantly decreased normalized liver CXCL1mRNA expression compared with the resiquimod-injected animals (p = 0.0054, Figure 2C), while both groups showed a significant increase in this measure as compared to 100% (p = 0.0006 and p = 0.0001, respectively). No group differences in the normalized CXCL1mRNA expression in the spleen were found (p = 0.372, Figure 2C). However, compared to 100%, the mRNA expression level in the IP-treated resiquimod-challenged group was diminished (p = 0.034) with no difference in mice that received the resiquimod alone (p = 0.137).

A significant decrease in the normalized CXCL10mRNA expression in the liver was observed for the IP-treated mice with induced inflammation compared with mice treated with resiquimod alone (p = 0.0016, Figure 2D). Compared to 100%, the mRNA liver expression of this gene was elevated in both groups (p = 0.0006 and p = 0.0001, respectively). In the spleen, no group difference in this parameter was found (p = 0.885, Figure 2D). Both groups revealed an elevated CXCL10mRNA expression compared to 100% (p = 0.047 and p = 0.002, respectively).

As for the normalized mRNA concentration of IL-1β in the liver, there was a trend of a decreasing expression level in the IP-treated mice with induced inflammation compared to the resiquimod- challenged group (p = 0.111, Figure 2E). Elevated IL-1βmRNA levels compared to 100% were shown for both groups (p < 0.0001). No significant group differences were shown in this parameter in the spleen (p = 0.473, Figure 2E); IL-1βmRNA expression was elevated compared to 100% in both groups (p = 0.014 and p = 0.0079, respectively). The normalized mRNA expression of IL-6 was similar in two groups in the liver and spleen (p = 0.553 and p = 0.252, respectively, Figure 2F) and was elevated compared to 100% in both groups (liver: p = 0.001 and p = 0.0008; spleen: p = 0.028 and p = 0.037, respectively).



The effects of the IP on the resiquimod-induced changes in the blood formula

All non-normalized to unchallenged values can be found in the Supplementary Table 5. In the resiquimod-challenged non-treated animals, there was a trend of elevated counts of blood neutrophils, monocytes, and eosinophils compared to a 100%-level (neutrophils: p = 0.165, monocytes: p = 0.151, eosinophils: p = 0.066, t-test), while the IP-pre-treated challenged mice showed opposite changes (all p < 0.0001, Figures 3A–C). The latter group revealed a significant decrease in all counts compared to the resiquimod-injected animals (neutrophils: p = 0.038; monocytes: p = 0.006; eosinophils: p = 0.019).
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FIGURE 3
 Pro-inflammatory effects of resiquimod on blood formula are reduced in mice treated with the herbal IP composition. Normalized counts of (A) neutrophils, (B) monocytes, (C) eosinophils were significantly decreased in IP-treated resiquimod-stimulated mice. (D) An increase in basophil counts was similar in the two challenged groups. (E) No changes were found in the lymphocyte counts of the resiquimod-injected groups; *vs. 100% level, #vs. the challenged non-treated group (Welch's test and t-test, see the text). Data presented as mean ± SEM.


Both the non-treated- and IP-treated mice challenged with resiquimod had similar non-significant increases in basophils compared with a 100% level (p = 0.094 and p = 0.099, respectively, Figure 3D). No differences were found between the challenged groups (p = 0.655). The number of lymphocytes did not differ between the resiquimod-treated groups and a 100%-level (p = 0.564 and p = 0.432, respectively, Figure 3E), nor did it differ between the groups (p = 0.941).



Effects of the IP on the LPS-induced “sickness” behavior

In the novel cage test, two-way ANOVA demonstrated a significant LPS effect on the number of exploratory rearings (F = 103.0, p < 0.0001). There was a significant treatment effect and LPS x treatment interaction (F = 4.928, p = 0.0125 and F = 5.093, p = 0.011, respectively). The post-hoc test showed that this measure was significantly smaller in the Vehicle LPS group and IP-treated LPS group compared to the corresponding control groups (p < 0.0001; p < 0.0001 and p = 0.0053, respectively, Tukey's test, Figure 4A). The IP-treated group with LPS-induced inflammation had a significantly higher number of rearings compared with the non-treated LPS group and Vehicle LPS group (p = 0.016 and p = 0.048, respectively, Figure 4A).
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FIGURE 4
 LPS induces a sickness behavior phenotype, which is partly normalized by the herbal IP. In comparison to non-treated challenged animals, IP-treated LPS-challenged mice displayed (A) a normalized number of exploratory rears, (B) a number of peripheral and (C) central crossings in the open field (two-way ANOVA and Tukey's test). There were no such differences (D) in the latency to float and (E) duration of the floating in the forced swim test; *vs. the challenged non-treated group. Data presented as mean ± SEM.


Both significant LPS and treatment effects were revealed by two-way ANOVA in the open field test (F = 125.8, p < 0.0001 and F = 6.357, p = 0.004, respectively). The number of peripheral rearings was lower in the non-treated LPS group, Vehicle LPS group, and IP-treated LPS group compared to the corresponding control groups (p < 0.0001; p < 0.0001 and p = 0.0001, respectively, Figure 4B). The IP-treated group with LPS-induced inflammation had a significantly higher number of rearings compared with the Vehicle LPS group (p = 0.028, Figure 4B).

The two-way ANOVA showed significant LPS and treatment effects in the number of central rearings in the open field test (F = 37.31, p < 0.0001 and F = 4.837, p = 0.0134, respectively). This parameter was lower in the non-treated LPS group and Vehicle LPS group compared to the corresponding control groups (both p = 0.002, Figure 4C). The number of central rearings in the IP-treated group with LPS induced inflammation was significantly higher compared to the Vehicle LPS group (p = 0.028, Figure 4C).

The two-way ANOVA revealed the LPS effect in the latency of immobility in the forced swim test (F = 23.84, p < 0.0001). This measure was higher in the control Vehicle group compared to the Vehicle group with LPS-induced inflammation (p = 0.007, Figure 4D). The two-way ANOVA showed a significant LPS effect in the total time of immobility in this test (F = 27.25, p < 0.0001). The total time of immobility was higher in the non-treated LPS group compared to the corresponding control group (p = 0.002, Figure 4E). No other significant effects were found.

Thus, chronic IP administration can attenuate some but not all signs of “sickness” behavior caused by the LPS-induced systemic inflammation, whereas the alcohol-containing vehicle does not generate these effects.



HPLC-HRMS

HPLC-HRMS revealed bioactive constituents of the IP: choline, γ-Glutamyl-(S)-allyl-cysteine, N-Fructosyl or glucosyl isoleucine, L-glutamyl–L-phenylalanine (Glu-Phe), chlorogenic acid, phenylalanine, tryptophan, isoleucine, syringin, and isoquercitin (see Supplementary Table 6). The following meta-analysis showed that these components were previously reported to modulate the immune response and inflammation, as well as oxidative and nitrosative stress, and thus, are likely to underlie the reported immunomodulatory properties of the investigated herbal IP (see Supplementary Table 7). The outcome from the meta-analysis study and the main effects of these eleven elements are reviewed in the Supplementary File.




Discussion

Here, we have shown that the administration of the IP herbal composition containing an extract of blackberry, chamomile, garlic, cloves, and elderberry can reduce pro-inflammatory changes that are reminiscent to a “cytokine storm,” a key feature of SARS-CoV2 infection. These in vitro and in vivo effects were demonstrated in the established models of systemic inflammation that are based on triggering of TLR7/8 and TLR4, the key mediators of this pathological condition. While the effects on molecular and behavioral markers of response to inflammatory challenges were suppressed partially, this herbal composition can be efficient in diminishing deleterious manifestations of the “cytokine storm” caused by the SARS-CoV2 virus, at least, in a preventive manner.

The anti-inflammatory effect of the IP was first evaluated by measuring in vitro the release of IL-1β and TNF by LPS-challenged macrophages and compared to that of prednisolone. For both cytokines, their release was suppressed by the IP, though the effect of prednisolone was much greater. IL-1β and TNF are inflammatory mediators that have long been associated with the “cytokine storm” caused by SARS-CoV-2 (7, 39, 40). TLRs are strongly expressed in macrophages (41), and it is seems probable that the IP counteracts their activation caused by LPS (42).

The present study revealed the suppressive effect of the IP administration on TLR7/8-mediated inflammation caused by resiquimod. The IP decreased the counts of neutrophils, monocytes, and eosinophils that were elevated by the injection of resiquimod, though the number of basophils was increased regardless of the pre-treatment with the IP. Increases in these blood cell counts in response to the resiquimod administration are considered characteristic signs of excessive immune activation (43–45). A suppression of these responses by the IP administration demonstrates its anti-inflammatory properties, which were shown in this model for the anti-inflammatory treatment with nafamostat (33). These former experiments have validated the applied here model as pharmacologically sensitive to anti-inflammatory interventions. As such, the reported here effects of IP on blood formula can be interpreted to be similar to that of pharmacological anti-inflammatory reference. Previous studies also revealed resiquimod-induced lymphopenia in CD-1 mice, more specifically, a decrease in the counts of circulating lymphocytes recapitulating clinical and experimental observations of acute viral infection (46–48), including after TLR7 stimulation (49) that was also found in SARS-CoV-2 patients (22, 50). In the present study, a decrease in lymphocytes did not reach a level of significance.

The magnitude of the systemic inflammatory response was evaluated by measuring the relative expression of pro-inflammatory genes in the liver and spleen (22, 51, 52). In both organs, the resiquimod challenge induced a significant increase in SAA-2, ACE-2, CXCL1, and CXCL10. These inflammatory mediators were established to accompany viral infection and underlie sickness behavior (40), and were shown to be significantly up-regulated in our previous study with resiquimod (33). TLR7 is strongly expressed in macrophages, and it seems probable that it is the resident tissue macrophages that are responsible for producing these cytokines (42), which would also account for the differential expression levels between the organs, as there is a greater density of macrophages in the liver than the spleen. Here, we were also able to show that the herbal IP had a peripheral anti-inflammatory effect; hepatic SAA-2, CXCL1, and CXCL10 expression induced by resiquimod was significantly ameliorated by the IP treatment, as well as ACE-2, to a lesser extent. As for IL-1β and IL-6, there was just an optical trend for the normalizing effects of the IP. A suppression of these changes in gene expression by the IP administration evidences its anti-inflammatory properties, which were demonstrated in this model for nafamostat (33). Because the SARS-CoV2 virus needs to bind to the host ACE2 receptor via its spike protein to infect cells, its suppression by the IP shown in our work let to speculate it can be considered a potential prevention remedy.

In our study, locomotion, anxiety-like, and exploratory behavior in mice were significantly affected by the injection of a low dose of LPS, which is consistent with other inflammatory models such as those employing the classical LPS-CD14-TLR4 challenge (21, 34). Analysis of central crossings in the open field revealed that the LPS-treated animals chose to spend less time in the center of the open field, which suggests that LPS had an anxiogenic effect. Increased anxiety has been reported in LPS models (22, 35) and is associated with the central expression of pro-inflammatory cytokines. In a view of previously reported inter-relation between behavioral and molecular effects of LPS in models of systemic inflammation in mice (21, 22), reported here behavioral effects of the administration of IP can be interpreted as a manifestation of its anti-inflammatory action.

Of note, the behavioral effects of the IP on LPS-challenged mice were partial, as it did not reach a statistical significance in the measures of helplessness during the forced swimming. However, forced swimming in rodents is not often associated with the “sickness” behavior; previous studies with an LPS challenge were unable to demonstrate consistent changes in this test (53). Collectively, for the IP, the behavioral changes observed are indicative of a “sickness” behavior phenotype and were overly reduced by chronic administration.

Importantly, the present study showed that the IP herbal composition has ameliorated the LPS-induced in vitro cytokine release and “sickness behavior” that was not altered by alcohol vehicle alone, while alcohol might have subtle anti-inflammatory effects (54, 55). As the inhibition of cytokine signaling in the periphery can attenuate “sickness behaviors” induced by the injection of IL-1β (56, 57), the suppression of the inflammatory response in liver and spleen in IP-treated animals that is reported here can explain the beneficial behavioral effects of chronic pre-treatment with the employed herbal composition.

Our work has used CD-1 mice as a mouse strain that is highly susceptible to inflammatory challenges in comparison with other mouse lines, as some studies suggest (58). While strain differences were shown to affect the response to a systemic inflammation (58, 59), overly similar molecular and behavioral changes that were reported in C57Bl6 mice, Balb/c and CD-1 mice following pro-inflammatory challenges (58–60) suggest that reported here findings are unlikely to be strain-specific.

Because the pathophysiology of SARS-CoV2 comprises the mechanisms of viral invasion and replication that are SARS-CoV2-specific, as well as excessive, uncontrolled inflammation, which can be a common element of any severe infection, the IP can be regarded as a useful non-specific preventive remedy of this infection. Notably, while the present study was not designed to address the question whether or not, similarly to other herbal medicine, the administration of IP can exert disease-specific therapeutic action (4, 5), its significant effects on highly up-regulated inflammatory markers and expression of ACE-2 mediating the viral binding in the host may suggest such possibility. Further experiments are required to test this hypothesis.

HPLC-HRMS analysis has revealed the main constituents of the IP that likely underlie its beneficial immunomodulatory effects: choline, γ-Glutamyl-(S)-allyl-cysteine, N-Fructosyl or glucosyl isoleucine, L-glutamyl–L-phenylalanine (Glu-Phe), chlorogenic acid, phenylalanine, tryptophan, isoleucine, syringin, and isoquercitin. Choline is a well-established important macronutrient that regulates synaptic plasticity, e.g., via several genes, G9a, Prmt1, Ahcy, Dnmt1, Mat2a (61, 62), implicated in neurotrophic processes (63), potentially via insulin-like-growth-factor-2 (IGF2) and insulin receptor-mediated mechanisms (64, 65). Of note, the activation of insulin receptor mediated signaling triggers anti-inflammatory cascades (66). Among other activities, γ-Glutamyl-(S)-allyl-cysteine was shown to stabilize radical-scavenging and metal-chelating processes that are important in immune responses and contribute to the immunological regulation of the IP (67). The ability of N-Fructosyl or glucosyl-isoleucine to regulate the mechanisms of stress response has been documented (68). Another IP component, L-glutamyl–L-phenylalanine, was found to diminish liver inflammation via reducing lipid accumulation and presumably acting on metabolic processes of the cell (69). Tryptophan, a molecule with the greatest anti-oxidative capacity among amino acids (70) and a precursor of the neurotransmitter serotonin that is known to exert anti-inflammatory action (71), was shown to act via calcium-dependent mechanisms of receptor activation (72).

Moreover, the IP contains chlorogenic acid whose anti-inflammatory effects are well-documented in a model of transient forebrain ischemia and associated with a reduction in the levels of pro-inflammatory factors: SOD2, IL-2, TNF and an increase in the expression of anti-inflammatory cytokines: IL-4, IL-13 (73), resulting in anti-oxidative action also via the activation of antioxidant enzymes and neuroprotective effects. This spectrum of activities was further demonstrated in rat models of ischemia/re-perfusion of the kidney and liver (74–76). Another IP constituent with documented anti-oxidative stress effects is phenylalanine (77, 78), which was shown to decrease the production of reactive oxygen species (78, 79). Similarly, isoleucine counteracts the mechanisms of oxidative stress, as shown in a model of H2O2-stimulated intestinal epithelial cells (80), ameliorates NO-mediated pathways during wound healing (81), and exerts an immunomodulatory action regulating the key molecules of the mammalian innate immunity, β-defensin (82). Finally, isoquercitin is one of the most powerful well-studied natural anti-inflammatory and anti-oxidant agents that acts directly on the scavenging of reactive oxygen/nitrogen species (83), inhibits production of pro-inflammatory cytokines, pro-oxidant enzymes, and prostaglandins (83, 84), and induces antioxidant enzymes (85–87).



Conclusion

Critically, the over-expression of inflammatory markers, blood cell inflammatory response, and “sickness behavior” under conditions of strong pro-inflammatory stimuli were ameliorated by the treatment with the herbal composition IP. Given that the magnitude of these responses was associated with disease severity (39, 87) and anti-inflammatory treatment (88), our findings suggest that the IP preventive treatment may reduce the severity of SARS-CoV2 infection. Since our results were achieved in the absence of viral entry, we propose that the IP may have generally useful anti-inflammatory effects, which may be advantageous in the treatment of various viral infections, including SARS-CoV2. The effect of the new immunomodulatory phytotherapeutic herbal extract is required further evaluation on patients with SARS-CoV-2 infection. Therefore, it is advocated to recommend a future clinical randomized controlled trial study that implement the conventional treatment with herbal extracts. As highlighted previously, the availability of low-cost herbal medicine for economically disadvantageous communities is of particular importance to curb SARS-CoV2 pandemic and enhancing preparedness for future pandemics.
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Peptide Specification C13-isotopomeric variants of the

precursors
monoisotopic [M+1] [M+2]
KELNK(+114.03) K451 652.3499++ 652.8514++ 653.3521++
MLEGK glutarylated
GLETIASDVVSLASK normalization 745.409++ 745.9105++ 746.4119++
peptide

The peptides are used for the relative quantification of ODP2 K451 glutarylation by
MS in the rat brain cortex. Several precursor variants with monoisotopic mass and
the C13-isotopomeric variants ([M+1] and [M+2]) have been detected to increase
the quantification accuracy.
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Back pain Fatigue Depressive mood

Disability’ Intensity! VAS Fatigue VE2 Fatigue® Depression?
M1 M4 M1 M4 M1 M4 M1 M4 M1 M4 M1 M4

Chronic stress

Work overload* 0.45 —0.09 0.43 -0.13 0.54* -0.52 0.25**  —0.01 0.48** 0.19 0.36** 0.26
Social overload* 0.62# 0.09 0152 0.22 0.81* -0.22 0.11 0.11 0.70** 0.50* 0.57** 0.39
Pressure to perform* -0.06 -0.13 -0.03 -0.05 0.23 -0.21 0.16 0.16 0.59** 0.44* 0.29* 0.32
Work discontent? —0.47 0.42 —0.11 0.57 -0.15 -0.10 0.18* 0.28* 0.23 0.06 0.35* —0.06
Excessive demands at work* 0.74 023 0.93* 0.60 0.95* -0.06 0.40*  —-0.14 0.73* -0.21 0.71** —0.33
Lack of social recognition* 0.74 0.18 0.57 1.10* 0.19 0.15 0.30* 0.06 1.06** 0.15 0.99** —0.54
Social tensions® 1.38* 0.38 1.08* 0.58 1.09* 0.68 0.16 0.26 0.96** 0.04 0.63** 0.56
Social isolation* -0.26 -0.08 -0.15 0.33 0.20 -0.54 0.23* —0.03 0.31 —-0.44  0.63** —0.60"
Chronic worrying® 0.52 1.28% 0.88" 1.36** 0.81* 1.12 0.68** 0.19 0.81** 0.03 0.91** 0.07
Perceived stress® 0.82** 0.65 0.80** 0.56* 0.59* 0.60 0.37** 0.06 0.58** 0.07 0.62** 0.36
Stress at work

Effort® 2.01* 0.97 1.13 1.05 1.70 0.76 0.50* 0.33 0.85* 1.53** 0.24 1.32*
Reward® -0.46  -0.34 -0.20 -0.83  -0.59 0.20 -0.15  -0.04 -0.19 —0.45 -0.28 -0.16
Over-commitment® 117 0.10 0.54 —0.08 0.50 -0.57 0:37%* 0.11 057* 0.78* 0.18 0.80*
Critical life events’ 0.96" -0.16 0.59 0.13 0.43 1.20** 0.05 0.19% 0.25 0.32* —0.05 0.38"
Stress burden

Total stress index 0.69 —0.43 0.28 0.12 151 —1.73 0.55%* 0.38 1530 0.65 0.72* 0.28
Total allostatic load 0.65 —-0.28 1.25 —0.31 0.74 0.76 0.03 0.24 —0.03 0.66" —0.44 0.03
Primary allostatic load —-0.62 —-1.81 0.39 —1.92 1.03 3.02 —-0.31 0.42 —1.04 —0.04 —-1.14 117
Secondary allostatic load —-0.19 1.63 1.59 1.20 0.71 1.70 0.1 0.35 —0.47 2.05* —-1.20 1.06
HCC -0.03 -0.12  -0.13 -0.10 0.10 —-0.38* 0.04 —0.01 0.01 0.09 0.04 0.00

#p < 0.10, *p < 0.05, **p < 0.01, Bold values: p < 0.05, Linear Regression Models; adjusted by age, sex and baseline outcome (M1) in the case of M4. 1 Chronic pain
grade questionnaire (DISS, CPI); 2VE, vitale exhaustion; 3POMS, profile of moods questionnaire; 4TICS, trier inventory of chronic stress; °PSS, perceived stress scale;
8ERI, effort-reward-imbalance-questionnaire, ILE, the inventory of life-changing events.
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Variables Classes All patients Laba/Lama ICS/Laba/Lama p-value

N (%) N (%) N (%)
Sex @ Males 9(50) 6(67) 3(33) 0202
Smoking Nonsmokers 16) 0(0) 1(11) 0500
Ex-smokers 15(83) 8(89) 7(8) 0603
Smokers 2(11) 1(11) 1(11) 0999
Drink @ Drinkers 13(72) 708) 6(67) 0750
Binge None 0(0) 0(0) 00 NA
Charlson index <1 1(65) 1011) 0 0500
2<4 10 (5) 4(a4) 6(67) 0395

5 739 4(44) 3(33) 0.867
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Variables B R t p-value
T

Age ~0.013682 —0.387393 —1.455632 p=04712

Gender (female) b2 = ~0.044425 —0.083364 -0.28979 p=0.7769

CS therapy b3 = 0.163057 r=0.186039 t=0.655008 p=05243

Leukocytes (10%/ul) b4 = —0.041512 —~1.146886 p=02738

FEV1% b5 = ~0.002728 t=-0.339446 p=07401
DNAmAge

Age b1 =0.725707 r=0.907802 t=6.844848 p < 0.0001

Gender (female) b2 = 1.99263 r=0351855 t=1.188675 p=0262

1CS therapy —6.191555 —0.599726 ~2.370016 p =0.0393

Leukooytes (10%/ul) bé =0.138452 r=0.117325 t=0.373595 p=07165

FEV;% b5 = ~0.224894 r=—0.675968 t=—2.900673 p=00158
AgeAcc*

Gender (ferale) b1 = 3.520267 r=0.481361 t=1.821398 p=00958

1CS therapy b2 = ~6.789407 —0.538208 = -2.11795

Leukocytes (10%/u) b3 = 0.437876 r=0291221 t=1.009633 p=03344

FEV1% b4 = 0200247 r=—0537241 t=-2.112601 p =0.0533

“The variable Age is not considered for AgeAcc because of its own definition.

Bold character is displayed only for significant values.
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Variables

Age (years)

Education (years)

Body mass index (kg/m?)
Systolic pressure (mm Hg)
Diastolic pressure (mm Hg)
Mother age (years)

Father age (years)

Pack years ((cigarettes/20) x years]
Drinking (age at start, years)
Alcohol (daily inteke last year)
Sport (PAQ score)
Leukocytes (10%/ml)

Blood red cells (10%/m)
Hemoglobin (g/dl)

Platelet count (10%/mi)
Neutrophils (10%/mi)
Lymphocytes (10%/mi)
Monocytes (10%/mi)
Eosinophils (10%/mi)
Basophils (10%/ml)
Glycernia (mg/d)

C-reactive protein (mg/mi)
FEV; Us

FEV;%

FVC s

Ve

Lo

RV

FEVINVC%

Bold character is displayed only for significant values.

All patients n = 18 Laba/Laman =9
724+77 71190
99+4.4 92+45
2762+ 45 271461
1336+ 12.5 1283 £ 12.7
81.4+66 789+ 69
30.5+59 204+75
353+68 328+63
334176 335+ 155
14.6 £10.4 153+ 105
06+06 09+£0.7
191.7 £ 376.8 363 +483.4
65+19 59+15
46+04 46+05
132+1.8 13.7+£21
23194495 2312+ 402
399+ 1.4 34+£09
16406 16405
06+0.2 05+0.1
02+03 03+04
0.04 £0.04 0.08 £0.02
97543569 1103 +32.6
32+32 2719
15+£086 19+£05
63.1+16.6 771£9.1
24+09 32408
25+09 32+08
49+13 58+13
24106 26+07
58647 60.1+80

ICS/Laba/Laman =9

73.7+6.4
107 £4.4
28.0+4.0
138.9 £ 10.2
83945656
31.4+46
375+68
33.3+20.4
141£11.0
03+04
20+ 42.4
70£23
46+0.4
18.7+14
23254599
45+16
16407
06+0.2
0.1£0.1
0.05 £0.05
809 +356.3
3.7+4.4
099 +03
49179
1.7+£04
1.7+04
396 +0.5
22+04
57.0+6.8

p-value

0.502
0.504
0.561
0.036
0.154
0.319
0236
0.983
0910
0.123
0.077
0.385
0.983
0.373
0.843
0.094
0981
0.351
0.979
0.493
0.238
0.983
0.0003
<0.0001
0.0003
0.0003
0.0008
0.474
0.489
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Cancer type

Breast

Gastric

Hepatocellular

Ovarian

Colorectal

Multiple cancer
types

Methodology

Metagenomics analysis of plasma DNA
168 rRNA sequencing of serum samples

165 rRNA sequencing of serum samples

Metagenomic analysis of bacterial DNA derived
from extra-cellular vesicles from serum samples

Metagenomics analysis of plasma DNA

PCR amplification of specific microbial targets (165
gene, E. col, B. fragils, C. albicans) from whole
blood samples

PCR amplification of specific microbial targets (165
gene, E. col, B. fragils, C. albicans) from whole
blood samples

Whole genome sequencing of whole blood
samples; metagenomic analysis of plasma samples

Main findings

cbDNA identified as a potential prognostic indicator
Lower alpha diversity in cancer patients compared
to controls; specific taxa correlate with clinical
indices

Lower alpha diversity in cancer patients compared
to controls; Differentially abundant taxa between
cancer and controls; Development of 5-rmicrobial
gene marker panel

Different metagenomic profiles between cancer and
controls. Acinetobacter common to cancer samples
Slightly lower diversity in cancer samples; cbDNA
mainly from gut-associated species; 28-species
model could distinguish cancer from controls.
Higher detection of all fragments, except E. cof, in
cancer samples; detection of microbial fragments
associated with metastasis

Association between detection of microbial
fragments and circulating tumor cells

Girculating microbial DNA profies can distinguish
between multiple types of cancer, including
low-grade tumors; similar discrimination seen in
plasma analysis

Study

Huang et al. (16)

Dongetal. (17)

Choetal. (18)

Kim et al. (19)

Xiao et al. (21)

Messaritakis et al. (22)

Koulouridi et al. (23)

Poore et al. (24)
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Group

Healthy controls,
Totaln =22
Neurological
patients, Total
n=10

Cardiological
patients, Total
n=28

Sex

45% males
(h=10)
40% males
(n=4)

All: 79% males
(n=22)

Without outliers
(n=4,all
males): 75%
males (n = 18),
Totaln =24

Age, years

25-70

18-55

42-83

42-83

Main diagnosis

None reported

Charcot-marie-tooth
neuropathy (n =7)

Multiple sclerosis
(=1

Okinawa neuropathy
=2

Heart failure stage
NYHA:

Il -46% (n =13),
I1-54% (n =15)

All outliers are
determined in the
patients with the heart
failure of stage IIl.
Heart failure stage
NYHA:

1-54% (n =13),
II-46% (n =11)

The outliers of the determined NAD* content in a cohort are identified by the
interquartile range rule using 1.5 IQR criterion.
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Ratios p p adj

NAD*/ Creatinine 0.0008 0.015
NAD*/ MCV 0.006 0.115
NAD*/ K™ 0.01 0.18
NAD*/MCH 0.01 0.18
NAD™/ Glucose 0.01 0.18
NADT/ Urea 0.03 0.37
NAD*/ Triglycerides 0.03 0.37
NAD*/ MCHC 0.03 0.43
NAD*/ Na* 0.05 0.52
NAD*/ Hemoglobin 0.05 0.52
NAD*/ Hematocryt 0.05 0.52
NAD™/ Sedimentation rate 0.05 0.52
NAD*/ Cholesterol_total 0.06 0.52
NAD*/ Bilirubin_total 0.08 0.52
NAD*/RBC 0.19 1

NAD*/ Asp aminotransferase 0.36 1

NAD™/ Total_protein 0.40 1

NADT/ Lympocytes 0.68 1

NAD*/ Ala aminotransferase 0.74 1

Statistical significance of the differences in the ratios inherent in the cardiologi-
cal and neurological patients is analyzed by Mann-Whitney U test (p), followed
by the p-values adjusted for the multiple comparison employing the Holm—
Bonferroni correction.
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N

Age ()
Gender
Male (n, %)
Female (n, %)
Smoking
Comorbidities
Arterial Hypertension (PAH)
Diabetes
Other
Cause of death
lotus
Cranial trauma
Subarachnoid hemorthage (SAH)
Cardiac arrest
Other
Blood parameters
Leukocytes (n * 109/)
Renal function
Creatinine (mg/dL)
Histological evaluation of kidneys (Remuzzi Score)
0 < Score <3
4.<Score <6
Score > 7
T
Right kidney
Left kidney
Blood
DNAmAge
Right kidney
Left kidney
Blood

Data are expressed in median (range) or number (percentage).

36

72 (19-02)

15 (42%)
21(68%)
131%)

21 (58%)
4(11%)
4(11%)

10 (28%)
9 (25%)

14 (39%)
2(5%)
1(3%)

12.305 (2.96-32.22)

0.88(0.41-1.85)

12 (26%)
26 (57%)
8(17%)

1.18 (0.98-1.63)
1.25 (0.76-1.99)
1.15 (0.38-2.05)

69 (20-80)
66 (23-79)
65 (13-79)
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Variable

Survey completion

Time between survey and diagnosis.

Education

Employment status

Smoking history

Number of co-morbicities

Daily medication

Depression/anxiety before COVID-19

Sleep disorders before COVID-19
Bruxism

BMI before COVID-19

Hypertension

Cardiovascular disease
Puimonary disease

Hay fever/allergy

>2 respiatory infections per year

>2 bacterial infections per year

ATt

Fall 2020: 63% (734)
winter/spring 2021: 37% (423)
Complete: n = 1157

Median = 79 [QR: 40 - 180]
Range: 28 - 400

Complete: n = 1157

Female: 65% (753)

Male: 35% (404)

Complete: n = 116

Up t0 30 years: 22% (259)
31- 65 years: 72% (831)

:5.7% (66)
156
Secondary: 44% (505)
Apprenticeship: 14% (164)
Elementary: 3.6% (41)
Tertiry: 33% (444)
Complete: n = 1154
Employed: 81% (939)
Unemployed: 9.4% (109)
Leave: 1.9% (22)
Retied: 7.5% (87)
Complete: n = 1157
Never: 60% (690)
Former: 31% (361)
Active: 9.2% (106)
Complete: n = 1157
Absent: 50% (582)
1:29% (332)
2:12% (142)
3 and more: 8.7% (101)
Complete: n = 1157
Absent: 59% (689)
1~4 drugs: 38% (440)
5 drugs and more: 25% (29)
Complete: n = 1157
DA-: 94% (1088)

DA+ 6% (69)
Complete: n = 1157
4.6% (53)

Complete: n = 1167
7.2% (83)

Complete: n = 1157
Normal: 56% (648)
Overweigih: 28% (327)

Obesiy: 15% (175)
Complete: n = 1150
119% (130)
Complete: n = 1157
2.9% 34)
Complete: n = 1157
41% (49)
Complete: n = 1157
18% (208)
Complete: n = 1157
4.4% (51)
Complete: n = 1157

3.9% 45)
Complete: n = 1157

m Test?

Fall 2020: 4.4% (39) 2
winter/spring 2021: 96% (854)
Complete: n =893

Median = 96 [I0R: 60 - 140]
Range: 28 - 390

Complete: n = 893

Female: 68% (610) IS
Male: 32% (283)
Complete: n =893

Median = 45 [IQR: 35 - 55]
Range: 18- 95

Complete: n = 891

Up 1o 30 years: 17% (148) x
31 - 65 years: 78% (693)
>65 years: 5.6% (50)
Complete: n =891
Secondary: 64% (575)
‘Apprenticeship: 0% (0)
Elementary: 0.22% (2)
Tertiary: 35% (315)
Complete: n = 892
Employed: 82% (728) &
Unemployed: 8.5% (76)

Leave: 1.8% (16)

Retired: 8.2% (73)

Complete: n = 893

Never: 6% (688) IS
Former: 24% (215)
Active: 10% (90)

Complete: n = 893
Absent: 59% (§25) *®
1:25% (219)

2:11% (102)

3and more: 5.3% (47)

Complete: n = 893

Absent: 73% (649) ¥*
1-4 drugs: 26% (231)

5 drugs and more: 1.5% (13)

Complete: n =893

DA-: 95% (852) x
DA+: 4.6% (41)

Complete: n =893

4% (36) @
Complete: n = 893
5.3% (47)
Complete: n =893
Normal: 65% (570) «
Overweigth: 26% (231)

Obesity: 9.1% (80)

Complete: n = 881

9.4% (84) s
‘Complete: n = 893
2.9% (26)
Complete: n = 893
2.6% (23) X
Complete: n =893

11% (102) ¥
Complete: n =893

2.9% (26) S
Complete: n = 893

1.3% (12) x2
Complete: n = 893

Mann-Whitney

! For categorical variables: percentage of the complete answers (n individuals). AT: Austria/Tyrol cohort, T: taly/South Tyrol cohort.

2Statistical test used to compare diferences in median values (numeric variables) or distributon (categorical variables) for the AT vs. IT comparison.
Test values of p for the AT vs IT differerce comrected for multiple comparisons with Benjamini-Hochberg (FDR) method, ns: not significant.

4Effoct size of the AT vs. IT difference: Wikcoxon r for numeric variables or Cramer's V/ for categorical variables.

PFDR®

p <0001

p <0001

ns(p=0.19)

p=00041

p=00082

p <0001

ns(p=088)

p=0004

p <0001

p <0001

ns (0 =027)

ns (o =0.66)
s (p=0.14)

p <0001

ns(p=027)
nsp=1)
ns(p=0.12)
p <0001
ns(p=0.14)

p=00021

Effect size*

V=06

r=012

v=0073

V=031

V=002

V=0079

V=0005

V=014

V=003

v=0013

v=0039

V=003

V=0043

v=0091

v=0039

=0077
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Variable AT? I Test? pFDR® Effect size*
SARS-CoV2 outbreak Spring 2020: 27 % (309) Spring 2020: 16% (144) ¥2 p < 0.001 V=0.34
Summer/fall 2020: 68% (789) Summer/fall 2020: 54% (484)
Winter/spring 2021: 5.1% (59) Winter/spring 2021: 30% (265)
Complete: n = 1157 Complete: n = 893
Acute COVID-19 symptoms 92% (1060) 88% (782) X2 p =0.0067 V =0.066
Complete: n = 1156 Complete: n = 892
Number of acute symptoms Median = 13 [IQR: 9 - 18] Median = 13 [IQR: 7 — 18] Mann-Whitney As (p=018) F=0.038
Range: 0 — 42 Range: 0 -39
Complete: n = 1156 Complete: n = 892
Number of acute neurocognitive symptoms Median =1 [IQR: 0 - 2] Median = 0 [IQR: 0 - 2] Mann-Whitney ns (o = 0.66) F=0.011
Range: 0 -3 Range: 0 -3
Complete: n = 1157 Complete: n = 893
0: 50% (574) 0: 52% (464) ¥2 p < 0.001 Vv =10,095
1: 20% (236) 1:14% (127)
2:17% (197) 2: 16% (146)
3: 13% (150) 3:17% (156)
Complete: n = 1157 Complete: n = 893
Persistent COVID-19 symptoms 48% (550) 49% (440) ¥2 ns (p=0.52) V=0017
Complete: n = 1156 Complete: n = 892
Number of persistent symptoms Median = 0 [IQR: 0 - 3] Median = 0 [IQR: 0 - 3] Mann-Whitney ns (o= 0.56) r=0.018
Range: 0 - 34 Range: 0 - 29
Complete: n = 1156 Complete: n = 892
Number of persistent neurocognitive symptoms Median = 0 [IQR: 0 - Q] Median = 0 [IQR: 0 - 0] Mann-Whitney p =0.0067 r=0.065
Range: 0 -3 Range: 0 -3
Complete: n = 1157 Complete: n = 893
0: 82% (946) 0: 77% (691) ¥2 p < 0.001 V=0.11
1:7.3% (84) 1: 56.6% (50)
2:7.8% (90) 2:9.6% (86)
3:3.2% (37) 3:7.4% (66)
Complete: n = 1157 Complete: n = 893
Physical performance loss Median = 13 [IQR: 1 - 26] Median = 11 [IQR: 0 — 25] Mann-Whitney ns (p = 0.35) r=0.024
Range: 0 - 100 Range: 0 — 100
Complete: n = 1151 Complete: n = 884
Complete convalescence 54% (624) 63% (563) %2 p < 0.001 V =0.093

Complete: n = 1155

Complete: n = 889

! Percentage of the complete answers (n individuals). AT: Austria/Tyrol cohort, IT: Italy/South Tyrol cohort.
2Statistical test used to compare differences in median values (numeric variables) or distribution (categorical variables) for the AT vs. IT comparison.

3Test value of p for the AT vs IT difference corrected for multiple comparisons with Benjamini-Hochberg (FDR) method, ns: not significant.

4Effect size of the AT vs. IT difference: Wilcoxon r for numeric variables or Cramer’s V for categorical variables.
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Variable

Overall mental health

Overall mental health score

Quiality of life

Quiality of life score

Depression Score

Depression screening-positive

Anxiety score

Anxiety screening-positive

Psychosocial stress score

Substantial psychosocial stress

AT!

Poor: 3.5% (40)

Fair: 18% (212)

Good: 49% (562)
Excellent: 30% (343)
Complete: n = 1157
Median = 1 [IQR: 0 - 1]
Range: 0 -3
Complete: n = 1157
Poor: 4.3% (50)

Fair: 16% (185)

Good: 51% (590)
Excellent: 29% (332)
Complete: n = 1157
Median = 1 [IQR: 0 — 1]
Range: 0 -3
Complete: n = 1157
Median = 1 [IQR: 0 - 2]
Range: 0 -6
Complete: n = 1154
17% (200)

Complete: n = 1154
Median =0 [IQR: 0 - 2]
Range: 0 -6
Complete: n = 1151
12% (143)

Complete: n = 1151
Median = 4 [IQR: 2 - 6]
Range: 0 - 19
Complete: n = 1153
21% (246)

Complete: n = 1153

I

Poor: 2.9% (26)

Fair: 21% (189)

Good: 48% (430)
Excellent: 28% (248)
Complete: n = 893
Median = 1 [IQR: 0 - 1]
Range: 0 -3
Complete: n = 893
Poor: 3.4% (30)

Fair: 23% (201)

Good: 54% (485)
Excellent: 20% (177)
Complete: n = 893
Median =1 [IQR: 1 - 2]
Range: 0 -3
Complete: n = 893
Median = 1 [IQR: 0 - 2]
Range: 0 -6
Complete: n = 892
23% (207)

Complete: n = 892
Median = 1 [IQR: 0 - 2]
Range: 0 -6
Complete: n = 893
19% (172)

Complete: n = 893
Median = 4 [IQR: 2 - 7]
Range: 0 - 19
Complete: n = 890
26% (228)

Complete: n = 890

Test?

Mann-Whitney

Mann-Whitney

Mann-Whitney

X2

Mann-Whitney

XZ

Mann-Whitney

! Percentage of the complete answers (n individuals). AT: Austria/Tyrol cohort, IT: Italy/South Tyrol cohort.

2Statistical test used to compare differences in median values (numeric variables) or distribution (categorical variables) for the AT vs. IT comparison.

pFDR3

ns (o = 0.44)

ns:{p=10.29)

p < 0.001

p < 0.001

p =0.0082

p =0.0028

p < 0.001

p < 0.001

ns (o = 0.47)

p =0.045

3Test value of p for the AT vs. IT difference corrected for multiple comparisons with Benjamini-Hochberg (FDR) method, ns: not significant.
“4Effect size of the AT vs. IT difference: Wilcoxon r for numeric variables or Cramer’s V for categorical variables.

Effect size?

vV =0.039

r=0.027

V=012

r=0.1

r=0.063

V' =0.073

r=0.14

V =0.094

r=0.019

vV =0.05
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A AT: training
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40 05 00 0.5

PC1, 59.3%

B AT: training

LR IR HR
# acute symptoms
# sub-acute symptoms
# acute NC
# sub-acute NC
acute imp. conc.
sub-acute imp. conc.
phys. performance loss
stress score

Participant
LR: n =580, IR: n =250, HR: n = 317

IT: test
O
Cluster ID
§ @ LR
o
o~ @ IR
)
o @ HR
20 15 10 05 0.0 0.5
PC1, 49.7%
IT: test
LR IR HR
# acute symptoms
Feature:
# sub-acute symptoms 0: low/absent
1: high/present
# acute NC 1.00
# sub-acute NC 0.75
acute imp. conc. 0.50
sub-acute imp. conc. 0.25
phys. performance loss 0.00
stress score
Participant

LR:n=477,IR: n=147, HR: n = 259
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Variable

AST
AT

De Rits ratio
TNF-a

L6

iNOS

HO-1
p-elF2a
XBP1s
GRP78
XBP1
GRP78
CHOP
BAX/Bel-XL

Activity
Activity
(AST/ALT)
mRNA
mRNA
mRNA
mRNA
Protein
mRNA
mRNA
mRNA
Protein
mRNA
mRNA

Main effect (p-value)

Peritoneal
infection

0.638
0.008
0.002
0.002
0.035
0.0004
0.000
0.733
0.074
0.202
0.404
0,765
0.897
0.995

Surgery

<0.0001
0.157
0.0002
0132
0.112
0.4690
0.141
0.0008
0.007
<0.0001
<0.0001
0.680
0.006
<0.0001

Significant effects (o < 0.05) are indicated by bold values.

Interaction
(p-value)

0.133
0.289
0.3%
0516
0.233
0.872
0314
0.697
0975
0.044
0.625
0.134
0.118
0.164
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