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Background: Chronic fatigue is a common symptom after a stroke. Studies suggested that chronic fatigue is caused by inflammatory or immunological processes but data are limited and contradictory. Thus, the present study aimed to identify specific biomarkers associated with fatigue in post-stroke patients and replicated the findings in a population-based study.

Methods: We investigated associations between 39 circulating biomarkers of inflammation and fatigue in 327 patients after an ischemic stroke included in the Stroke Cohort Augsburg (SCHANA) study and the “Metabolism, Nutrition and Immune System in Augsburg” (MEIA) study (n = 140). The Fatigue Assessment Scale (FAS) was used to assess the severity of fatigue. The serum concentrations of the biomarkers were measured using the Bio-Plex Pro™ Human Cytokine Screening Panel (Bio-Rad, USA). Multiple linear regression models adjusted for possible confounders were used to examine associations.

Results: In patients with stroke, SCGFb was inversely associated [−1.67, 95% confidence interval (CI) (−3.05; −0.29) p = 0.018], and in healthy subjects, G-CSF was positively associated [1.56, 95% CI (0.26; 2.87), p = 0.020] with an increasing FAS-score, while SCF was positively related in both samples [1.84, 95% CI (0.27; 3.42), p = 0.022 and 1.40, 95% CI (0.29; 2.52), p = 0.015]. However, after correction for multiple testing, all of these associations lost statistical significance.

Conclusion: The present findings suggested an association between the growth factor SCF and fatigue. Future research on cytokines as possible markers of fatigue should focus on a longitudinal design including a sufficiently large number of study participants to enable testing associations between certain cytokines and sub-groups of chronic fatigue.
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Introduction

There is evidence that fatigue is a common and debilitating symptom after a stroke. Large studies reported that fatigue is present in about 29%−68% of stroke survivors within the first 2 years after the acute event (1–3). A recent study by our group found a fatigue frequency of about 30% in patients with mild impairment 3 and 12 months after the acute stroke event (4). Fatigue is a condition causing distress and loss of functioning due to a lack of energy. It has a negative impact on the quality of life and independence and also on the morbidity and mortality of patients with stroke (5, 6). In the last decade, researchers drew attention to post-stroke fatigue to estimate its prevalence and to examine determinants of its variability (7). The biological mechanisms that cause fatigue are largely unknown or research results are contradictory and incomplete. In previous studies, chronic subclinical inflammation, activation of the immune system, autonomic dysfunction, impairment of the hypothalamic–pituitary–adrenal axis, and neuroendocrine dysregulation have been discussed as biological causes (8). To date, no diagnostic biomarker for fatigue has been identified, this diagnosis still relies on a specific constellation of symptoms (9). Some studies showed associations between cytokine changes in the blood and fatigue. For example, an increase in pro-inflammatory cytokines such as IL-1ß has been associated with fatigue in several chronic diseases (10). However, the data are still insufficient and the results are not consistent, as they depend on the diseases investigated or, in most cases, only a few different biomarkers were determined in small patient samples (9).

In the present study, we, therefore, aimed to identify specific biomarkers associated with fatigue in post-stroke patients in comparison to patients without fatigue using data from the German Stroke Cohort Augsburg (SCHANA) study and replicated the findings in a population-based study. We explored the association between fatigue and a broad range of biomarkers including biologically relevant adaptive immunity cytokines, pro-inflammatory cytokines, and anti-inflammatory cytokines.



Materials and methods


Study samples

The present study used data from the “Stroke Cohort Augsburg” (SCHANA) study and the “Metabolism, Nutrition and Immune System in Augsburg” (MEIA) study. The SCHANA study is an observational single-center cohort study that included 945 patients aged 18 years and older with a confirmed ischemic or hemorrhagic stroke who were treated at the University Hospital Augsburg between September 2018 and November 2019 (11). Of the 945 patients, 446 had an ischemic stroke and agreed to blood sample collection and a follow-up survey. Of these, 119 did not complete the 3-month follow-up survey including the questionnaire on fatigue symptoms, leaving 327 for the present analysis. The ongoing MEIA study is a cross-sectional sub-study of the Bavarian Nutrition Survey (BVS-III) on 500 randomly selected participants representative of the adult population aged 18–75 years living in the region of Augsburg, Germany. From the 149 individuals included in the study so far, 140 had completed the questionnaire on fatigue symptoms and were included in the present analysis.

Both studies were performed in accordance with the Declaration of Helsinki. Ethical approvals were obtained from the Ethics Committee of the Ludwig-Maximilians-Universität München (SCHANA: Reference Number: 18-196, BVS-III: Reference Number: 20-334). Written informed consent was obtained from all participants or legal caregivers.



Data collection

Patients included in the SCHANA study completed a standardized paper-and-pencil questionnaire after the acute stroke event during their hospital stay. This questionnaire covered demographic information, disease history, risk factors, physical activity, and general health status. Clinical data were extracted from the participant's medical records. Three and 12 months after the stroke event, the study participants received a postal questionnaire for follow-up. Participants from the MEIA study were examined at the study center of the Chair of Epidemiology at the University Hospital Augsburg. They completed a questionnaire on a tablet computer, covering demographic information, health conditions, risk factors, and fatigue, among other characteristics.

In both studies, information on sex, age, education [International Standard Classification of Education (ISCED) categories 1–3, categories 4–5], body mass index, smoking (current smoker, ex-smoker, and never-smoker), alcohol consumption according to the Alcohol Disorders Identification Test (AUDIT) (12), fasting status (yes and no) before blood collection, and prior diagnosis of a depressive disorder (yes and no) was collected. Additionally, in the SCHANA study, the time between hospital admission and blood sample collection was documented. Further clinical variables were collected, namely the Modified Rankin Scale classification (13) and the National Institutes of Health Stroke Scale (NIHSS), (14) at hospital admission, and during stroke treatment (systemic thrombolysis and thrombectomy).



Fatigue assessment

The Fatigue Assessment Scale (FAS), a reliable and valid self-reporting questionnaire for assessing fatigue symptoms, was used in the present study (15). The FAS consists of 10 items with response options from “never” (1) to “always” (5), resulting in a total score between 10 (minimum score) and 50 (maximum score). Persons scoring below 22 are indicated to have no fatigue, subjects with scores between 22 and 35 have a moderate level of fatigue, and persons with scores above 35 can be classified as having a high level of fatigue (16). The FAS was completed by the participants of the SCHANA study 3 months after hospital discharge in a postal survey. Participants in the MEIA study used a tablet computer to complete the questionnaire during their examination at the study center.



Assessment of blood parameters

From each study participant, about 70 ml of blood was collected either during the hospital stay (SCHANA) or during the visit to the study center (MEIA). Participants from the MEIA study were instructed to fast for 8 h before the study visit. The blood samples were processed and aliquoted into sample tubes at the laboratory of the University Hospital Augsburg, and frozen at −80°C until they were used for biomarker analyses.

Concentrations of 48 cytokines and chemokines were measured in blood serum using the Bio-Plex Pro™ Human Cytokine Screening Panel (Bio-Rad, USA) according to the manufacturer's specifications. In brief, 50 μl of diluted magnetic beads were placed in the wells and washed two times. Then, the standard samples (dilution 1:4: HCSP & IL31, sCD40L; 1:100 VCAM & ICAM), blank, and controls were pipetted into the respective well and incubated between 30 and 60 min on the shaker at 850 +/− 50 rpm at room temperature depending on the panel (60 min IL31 and sCD40L, 30 min VCAM/ICAM and HCSP). This incubation was followed by a three-fold wash step, the addition of the diluted detection antibody, and an incubation of 30 min. After another wash step, streptavadin-phycoerythrin was added and incubated for 10 min. Finally, the plate was washed three more times and resuspended with 125 μl. All incubation steps were performed at room temperature. Measurements were carried out on a Luminex xMAP technology instrument using Bioplex Manager Software.

Measurements were performed in six batches (SCHANA study) or two batches (MEIA), and the differences between the plates were corrected using median normalization. Values specified as below or above the detectable level were replaced by the lowest or highest detectable level according to the manufacturers' reports if present in <25% of the cases. Cytokines with 25% or more values above or below the detection range were excluded from the statistical analyses. Furthermore, cases with outliers in several cytokines were excluded as well as single measurements with extreme outliers. Finally, 39 and 21 cytokines were kept in the SCHANA study and the MEIA study, respectively, for further analyses.



Statistical analysis

Patient characteristics as well as inflammation markers of both cohorts were described by the median and interquartile range (IQR) in the case of continuous variables or absolute and relative frequencies for categorical variables. For the comparison of the inflammation markers between individuals with and without fatigue, the FAS score was dichotomized using the cut-off value 22 (score <22 means no fatigue; ≥22 means fatigue). Differences in median values of biomarkers between individuals with and without fatigue were tested using the Wilcoxon Rank Sum test.

Multiple linear regression models were used to assess the association between each biomarker (exposure) and level of fatigue (continuous). Biomarker concentrations were log2-transformed and σ-standardized to facilitate comparisons.

Regarding the missing value mechanism, which was assumed to be at random (MAR) in the SCHANA study, inverse probability weighting was applied using the following variables: sex, age, education, alcohol intake, smoking status, body mass index, prior diagnosis of depression, Modified Ranking Scale at admission and discharge, NIHSS at admission and discharge, stroke etiology, systemic thrombolysis, and thrombectomy. Furthermore, the linear regression models, investigating the associations between biomarkers and level of fatigue, were adjusted for fasting before blood collection, the time between the acute event and blood collection, and the position of the sample on the 96-well plate. Regression models from the MEIA study data included sex, age, education, alcohol intake, smoking status, body mass index, the position of the sample on the 96-well plate, and prior diagnosis of depression as potential confounding variables.

The p-values were corrected for multiple testing using the Benjamini and Hochberg procedure (False Discovery Rate, FDR). All analyses were performed using R software (version 4.1.2).




Results

Characteristics of the participants from the SCHANA and the MEIA study are presented in Table 1. The studies differed most regarding the median age (SCHANA: 70 years, MEIA: 50 years) education level (higher levels in the MEIA study), hypertension (SCHANA 80.7%, MEIA 25.7%), coronary heart disease or myocardial infarction (SCHANA 18.9%, MEIA 4.3%), and fasting status (SCHANA: 5.9% in a fasting state, MEIA: 99% in a fasting state). In the SCHANA study, patients with fatigue had significantly more often a prior diagnosis of depression, more severe levels of disability according to the Modified Rankin Scale at hospital admission, and higher NIHSS scores at admission than patients without fatigue. In the MEIA study, fatigue was found significantly more often in women and smokers.


TABLE 1 Characteristics of the “Stroke Cohort Augsburg” (SCHANA) and the “Metabolism, Nutrition and Immune System in Augsburg” (MEIA) study.
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In the SCHANA study, three biomarkers significantly differed between patients with and without fatigue, namely HGF (p-value: 0.048), IL-8 (p-value: 0.018), and MIP-1a (p-value: 0.025). All three markers showed increased levels in post-stroke patients with fatigue. None of the three inflammatory markers differed between the two groups in the MEIA study, where only the level of the inflammation marker IP-10 (p-value: 0.001) was significantly higher in individuals with fatigue compared to subjects without fatigue (Tables 2, 3).


TABLE 2 Serum levels of cytokines (pg/ml; median, 25% quantile; 75% quantile) in 327 individuals with and without fatigue in the “Stroke Cohort Augsburg” (SCHANA) study.
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TABLE 3 Serum levels of cytokines (pg/ml; median, 25% quantile; 75% quantile) in 140 individuals with and without fatigue in the “Metabolism, Nutrition and Immune System in Augsburg” (MEIA) study.
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Association of biomarkers with fatigue

First, we examined the associations of 39 inflammation markers with fatigue in 327 patients of the SCHANA study. In patients with stroke, two markers were significantly associated with fatigue in multivariable linear regression models, namely SCF [ß = 1.84, 95% confidence interval (CI) 0.27–3.42, p-value 0.022], and SCGFb (ß = −1.67, 95% CI −3.05 to −0.29, p-value 0.018; Figure 1). In the MEIA study, we could confirm the positive association between SCF and fatigue (ß = 1.40, 95% CI 0.29–2.52, p = 0.015) in multivariable analyses, but not the inverse relationship with SCGFb. Contrary to the SCHANA study, we found a significantly positive association of G-CSF with fatigue in the MEIA sample (ß = 1.56, 95% CI 0.26–2.87, p-value 0.020). After correction for multiple testing, all of these associations lost significance. Inflammatory markers that could only be evaluated in one of the respective studies also showed no notable associations with FAS scores (Figure 2).


[image: Figure 1]
FIGURE 1
 Association of inflammation markers with fatigue in 327 patients with stroke (SCHANA study) and 140 individuals from the general population (MEIA study).
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FIGURE 2
 Association of inflammation markers with fatigue. Biomarkers were only evaluable in 327 patients with stroke (SCHANA study) or 140 individuals from the general population (MEIA study).





Discussion

In the present study, we investigated the association between circulating serum levels of 39 inflammatory biomarkers and fatigue in 327 patients after stroke and in 140 subjects from a population-based study. Three inflammatory markers (HGF, IL-8, and MIP-1a) were found to be elevated in patients with fatigue after stroke compared with the group without fatigue. This finding could not be confirmed in the population-based study, where only the marker IP-10 was elevated in subjects with fatigue compared with subjects without fatigue. In patients with stroke, SCGFb was inversely associated and in healthy subjects, G-CSF was positively associated with an increasing FAS score. Furthermore, in both studies, we found an independent positive association between SCF and fatigue in multivariable linear regression analyses. However, the associations lost statistical significance after correction for multiple testing.

In patients with post-stroke fatigue, the markers hepatocyte growth factor (HGF), interleukin-8 (IL-8), and macrophage inflammatory protein-1 alpha (MIP-1a) were elevated compared to patients without fatigue. The proinflammatory cytokine IL-8, also known as CXCL8, is secreted particularly by endothelial cells, monocytes, epithelial cells, and fibroblasts and acts as a chemoattractant and a potent angiogenic factor (17). In contrast to our study, the study by Groven et al. (18) did not detect increased IL-8 levels in patients with fatigue compared with controls. HGF is a pleiotropic cytokine secreted by mesenchymal cells that acts mainly on epithelial and endothelial cells but also on hematopoietic progenitor cells and T cells (19). To date, this marker has not been associated with the presence of fatigue in literature. However, studies have examined HGF in relation to depression, with one study finding significantly lower serum HGF levels in older individuals with major depression compared with controls (20). In another study, HGF levels were significantly elevated in women with postpartum depressive symptoms (21). The chemokine MIP-1a, also called CCL3, is produced by macrophages and monocytes after stimulation with bacterial endotoxin or proinflammatory cytokines such as IL-1ß. It is expressed by all hematopoietic cells and some tissue cells such as fibroblasts, epithelial cells, vascular smooth muscle cells, or platelets upon activation (22). In a study including women with early-stage breast cancer, MIP-1a was found to be associated with fatigue after receipt of chemotherapy but not before (23). In the present population-based sample, but not in post-stroke patients, the proinflammatory cytokine interferon gamma-induced protein (IP-10), also known as CXCL10, was significantly increased in subjects with fatigue compared to the non-fatigue group. This finding is in contrast to a recent study which found no differences regarding IP-10 levels when comparing patients with fatigue vs. healthy controls (18). IP-10 plays a critical role in inflammatory diseases and regulates immune responses through the activation and recruitment of leukocytes including T cells, eosinophils, monocytes, and NK cells (24). It is secreted by a variety of cells including monocytes, neutrophils, endothelial cells, keratinocytes, fibroblasts, mesenchymal cells, dendritic cells, astrocytes, and hepatocytes (24).

In both study samples, in multivariable-adjusted linear regression models, we found a possible association between SCF and fatigue. SCF is a glycoprotein that exists both in a membrane-bound form and as a soluble protein (25). As a cytokine and a member of the hematopoietic growth factors, it is involved in the early stages of hematopoiesis (25). In vitro studies found that SCR in combination with other hematopoietic growth factors, such as granulocyte colony-stimulating factor (G-CSF), stimulates hematopoietic progenitor cells (26). In vivo studies showed that SCF synergizes with other growth factors and enhances the mobilization of peripheral blood progenitor cells in combination with G-CSF (26). In addition to the role of SCF on the hematopoietic system, studies suggested that it may play a role in the development and function of germ cells (27) and melanocytes (28). Moreover, SCF may also play a role in the central nervous system. It appears that it is overexpressed by neurons after brain injury and mediates the migration of neural stem cells to the site of brain injury (29). Presumably, SCF also plays a role in inflammatory processes (25). It seems that it is upregulated under inflammatory conditions (30) and plays a compensatory role in trying to limit the extent of damage after stroke by favoring reparative mechanisms (31).

A recent study, including 192 patients with chronic fatigue and 392 healthy controls, examined the association between multiple markers of inflammation and chronic fatigue severity (32). A total of 17 cytokines, including SCF, had a statistically significant upward linear trend correlating with fatigue severity, among others with SCF. Since, in our investigation, a potential association between SCF and fatigue could also be observed in the general population, SCF levels in post-stroke patients may be related to fatigue regardless of compensatory mechanisms. However, although SCF was suggestively associated with fatigue in both study samples in our analysis, the results should be interpreted cautiously. Further studies are needed to investigate whether and if so, what role SCF plays in the development and severity of fatigue. Interestingly, there is increasing evidence that neuroinflammation is associated with chronic fatigue (33). Microglia, the innate immune cells of the central nervous system, have pro-inflammatory or neuroprotective properties and hence may play a central role in mediating this neuroinflammation. These neuroglial cells could be a link among inflammation, immunity, stress response, and homeostasis of the central nervous system. The hypothesis that chronic neuroinflammation and central nervous system dysfunction may be involved in disease mechanisms has to be the subject of further research activities (34).

Comparing the findings of different studies on the relationship between inflammatory markers and fatigue is difficult. Cytokine levels in peripheral blood are subject to fluctuations that may be influenced by various factors such as sleep, obesity, smoking, time of day, and method of analysis (35, 36). Furthermore, cytokines are released by immune cells in small amounts and have a broad range of effects, such as pleiotropic, synergic, and antagonistic effects, among others (37, 38). Thus, it may be difficult to detect clinically important concentrations of circulating cytokines, because most of their effects are likely to be local. Finally, cytokines are likely to be one factor in a complex network. Also, differences regarding the measure of fatigue, different study populations, or a lack of statistical power can influence the study results. So far, the pathophysiology of chronic fatigue syndrome is poorly understood. Different comorbidities and underlying diseases could be present in patients with fatigue, who thus represent a heterogeneous group at different stages of their disease (9, 39, 40). Currently, there seems to be no clear picture of which cytokines may play what role regarding chronic fatigue (41). In prior studies, the most frequently studied pro-inflammatory cytokines were IL-1β, TNF, and IL-6. However, the results mainly demonstrated that they are not raised in subjects with chronic fatigue syndrome in comparison to controls (41). In meta-analyses, the cytokine with the best support of involvement in chronic fatigue syndrome was the multifunctional cytokine transforming growth factor beta (TGF-β) as a potential biomarker for categorizing individuals with chronic fatigue into sub-groups (32, 41). However, in prior studies, no association between TGF-β and the severity of fatigue could be found (32).

The present study has several limitations. First, due to the cross-sectional design of the studies, no causal relationships could be investigated. Second, the sample size was relatively low regarding the number of inflammatory markers measured. Thus, after correction for multiple testing, no significant associations remained. Third, blood was sampled mostly in a non-fasting state and at different time points after the acute stroke event. Fourth, the study samples differ regarding the age of the included participants. Fifth, although only patients with ischemic stroke were included in the study, they differ regarding etiology. Strengths of our study include the availability of two independent study samples to investigate the research question. Furthermore, in both samples, the same instrument for the assessment of fatigue was available and the same biomarker profile was measured.

In conclusion, the present findings point toward an association between the growth factor SCF and fatigue. However, there is no clear picture to support the hypothesis that pro-inflammatory circulating cytokines are related to fatigue. Future research on cytokines as possible markers of fatigue should be conducted in a longitudinal design. Also, further studies should include the measurement of cytokines in different body fluids and multiple measurements in a sufficiently large number of study participants, to enable testing associations between certain cytokines and sub-groups of chronic fatigue.
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