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Association of high complement and low immunoglobulins with the clinical symptoms of patients with fibromyalgia
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Abstract
Background
Fibromyalgia (FM) is a disease characterized by chronic widespread pain concomitant with various symptoms such as fatigue and anxiety. Although chronic inflammation has been implicated in the immunological abnormalities of FM, there are few human studies on complement and immunoglobulins. In this study, we investigated the immunological characteristics of FM patients and the association between their clinical symptoms and immunological indices, including complement and immunoglobulins.

Methods
1) The serum 50% hemolytic complement activity (CH50), C3, C4, IgG, IgM, and hsCRP of 36 FM patients and 30 healthy sex- and age-matched controls (HC) were measured and compared. 2) Data from the Brief Pain Inventory (pain intention and pain interference subscales), the visual analog scale (VAS) (low back pain, knee pain, and fatigue), the State-Trait Anxiety Inventory and the Center for Epidemiologic Studies Depression Scale (anxiety and depression), and CH50, IgG, and hsCRP as immunological indices were acquired for 41 FM patients. Correlation analysis was done of the clinical symptom and immunological indices.

Results
1) The FM group had significantly higher CH50 and lower IgG and IgM than the HC group after adjusting for body mass index (BMI). 2) Correlation analysis of immunological indices and clinical symptoms showed a positive, partial correlation between CH50 and fatigue and trait anxiety after adjusting for sex, age, and BMI.

Conclusions
FM patients had higher CH50 and lower immunoglobulin levels than HCs. CH50 was also associated with the fatigue and trait anxiety of FM patients. Further studies are needed to determine whether changes in these immunological indices can be used as biomarkers and/or therapeutic targets for FM.
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Introduction
Fibromyalgia (FM) is a disease characterized by chronic widespread pain concomitant with various physical and psychiatric symptoms, such as fatigue, depression, and anxiety. It has been reported that the prevalence of FM in the general population is 2–3% worldwide and that it is common among middle-aged women [1]. FM significantly impacts quality of life and social activities and is associated with social problems such as work productivity loss and increased health care costs [2]. Data on immunologic, genetic, and psychosocial factors have accumulated that contribute to the etiology of FM, but there is currently no consistent pathogenetic model for this disease.
Recent reports on immunological factors associated with FM suggest that chronic inflammation caused by immune cells and inflammatory cytokines in the brain, spinal cord, and peripheral nerves leads to abnormal pain processing [3]. The complement system is composed of important proteins involved in defense against infection, and the association of high levels of complement with chronic inflammatory diseases such as rheumatoid arthritis and vasculitis syndrome has long been recognized. In recent years, complement abnormalities have been reported in various diseases, including neurological and psychiatric disorders [4, 5], and complement has been implicated in inflammation of the central and peripheral nervous systems. Animal studies have shown that complement is associated with symptoms of FM, such as pain and fatigue. It has been reported that several complements, including C3 and C4, are upregulated in rat models of neuropathic pain and that decreasing C3 suppresses pain behavior [6]. A study in mice found that intracerebroventricular administration of C3a inhibited morphine-induced analgesia [7], suggesting that C3a inhibits endogenous analgesia. In human studies, cluster analysis studies of blood data in chronic fatigue syndrome (CFS), a disease analogous to FM, found elevated C3 in clusters of severe and moderate cases compared to clusters of mild cases [8]. It has also been reported that CFS patients have elevated C4a and exacerbated fatigue with exercise [9].
Evidence is accumulating that suggests a link between complement and psychiatric symptoms. Elevated complement has been reported in patients with psychiatric disorders associated with depression and anxiety, such as major depressive disorder [10] and post-traumatic stress disorder [11]. An animal study reported that mice overexpressing C4A, one of the two isoforms of C4, have increased synaptic pruning by microglia, which results in decreased synaptic density and increased anxiety-like behavior [12].
In addition to complement, immunoglobulins have been implicated in the pathogenesis of FM. It has been reported that a high percentage of FM patients have low immunoglobulin levels [13] and that FM is more common in patients with primary immunodeficiency [14]. A study using proteomic analysis reported a significant decrease in IgG-related proteins in FM patients [15]. Regarding the association with pain, it is clear that the lower the IgG1 is in FM patients, the greater the degree of peripheral neuropathy [13].
Thus, the role of chronic inflammation in FM is becoming clearer, but few studies have compared the complement and immunoglobulins of FM patients with those of healthy controls (HC). We hypothesized that FM patients would have higher complement and lower immunoglobulin levels than HCs and that the higher the complement levels of FM patients the more pain, fatigue, depression, and anxiety they would experience and that the lower the IgG level the more pain they would experience.
Because high-sensitivity C-reactive protein (hsCRP) is widely used as an inflammatory marker and it has been reported that FM patients have higher hsCRP than HCs [16], we also performed an additional analysis of hsCRP.

Methods
Participants
The data of 41 Japanese FM patients who visited Kyushu University Hospital between 2014 and 2019 was available for study. All had peripheral blood immunologic findings taken and psychological indices administered during this period. The diagnosis of FM was made by an experienced psychosomatic physician following the American College of Rheumatology (ACR) 2010 diagnostic criteria [17]. According to these criteria, fibromyalgia is diagnosed when the following three criteria are met: 1) widespread pain index (WPI) ≧ 7 and symptom severity (SS) ≧ 5, including fatigue, waking unrefreshed, and cognitive symptoms, or WPI 3–6 and SS ≧ 9; 2) persistence of clinical symptoms for at least three months, and 3) absence of other conditions that would explain the chronic pain. HCs were 30 Japanese with no history of chronic pain or psychiatric disorders recruited from the local population by advertisement. All participants gave written informed consent before the study. The study was approved by the ethics committee of Kyushu University Hospital (26–406, 26–305).

Measurement of immunological findings
50% hemolytic complement activity (CH50) was measured by liposome immunoassay; C3, C4, IgG, IgM by immunoturbidimetric assay; and hsCRP by nephelometry. All CH50 values above 60 U/mL were expressed as 60 U/mL due to limitations of the measurement system. Antinuclear antibodies (ANA) were measured using the fluorescent antibody method. Titers at or above 1/80 were considered positive.

Assessment of clinical symptoms and psychological indices
Clinical symptoms were assessed for pain and fatigue characteristic of FM. Overall pain intensity was measured using the Brief Pain Inventory (BPI) [18, 19]. The BPI assesses two factors: pain intensity and interference (the degree to which pain interferes with activity, mood, sleep, etc.). Low back pain and knee pain were assessed as site-specific pain using a visual analog scale (VAS) of 0–100. Fatigue was also assessed using a VAS of 0–100. The severity of FM was assessed using the Fibromyalgia Impact Questionnaire (FIQ) [20, 21]. The FIQ focuses on various aspects of the condition, including physical functioning, work status, depression, anxiety, sleep, pain, stiffness, fatigue, and well-being. It is widely used internationally as a tool for assessing the overall impact of fibromyalgia on patients’ lives.
Psychological indices were given as self-administered questionnaires. The Japanese version of the Center for Epidemiologic Studies Depression Scale (CES-D) was used to assess depression [22, 23] and the Japanese version of the State-Trait Anxiety Inventory (STAI) to assess anxiety [24, 25]. The STAI assesses two types of anxiety: state anxiety (anxiety currently felt) and trait anxiety (tendency to feel anxiety).
The reliability and validity of the VAS (pain [26], fatigue [27]) and the Japanese versions of BPI [18, 19], FIQ [20, 21], and the psychological indices used (CES-D [22, 23], STAI [24, 25]) have been verified and reported.

Statistical analysis
The data of 36 FM patients and 30 sex- and age-matched HCs were available for between group comparisons of demographic and clinical data and for the immunological findings. Normality was assessed by the Shapiro–Wilk normality test. Comparisons between the FM and HC groups were performed using Student’s t-test for normal distribution, Kruskal–Wallis test for non-normal distribution, and Pearson’s chi-squared test for sex and ANA positivity. To adjust for the effect of body mass index (BMI), a between group comparison of the immunological findings was performed using BMI as a covariate for FM patients and HCs, all of whom had height and weight measured within three months before and after the blood testing. The data of 31 FM patients and 30 HCs were available for analysis because height and weight data were missing for five of the FM patients. CH50 was missing for one of the FM patients, thus the comparison of CH50 was limited to 30 FM patients and 30 HCs. The comparison of hsCRP was limited to 26 FM patients and 30 HCs because the data for hsCRP was missing for five of the 31 FM patients. The other immunological findings of 31 FM patients and 30 HCs, corrected for BMI, were available for analysis.
The data of the full group of 41 FM patients, including the above 36, were available for correlation analysis of the immunological findings and clinical symptoms. Correlation analysis was performed using Spearman’s rank correlation test. For the items for which correlations were found between immunological findings and clinical symptoms, a partial correlation analysis was performed with Spearman’s rank correlation test using sex, age, and BMI as control variables for FM patients, whose height and weight were measured within three months before and after blood testing. Height and weight data were missing for six of the FM patients, leaving the data of 35 available for analysis. CH50 was missing for two patients, IgG was missing for one, and hsCRP was missing for seven of the 35 FM patients, which allowed partial correlation analysis of the CH50 of 33 FM patients, the IgG of 34 FM patients, and the hsCRP of 28 FM patients when corrected for BMI.
Partial correlation analysis was performed using MATLAB R2020a (Mathworks Inc., Natick, MA, USA), and other statistical analyses were performed using JMP Pro, Version 15 Software, SAS Institute Inc., Carolina, USA, with a statistical significance level of p < 0.05. One-tailed tests were used to test one-tailed hypotheses, and two-tailed tests were used for all others.
Three additional analyses were done: one excluding the one patient with SAS, another excluding the two patients with hypertension, and another excluding the one patient with SAS and the two patients with hypertension.


Results
Between-group differences in demographic and clinical data
Differences in the demographic data, clinical symptoms, and psychological indices of the 41 FM patients, 30 HCs, and 36 sex- and age-matched FM patients are shown in Table 1. Pain, fatigue, CES-D, and STAI scores were significantly higher in the FM group (each p < 0.001). There was no significant difference in sex, age, or BMI.
Table 1Demographic and clinical characteristics


	 	HC (n = 30)
(mean ± SEM)
	Sex- and age-matched FM (n = 36)
(mean ± SEM)
	Total FM (n = 41)
(mean ± SEM)
	p value*

	Sex (female, %)
	90
	89
	78
	0.88

	Age (years)
	42.3 ± 1.2
	42.7 ± 1.8
	43.2 ± 1.8
	0.85

	BMI (kg/m2)
	21.9 ± 0.6
	23.6 ± 0.8 1)
	23.5 ± 0.8 2)
	0.18

	BPI intensity
	1.2 ± 0.2
	6.0 ± 0.2
	6.0 ± 0.2
	 < 0.001

	BPI interference
	0.4 ± 0.1
	6.2 ± 0.3
	6.0 ± 0.3
	 < 0.001

	Low back pain
	13.1 ± 4.0
	63.5 ± 5.6
	62.8 ± 5.3
	 < 0.001

	Knee pain
	7.5 ± 3.1
	53.3 ± 5.5
	51.1 ± 5.4
	 < 0.001

	Fatigue
	32.3 ± 5.3
	73.1 ± 4.0
	73.3 ± 3.6
	 < 0.001

	CES-D
	5.2 ± 1.5
	25.7 ± 1.4
	24.9 ± 1.4
	 < 0.001

	STAI (state)
	34.8 ± 1.9
	53.6 ± 1.9
	52.7 ± 1.8
	 < 0.001

	STAI (trait)
	36.1 ± 1.6
	56.9 ± 1.8
	55.7 ± 1.7 3)
	 < 0.001


1) n = 31, 2) n = 35, 3) n = 40
* p values for comparison of HC and FM(n = 36) calculated with the Student t-test, Kruskal–Wallis test, or Pearson’s chi-squared test (Sex)



The duration of FM was 10.4 ± 1.5 years (mean ± SEM). Of the 41 FM patients, 80.5% were taking antidepressants, 78.0% were taking analgesics (56.2% pregabalin/gabapentin, 46.9% non-steroidal anti-inflammatory drugs, 31.3% acetaminophen, 28.1% opioids, and 28.1% neurotropin), and 17.1% were taking steroids (oral, inhalers, and topical medications). Of the 41 FM patients, 26 had physical comorbidities (6 obesity, 6 asthma, 4 dyslipidemia, 3 reflux esophagitis, 2 hypertension, 2 chronic thyroiditis, 2 atopic dermatitis, 1 sleep apnea syndrome (SAS), and others). The FIQ of 40 FM patients was 69.5 ± 2.5 (mean ± SEM), indicating severe FM (the data was missing for one of the patients).

Between-group differences in complement and immunoglobulins
The immunological findings of the 41 FM patients, 30 HCs, and 36 sex- and age-matched FM patients are shown in Table 2, and individual results are shown in Fig. 1. CH50 was significantly higher in the FM group than in the HC group (p < 0.001) (Fig. 1A). In contrast, there was no significant difference in C3 or C4 (p = 0.16 and 0.29, respectively) (Fig. 1B,C). IgG and IgM were significantly lower in the FM group (p = 0.016 and 0.011, respectively) (Fig. 1D,E). The additional analysis showed that hsCRP was significantly higher in the FM group (p = 0.020) (Fig. 1F). There was no significant difference in ANA positivity.
Table 2Immunological findings


	 	HC (n = 30)
(mean ± SEM)
	Sex- and age-matched FM (n = 36)
(mean ± SEM)
	Total FM (n = 41)
(mean ± SEM)
	p value*

	CH50 (U/mL)
	36.7 ± 1.4
	52.9 ± 1.2 1)
	52.6 ± 1.1 2)
	 < 0.001

	C3 (mg/dL)
	102.1 ± 3.3
	105.2 ± 3.0
	104.0 ± 2.8
	0.32

	C4 (mg/dL)
	21.6 ± 1.4
	22.5 ± 1.0
	22.3 ± 1.0
	0.59

	IgG (mg/dL)
	1316.7 ± 61.2
	1120.9 ± 44.7
	1119.5 ± 41.5 3)
	0.033

	IgM (mg/dL)
	139.6 ± 10.6
	107.4 ± 7.8
	103.6 ± 7.3 3)
	0.022

	hsCRP (ng/dL)
	381.4 ± 96.3
	813.4 ± 180.4 4)
	853.3 ± 193.8 5)
	0.020

	ANA positivity (%)
	3.3
	8.3
	7.3
	0.40


1) n = 35, 2) n = 39, 3) n = 40, 4) n = 26, 5) n = 30
* p values for comparison of HC and FM (n = 36) calculated with the Student t-test, Kruskal–Wallis test, or Pearson’s chi-squared test (ANA positivity)


[image: ]
Fig. 1Immunological findings from patients with fibromyalgia and healthy controls. A Box-and-whisker plot showing the CH50 of FM patients (n = 35; 25th percentile, 46.5; median, 54.9; 75th percentile, 60.0) and healthy controls (n = 30; 25th percentile, 31.0; median, 35.0; 75th percentile, 42.1). B C3 of FM patients (n = 36; 25th percentile, 93.3; median, 110; 75th percentile, 117) and healthy controls (n = 30; 25th percentile, 88.8; median, 97.5; 75th percentile, 112). C C4 of FM patients (n = 36; 25th percentile, 18.0; median, 21.5; 75th percentile, 26.0) and healthy controls (n = 30; 25th percentile, 15.0; median, 20.0; 75th percentile, 26.5). D IgG of FM patients (n = 36; 25th percentile, 903; median, 1165; 75th percentile, 1327) and healthy controls (n = 30; 25th percentile, 1077; median, 1259; 75th percentile, 1575). E IgM of FM patients (n = 36; 25th percentile, 71.8; median, 95.0; 75th percentile, 136) and healthy controls (n = 30; 25th percentile, 92; median, 137; 75th percentile, 163). F hsCRP of FM patients (n = 26; 25th percentile, 130; median, 327; 75th percentile, 1512) and healthy controls (n = 30; 25th percentile, 86; median, 134; 75th percentile, 468). *p < 0.05


In the analysis with BMI as a covariate, CH50 was significantly higher (p < 0.001) and IgG and IgM significantly lower (p = 0.018 and 0.029, respectively) in the FM group than in the HC group. In contrast, there was no significant difference in hsCRP (p = 0.12).
The same result was obtained even after excluding two patients with hypertension (CH50 (p < 0.001), IgG (p = 0.024), IgM (p = 0.022), and hsCRP (p = 0.083)). One patient with SAS was not included in the 36 FM patients used for the between group comparison.

Correlation of complement and immunoglobulins with the symptoms and psychological indices of patients with fibromyalgia
Positive correlations were found between CH50 and BPI (pain intensity) (ρ = 0.34, p = 0.016) (Fig. 2A), low back pain (ρ = 0.49, p = 0.001) (Fig. 2B), knee pain (ρ = 0.35, p = 0.019) (Fig. 2C), fatigue (ρ = 0.51, p < 0.001) (Fig. 2D) and trait anxiety (ρ = 0.32, p = 0.024) (Fig. 2E). Even after adjusting for sex, age, and BMI, the partial correlations were significant between CH50 and fatigue (ρ = 0.39, p = 0.016) and trait anxiety (ρ = 0.52, p = 0.002).[image: ]
Fig. 2Correlation analysis of CH-50 and clinical scores. Correlation between CH50 of FM patients (n = 40) and several clinical scores (A) BPI (pain intensity); (B) Low back pain (VAS); (C) Knee pain (VAS); (D) Fatigue (VAS); (E) STAI (trait anxiety). r indicates the correlation coefficient


Positive correlations were found between hsCRP and low back pain (ρ = 0.48, p = 0.005) and knee pain (ρ = 0.44, p = 0.009), however, no significant partial correlation was found after adjusting for sex, age, and BMI.
In contrast, IgG had no significant correlation with the clinical symptoms or psychological indices.
The same result was obtained even after excluding one patient with SAS (CH50 and fatigue (ρ = 0.39, p = 0.019) and anxiety (ρ = 0.52, p = 0.002)), excluding two patients with hypertension (CH50 and fatigue (ρ = 0.40, p = 0.016) and anxiety (ρ = 0.60, p < 0.001)), and excluding one patient with SAS and two patients with hypertension (CH50 and fatigue (ρ = 0.40, p = 0.018) and anxiety (ρ = 0.61, p < 0.001)).


Discussion
CH50, C3, C4, IgG, and IgM of 36 FM patients and 30 sex- and age-matched HCs were compared to examine possible correlations between their clinical symptoms and those of 41 FM patients. The results showed for the first time that FM patients had significantly higher CH50 and lower IgG and IgM than HCs, even after adjusting for BMI. In addition, we found for the first time that CH50 was significantly and partially, positively correlated with the fatigue and trait anxiety of FM patients, even after adjusting for sex, age, and BMI.
CH50 represents the total complement activation capacity due to reactions involving all complement components from C1 to C9. In general, CH50 can be elevated when production is stimulated by complement consumption due to chronic inflammation, such as that seen in some autoimmune diseases, infections, and malignancies. This study suggests that chronic inflammation is also involved in the pathogenesis of FM: CH50 elevation was higher in FM patients than in HCs. However, because CH50 reflects the total complement activation capacity, it will be necessary to identify which complement component is involved.
A proteomic analysis study, which provides a comprehensive analysis of protein structure and function, reported that C4A, a C4 isoform, was elevated in both the cerebrospinal fluid [28] and serum [15] of FM patients. In our study, no difference in C4 was observed between FM patients and HCs: C4a, a degradation product of C4, will need to be further examined because it is possible that even if C4 production is increased in FM patients C4 consumption may also be increased, resulting in a normal range.
This study also found significantly lower IgG and IgM in FM patients than in HCs, even after adjusting for BMI. A previous study reported that a higher percentage of FM patients had IgG and IgM levels below the lower limit of normal [13]. In this study, 8 of 40 (20%) FM patients had IgG below the lower limit of normal and 2 of 40 (5%) had IgM below the lower limit of normal (IgG data were missing for one of the FM patients, leaving the data of 40 available for this analysis.): 1 of 30 (3%) HCs had IgG below the lower limit of normal and none had IgM below the lower limit of normal, consistent with previous study. In addition, new findings show that IgG and IgM are significantly lower in the normal range compared to HCs.
There was no significant difference in ANA positivity between the FM and HC groups. Our findings are consistent with those of a previous study [29] that reported that the ANA positivity of FM patients and HCs was similar. It also reported that the frequencies of symptoms were not significantly different for ANA-positive and ANA-negative FM patients. MMP-3 is a proteinase produced by synovial cells and chondrocytes in the joint and is used as a biomarker for joint destruction in patients with rheumatoid arthritis. MMP-3 was not measured in this study. However, previous studies have reported that MMP-3 levels were normal in FM [30] and significantly lower than in rheumatoid arthritis and spondyloarthritis [31], suggesting that it is unlikely to be a useful biomarker for the symptoms in FM.
Partial correlation analysis of immunological indices and clinical symptoms showed that CH50 was significantly, positively correlated with fatigue and trait anxiety, even after adjusting for sex, age, and BMI. One study found elevated C4a and worsening fatigue in CFS patients after exercise [9]. In addition, treatment with complement-targeted drugs has been shown to improve the fatigue of patients with paroxysmal nocturnal hemoglobinuria [32] or cold agglutinin disease [33], suggesting a link between activation of the complement system and fatigue. In addition, because complement activation reduces the integrity of the blood–brain barrier, the possibility that interactions between complement and immune cells in the brain, such as microglia, contribute to neuroinflammation has attracted attention [34]. A study that used positron emission tomography (PET) with a radioligand that binds to the 18-kDa translocator protein to measure the microglial activity of FM patients reported that the more their fatigue, the more microglial activity was seen in the middle cingulate cortex [35].
Regarding the relation between complement and anxiety, a study examining the association between premenstrual syndrome symptoms and biomarkers reported a positive correlation between C4 and anxiety scores [36]. It is also known that microglia depend on complement for synaptic pruning [37], and it has been reported that mice overexpressing C4A have increased synaptic pruning by microglia, which resulted in decreased synaptic density and increased anxiety-like behavior [12]. Based on these studies and the present results, neuroinflammation due to microglial abnormalities as well as complement may be relevant in FM. Future studies are needed to examine the relations between complement and fatigue and anxiety, including the effects of neuroinflammation caused by microglial activation.
In this study, there was no correlation between CH50 and pain after adjusting for age and BMI. Complement components have been reported to be elevated in patients with pain, such as osteoarthritis and neuropathic pain, including C3a, C5, and C5a [38]. Our study examined the correlation between CH50, which reflects total complement activation capacity, and pain, thus methodological limitations may be the reason no association was observed.
We also found no correlation between IgG and pain. A decrease in intraepidermal nerve fiber density (IENFD), which is seen in small fiber sensory neuropathy involving Aδ- and C-fibers among peripheral nerves, has been reported in FM [39]. IENFD was reported to be lower in FM patients with lower IgG1 in a previous study [13]. An animal study reported that the administration of IgG from FM patients (FMIgG) to mice increased Aδ- and C-fiber sensitivity to noxious mechanical and cold stimuli and decreased IENFD [40]. The FMIgG used in the study was collected from patients in the United Kingdom and Sweden, and when the subclasses of serum IgG were compared to those of HCs, only IgG1 was significantly lower in Swedish FM patients. In our study, we did not measure subclasses: only the correlation between total IgG and pain: which may be why no association was found. FMIgG has been shown to bind to peripheral nerve neurons, satellite glial cells, and dorsal root ganglia [40], suggesting that the IgG of FM patients may act on peripheral nociceptive afferents to promote denervation and hyperalgesia. However, because the pain of FM patients is also thought to be influenced by abnormalities in the central nervous system [41], the amount of IgG likely to act on peripheral nerves may not adequately explain the pain. Further studies are needed to determine the role of low IgG in the pathogenesis of FM.
We also found that hsCRP was higher in FM patients than in HCs and that there was a positive correlation with pain, however, this was not significant after adjusting for sex, age, and BMI. Obesity is thought to be a proinflammatory state associated with elevated levels of hsCRP [42]. In a meta-analysis examining the relation between FM and obesity [43], the prevalence of obesity in FM was 35.7%, and an association was found between obesity and a range of symptoms, including pain and fatigue. These reports and our findings suggest that the association between hsCRP and the pain of the FM patients in this study was due to the influence of BMI.
SAS [44] and hypertension [45] are also considered to be proinflammatory states. Because the FM group included one patient with SAS and two patients with hypertension, we excluded them, performed the same analysis, and got the same results, which indicates that the results of this study were not influenced by SAS or hypertension.
These and previous reports have shown that, among the immunological indices, CH50 is significantly higher while IgG and IgM are significantly lower in FM. In addition, CH50 was found to be significantly associated with clinical symptoms such as fatigue and anxiety, suggesting that complement and immunoglobulins, which can be easily measured and are not affected by other factors such as BMI, should be considered in the treatment of FM. In addition, these findings and reports suggest that the immune system interacts with both peripheral and central pain mechanisms in the formation of symptoms in FM. In the peripheral nervous system, immunoglobulins cause neuroinflammation and immune-mediated nerve damage, leading to nociplastic pain. In fact, IgG from FM patients injected into mice caused increased pain sensitivity and altered pain nerve fiber density [40]. In the central nervous system, the activation of microglia leads to central sensitization, increasing pain and hypersensitivity, as well as causing fatigue and anxiety. To prove this hypothesis, it will be important to investigate the degree of neuroinflammation in the brains of FM patients using PET ligands for proteins expressed by activated microglia and to extract microglia from brain tissue or cerebrospinal fluid to study the interaction between microglia and complement. Furthermore, preclinical and clinical trials to assess the effects of drugs that suppress complement and microglial activity will also be useful.
This study has several limitations. First, as this was a cross-sectional study, we are not able to confirm that the immunological features identified are responsible for the clinical symptoms of FM. Longitudinal studies before and after treatment intervention would be desirable. Second, the preponderance of women among the participants may limit generalizability. Third, it should be noted that the results presented do not take into account the potential effects of medications and comorbidities other than proinflammatory states, such as hypertension and SAS. Finally, the missing hsCRP data points may have an impact on the reliability of the resulting findings.

Conclusions
We found higher CH50 and lower IgG and IgM in FM patients than in HCs. In addition, CH50 was shown to be associated with the fatigue and trait anxiety of FM patients. Further studies are needed to determine whether changes in these immunological indices can be used as biomarkers and/or therapeutic targets for FM.

Acknowledgements
The authors thank Dr. Yu Tanaka for supporting his clinical work.

Authors’ contributions
S.I., M.H., K.A., and K.Y. contributed to the conception and design of the study. M.H., K.A., and T.K. contributed to the acquisition data. S.I. and K.Y. contributed to the analysis and interpretation of data and drafted the manuscript. N.S. organized and revised the draft critically. All the authors read and approved the final manuscript.

Funding
This study was supported in part by the Ministry of Education, Culture, Sports, Science and Technology of Japan (JSPS KAKENHI Grant Number JP19H03752 and JP22H00494); by Health and Labour Sciences Research Grants of the Ministry of Health, Labour and Welfare of Japan (JP19FG2001and JP20FC1056); and by the Japan Agency for Medical Research and Development (JP19ek0610015h0003, JP21wm0425010 and JP24ek0610034s0101).

Data availability
The data that support the findings of this study are available on request from the corresponding author KY. The data are not publicly available due to their containing information that could compromise the privacy of research participants.

Declarations
Ethics approval and consent to participate
The study was approved by the ethics committee of Kyushu University Hospital (26–406, 26–305). Written informed consent was obtained from all participants.

Consent for publication
Not applicable.

Competing interests
We have no conflicts of interest to declare.


References
	1.
Sarzi-Puttini P, Giorgi V, Marotto D, Atzeni F. Fibromyalgia: an update on clinical characteristics, aetiopathogenesis and treatment. Nat Rev Rheumatol. 2020;16:645–60. https://​doi.​org/​10.​1038/​s41584-020-00506-w.CrossrefPubMed


	2.
Lee LK, Ebata N, Hlavacek P, DiBonaventura M, Cappelleri JC, Sadosky A. Humanistic and economic burden of fibromyalgia in Japan. J Pain Res. 2016;9:967–78. https://​doi.​org/​10.​2147/​JPR.​S110707.CrossrefPubMedPubMedCentral


	3.
Littlejohn G, Guymer E. Neurogenic inflammation in fibromyalgia. Semin Immunopathol. 2018;40:291–300. https://​doi.​org/​10.​1007/​s00281-018-0672-2.CrossrefPubMed


	4.
Dalakas MC, Alexopoulos H, Spaeth PJ. Complement in neurological disorders and emerging complement-targeted therapeutics. Nat Rev Neurol. 2020;16:601–17. https://​doi.​org/​10.​1038/​s41582-020-0400-0.CrossrefPubMedPubMedCentral


	5.
Druart M, Le Magueresse C. Emerging roles of complement in psychiatric disorders. Front Psychiatry. 2019;10:573. https://​doi.​org/​10.​3389/​fpsyt.​2019.​00573.CrossrefPubMedPubMedCentral


	6.
Levin ME, Jin JG, Ji R-R, Tong J, Pomonis JD, Lavery DJ, et al. Complement activation in the peripheral nervous system following the spinal nerve ligation model of neuropathic pain. Pain. 2008;137:182–201. https://​doi.​org/​10.​1016/​j.​pain.​2007.​11.​005.CrossrefPubMed


	7.
Jinsmaa Y, Takahashi M, Takahashi M, Yoshikawa M. Anti-analgesic and anti-amnesic effect of complement C3a. Life Sci. 2000;67:2137–43. https://​doi.​org/​10.​1016/​s0024-3205(00)00800-6.CrossrefPubMed


	8.
Castro-Marrero J, Zacares M, Almenar-Pérez E, Alegre-Martín J, Oltra E. Complement component C1q as a potential diagnostic tool for myalgic encephalomyelitis/chronic fatigue syndrome subtyping. J Clin Med Res. 2021;10. https://​doi.​org/​10.​3390/​jcm10184171


	9.
Sorensen B, Streib JE, Strand M, Make B, Giclas PC, Fleshner M, et al. Complement activation in a model of chronic fatigue syndrome. J Allergy Clin Immunol. 2003;112:397–403. https://​doi.​org/​10.​1067/​mai.​2003.​1615.CrossrefPubMed


	10.
Yao Q, Li Y. Increased serum levels of complement C1q in major depressive disorder. J Psychosom Res. 2020;133:110105. https://​doi.​org/​10.​1016/​j.​jpsychores.​2020.​110105.CrossrefPubMed


	11.
Oganesyan LP, Mkrtchyan GM, Sukiasyan SH, Boyajyan AS. Classic and alternative complement cascades in post-traumatic stress disorder. Bull Exp Biol Med. 2009;148:859–61. https://​doi.​org/​10.​1007/​s10517-010-0836-0.CrossrefPubMed


	12.
Yilmaz M, Yalcin E, Presumey J, Aw E, Ma M, Whelan CW, et al. Overexpression of schizophrenia susceptibility factor human complement C4A promotes excessive synaptic loss and behavioral changes in mice. Nat Neurosci. 2021;24:214–24. https://​doi.​org/​10.​1038/​s41593-020-00763-8.CrossrefPubMed


	13.
Caro XJ, Winter EF. Unexpectedly high prevalence of primary immune deficiency in fibromyalgia: serologic features and clinical correlates. Clin Exp Rheumatol. 2022;40:1076–83. https://​doi.​org/​10.​55563/​clinexprheumatol​/​mimkj3.CrossrefPubMed


	14.
Barton JC, Bertoli LF, Barton JC, Acton RT. Fibromyalgia in 300 adult index patients with primary immunodeficiency. Clin Exp Rheumatol. 2017;35(Suppl 105):68–73.PubMed


	15.
Han C-L, Sheng Y-C, Wang S-Y, Chen Y-H, Kang J-H. Serum proteome profiles revealed dysregulated proteins and mechanisms associated with fibromyalgia syndrome in women. Sci Rep. 2020;10:12347. https://​doi.​org/​10.​1038/​s41598-020-69271-w.CrossrefPubMedPubMedCentral


	16.
Groven N, Fors EA, Reitan SK. Patients with fibromyalgia and chronic fatigue Syndrome show increased hsCRP compared to healthy controls. Brain Behav Immun. 2019;81:172–7. https://​doi.​org/​10.​1016/​j.​bbi.​2019.​06.​010.CrossrefPubMed


	17.
Wolfe F, Clauw DJ, Fitzcharles M-A, Goldenberg DL, Katz RS, Mease P, et al. The American College of Rheumatology preliminary diagnostic criteria for fibromyalgia and measurement of symptom severity. Arthritis Care Res. 2010;62:600–10. https://​doi.​org/​10.​1002/​acr.​20140.Crossref


	18.
Cleeland CS, Ryan KM. Pain assessment: global use of the brief pain inventory. Ann Acad Med Singapore. 1994;23:129–38.PubMed


	19.
Uki J, Mendoza T, Cleeland CS, Nakamura Y, Takeda F. A brief cancer pain assessment tool in Japanese: the utility of the Japanese brief pain Inventory–BPI-J. J Pain Symptom Manage. 1998;16:364–73. https://​doi.​org/​10.​1016/​s0885-3924(98)00098-0.CrossrefPubMed


	20.
Burckhardt CS, Clark SR, Bennett RM. The fibromyalgia impact questionnaire: development and validation. J Rheumatol. 1991;18:728–33.PubMed


	21.
Osada K, Oka H, Isomura T, Nakamura I, Tominaga K, Takahashi S, et al. Development of the Japanese version of the Fibromyalgia Impact Questionnaire (JFIQ): translation and linguistic valid. Clin Rheumatol. 2008;20:19–28.


	22.
Radloff LS. The CES-D Scale: a self-report depression scale for research in the general population. Appl Psychol Meas. 1977;1:385–401. https://​doi.​org/​10.​1177/​0146621677001003​06.Crossref


	23.
Shima S, Shiga N, Kitamura T, Asai M. [New Self-Rating scales for Depression] Atarashii yokuutsuseijikohyokasyakudo ni tsuite (in Japanese). Seishin Igaku (Clinical Psychiatry). 1985;27:717–23. https://​doi.​org/​10.​11477/​mf.​1405203967.Crossref


	24.
Spielberger CD, Gorsuch RL, Lushene R, Vagg PR, Jacobs GA. Manual for the state-trait anxiety inventory. Palo Alto: Consulting Psychologists Press; 1983.


	25.
Shimizu H, Imae K. [Development of the Japanese version of state-trait anxiety inventory] STATE-TRAIT ANXIETY INVENTORY no nihongoban (daigakuseiyo) no sakusei (in Japanese). Kyoiku Shinrigaku Kenkyu (Japanese J Educ Psychol). 1981;29:348–53. https://​doi.​org/​10.​5926/​jjep1953.​29.​4_​348.Crossref


	26.
Boonstra AM, SchiphorstPreuper HR, Reneman MF, Posthumus JB, Stewart RE. Reliability and validity of the visual analogue scale for disability in patients with chronic musculoskeletal pain. Int J Rehabil Res. 2008;31:165–9. https://​doi.​org/​10.​1097/​MRR.​0b013e3282fc0f93​.CrossrefPubMed


	27.
Lee KA, Hicks G, Nino-Murcia G. Validity and reliability of a scale to assess fatigue. Psychiatry Res. 1991;36:291–8. https://​doi.​org/​10.​1016/​0165-1781(91)90027-m.CrossrefPubMed


	28.
Khoonsari PE, Ossipova E, Lengqvist J, Svensson CI, Kosek E, Kadetoff D, et al. The human CSF pain proteome. J Proteomics. 2019;190:67–76. https://​doi.​org/​10.​1016/​j.​jprot.​2018.​05.​012.CrossrefPubMed


	29.
Dönmez S, Pamuk ÖN, Ümit EG, Top MŞ. Autoimmune rheumatic disease associated symptoms in fibromyalgia patients and their influence on anxiety, depression and somatisation: a comparative study. Clin Exp Rheumatol. 2012;30:65–9.PubMed


	30.
Ribbens C, Martin y Porras M, Franchimont N, Kaiser M-J, Jaspar J-M, Damas P, et al. Increased matrix metalloproteinase-3 serum levels in rheumatic diseases: relationship with synovitis and steroid treatment. Ann Rheum Dis. 2002;61:161–6. https://​doi.​org/​10.​1136/​ard.​61.​2.​161.CrossrefPubMedPubMedCentral


	31.
Sugimoto C, Konno T, Wakao R, Fujita H, Fujita H, Wakao H. Mucosal-associated invariant T cell is a potential marker to distinguish fibromyalgia syndrome from arthritis. PLoS One. 2015;10:e0121124. https://​doi.​org/​10.​1371/​journal.​pone.​0121124.CrossrefPubMedPubMedCentral


	32.
Hillmen P, Young NS, Schubert J, Brodsky RA, Socié G, Muus P, et al. The complement inhibitor eculizumab in paroxysmal nocturnal hemoglobinuria. N Engl J Med. 2006;355:1233–43. https://​doi.​org/​10.​1056/​NEJMoa061648.CrossrefPubMed


	33.
Röth A, Barcellini W, D’Sa S, Miyakawa Y, Broome CM, Michel M, et al. Sutimlimab in cold agglutinin disease. N Engl J Med. 2021;384:1323–34. https://​doi.​org/​10.​1056/​NEJMoa2027760.CrossrefPubMed


	34.
Alexander JJ. Blood-brain barrier (BBB) and the complement landscape. Mol Immunol. 2018;102:26–31. https://​doi.​org/​10.​1016/​j.​molimm.​2018.​06.​267.CrossrefPubMed


	35.
Albrecht DS, Forsberg A, Sandström A, Bergan C, Kadetoff D, Protsenko E, et al. Brain glial activation in fibromyalgia - A multi-site positron emission tomography investigation. Brain Behav Immun. 2019;75:72–83. https://​doi.​org/​10.​1016/​j.​bbi.​2018.​09.​018.CrossrefPubMed


	36.
Roomruangwong C, Matsumoto AK, Michelin AP, de Oliveira Semeão L, de Lima Pedrão JV, Moreira EG, et al. The role of immune and oxidative pathways in menstrual cycle associated depressive, physio-somatic, breast and anxiety symptoms: Modulation by sex hormones. J Psychosom Res. 2020;135:110158. https://​doi.​org/​10.​1016/​j.​jpsychores.​2020.​110158.CrossrefPubMed


	37.
Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yamasaki R, et al. Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner. Neuron. 2012;74:691–705. https://​doi.​org/​10.​1016/​j.​neuron.​2012.​03.​026.CrossrefPubMedPubMedCentral


	38.
Warwick CA, Keyes AL, Woodruff TM, Usachev YM. The complement cascade in the regulation of neuroinflammation, nociceptive sensitization, and pain. J Biol Chem. 2021;297:101085. https://​doi.​org/​10.​1016/​j.​jbc.​2021.​101085.CrossrefPubMedPubMedCentral


	39.
Kosmidis ML, Koutsogeorgopoulou L, Alexopoulos H, Mamali I, Vlachoyiannopoulos PG, Voulgarelis M, et al. Reduction of Intraepidermal Nerve Fiber Density (IENFD) in the skin biopsies of patients with fibromyalgia: a controlled study. J Neurol Sci. 2014;347:143–7. https://​doi.​org/​10.​1016/​j.​jns.​2014.​09.​035.CrossrefPubMed


	40.
Goebel A, Krock E, Gentry C, Israel MR, Jurczak A, Urbina CM, et al. Passive transfer of fibromyalgia symptoms from patients to mice. J Clin Invest. 2021;131. https://​doi.​org/​10.​1172/​JCI144201


	41.
Pinto AM, Geenen R, Wager TD, Lumley MA, Häuser W, Kosek E, et al. Emotion regulation and the salience network: a hypothetical integrative model of fibromyalgia. Nat Rev Rheumatol. 2023;19:44–60. https://​doi.​org/​10.​1038/​s41584-022-00873-6.CrossrefPubMed


	42.
Choi J, Joseph L, Pilote L. Obesity and C-reactive protein in various populations: a systematic review and meta-analysis: Obesity and CRP in various populations J. Choi et al. Obes Rev. 2013;14:232–44. https://​doi.​org/​10.​1111/​obr.​12003.CrossrefPubMed


	43.
D’Onghia M, Ciaffi J, Lisi L, Mancarella L, Ricci S, Stefanelli N, et al. Fibromyalgia and obesity: a comprehensive systematic review and meta-analysis. Semin Arthritis Rheum. 2021;51:409–24. https://​doi.​org/​10.​1016/​j.​semarthrit.​2021.​02.​007.CrossrefPubMed


	44.
Kim J, Lee SJ, Choi K-M, Lee SK, Yoon DW, Lee SG, et al. Obstructive sleep apnea is associated with elevated high sensitivity C-reactive protein levels independent of obesity: Korean Genome and Epidemiology Study. PLoS One. 2016;11:e0163017. https://​doi.​org/​10.​1371/​journal.​pone.​0163017.CrossrefPubMedPubMedCentral


	45.
Barrows IR, Ramezani A, Raj DS. Inflammation, immunity, and oxidative stress in hypertension-partners in crime? Adv Chronic Kidney Dis. 2019;26:122–30. https://​doi.​org/​10.​1053/​j.​ackd.​2019.​03.​001.CrossrefPubMedPubMedCentral




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Association of high complement and low immunoglobulins with the clinical symptoms of patients with fibromyalgia


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13030_2024_321_Fig1_HTML.png
(A) (B) (€)
. 40
oo ' ol e e ——
—~ L ]
_EI 501 . =0 120 .
£ k] o
] ke [ o) |—“—|
= (S S
o —— = 1007 = 20| I: :I
Yo}
™ <
I 30
o (@] a0 l (&) e
20 1 104 —_——
Control Fibromyalgia ® Control Fibromyalgia Control Fibromyalgia
(D) (E) (F) *
1 1 1
2500 . 3000
300 .
2000 —~ 250 . o
%' . = B 2000
= Sy 200 2
g’ 1500 = —— £
~ - ~ 150 & 3
] ] —3
(g, 1000 l |_J = L O 1o
— 2 100 7] N
g < ]
500 S 50 —— I;‘;I
Control Fibromyalgia Control Fibromyalgia Control " Fibromyalgia





OEBPS/images/13030_2024_321_Fig2_HTML.png
>
‘D
c
@
2
£
o
M 4 oo .e .
L ]
]
L]
3 40 45 50 55 60
CH50 (U/mL)
(C) ™ . .
L ]
L] L]
80 . .,
£
]
o
o
5]
c
X
.
042 o T y .
3 40 45 50 55 60
CH50 (U/mL)
(E) 80+ .
70+
=
g 60
& s0-
[7)]
. . .
404 | *e .
L]
30 T T T T T
3 40 45 50 55 60

CH50 (U/mL)

p=0.35
p=0.019
p=0.32
p=0.024

p=0.49
p < 0.001
% 5w % e
CH50 (U/mL)
p=0.51
p < 0.001

40 45 50 55 60
CH50 (U/mL)





OEBPS/css/envelope.png





OEBPS/css/sidebar.gif





