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Increased gut permeability and
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associated with fibromyalgia and
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chronic fatigue syndrome:
implications for disease-related
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Background: There is growing evidence of the significance of gastrointestinal
complaints in the impairment of the intestinal mucosal barrier function and
inflammation in fibromyalgia (FM) and in myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CFS). However, data on intestinal permeability and gut
barrier dysfunction in FM and ME/CFS are still limited with conflicting results. This
study aimed to assess circulating biomarkers potentially related to intestinal
barrier dysfunction and bacterial translocation and their association with self-
reported symptoms in these conditions.

Methods: A pilot multicenter, cross-sectional cohort study with consecutive
enrolment of 22 patients with FM, 30 with ME/CFS and 26 matched healthy
controls. Plasma levels of anti-beta-lactoglobulin antibodies (IgG anti-3-LGB),
zonulin-1 (ZO-1), lipopolysaccharides (LPS), soluble CD14 (sCD14) and
interleukin-1-beta (IL-1P) were assayed using ELISA. Demographic and clinical
characteristics of the participants were recorded using validated self-reported
outcome measures. The diagnostic accuracy of each biomarker was assessed
using the receiver operating characteristic (ROC) curve analysis.
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Results: FM patients had significantly higher levels of anti-B-LGB, ZO-1, LPS, and
sCD14 than healthy controls (all P < 0.0001). In ME/CFS patients, levels of anti-3-
LGB, ZO-1, LPS, and sCD14 were significantly higher than controls, but lower
than in FM (all P < 0.01), while there was no significant difference in IL-1f level. In
the FM and ME/CFS cohorts, both anti-B-LGB and ZO-1 correlated significantly
with LPS and sCD14 (P < 0.001 for both). In the FM group, both anti-B-LGB and
Z0O-1 were correlated significantly with physical and mental health components
on the SF-36 scale (P < 0.05); whereas IL-1B negatively correlated with the
COMPASS-31 score (P < 0.05). In the ME/CFS cohort, ZO-1 was positively
correlated with the COMPASS-31 score (P < 0.05). The ROC curve analysis
indicated a strong ability of anti-B-LGB, ZO-1, LPS and sCD14 to predictively
distinguish between FM and ME/CFS from healthy controls (P < 0.0001).

Conclusion: Biomarkers of intestinal barrier function and inflammation were
associated with autonomic dysfunction assessed by COMPASS-31 scores in FM
and ME/CFS respectively. Anti-B-LGB antibodies, ZO-1, LPS, and sCD14 may be
putative predictors of intestinal barrier dysfunction in these cohorts. Further
studies are needed to assess whether these findings are causal and can therefore

be applied in clinical practice.

KEYWORDS

anti-beta-lactoglobulin, chronic fatigue syndrome, fibromyalgia, intestinal
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Introduction

Fibromyalgia (FM) and myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CEFS) constitute a major public health issue
worldwide, imposing a serious burden on patients, caregivers, and
society, and exerting a substantial economic impact (1-4). Both are
complex disabling multisystem disorders without an established
aetiology characterized by a wide range of overlapping symptoms
such as widespread pain, post-exertional fatigue, cognitive
dysfunction, dysautonomia, and gastrointestinal complaints (5, 6).
No simple diagnostic tests are available, nor any curative treatment
(7, 8).

While FM and ME/CFS share common symptoms and
biological abnormalities of unknown cause, a growing body of
evidence suggests the existence of multiple pathophysiology
mechanisms underlying the association between impaired gut
barrier function and local and systemic inflammation in these
conditions. Assessing gut barrier function in these conditions is
challenging and has been a matter of debate for many years (9-11).
Recently, it was proposed that increased intestinal permeability and
gut dysbiosis allows the entry of bacterial endotoxins (reflected by
high levels of specific anti-LPS antibodies) into the bloodstream and
may trigger systemic inflammation and sustained immune
hyperactivation (in the form of imbalances of inflammatory
factors such as IL-1f, IL-6, TNF-o, IFN-y, IL-10, IL-13, IL-16, IL-
17A and C-reactive protein), contributing to the development and
perpetuation of chronic widespread pain and post-exertional
malaise in these illnesses (12-14).
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Previous studies conducted in FM and ME/CFS have speculated
about a possible association between intestinal function biomarkers
(zonulin, LPS and sCD14) and compromised intestinal barrier
integrity; however, more research is needed to understand the
exact role and the connections between them (10, 15).
Consequently, the growing evidence of a potential role of gut-
brain axis in triggering neuroinflammation in FM and ME/CEFS has
identified several intestinal barrier function biomarkers which may
contribute to the onset and illness severity. For instance, these
studies have linked significant high levels of zonulin, LPS and its
receptor sCD14 with increased intestinal permeability and
microbial translocation in FM and ME/CFS (10, 15-22).
Although the ability of these biomarkers to suggest the presence
of compromised intestinal barrier in these conditions is well
established, their use in clinical practice and research
remains limited.

Although the potential involvement of an antibody-mediated
autoimmune signature and illness severity has been proposed in the
pathophysiology of these conditions (23), to date the circulating
anti-beta-lactoglobulin antibody profile (anti-B-LGB) in FM and
ME/CFS has not explored. Increased antibody production against
LGB, a major allergen in whey (cow’s milk protein) has been
observed in individuals with allergy and/or food intolerances and
gastrointestinal complaints, which have also been reported in FM
and ME/CFS (24, 25).

In addition, a growing number of studies linked the increased
immune activation with the alteration of the gut microbiome
composition in FM and ME/CFS (15, 23, 26-29), thereby suggesting
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that perturbed microbiome homeostasis may induce an imbalance in
tolerance induction. An intestinal barrier dysfunction characterized by
increased gut permeability and microbial translocation may lead to
irritable bowel syndrome (IBS), which could impair tolerance the
development of tolerance and instead contribute to exacerbation of
symptoms in these conditions (11, 30, 31). Furthermore, the
damaged intestinal barrier-induced immunity may contribute to
neuroimmune dysfunction followed by the gradual activation of
innate responses in the brain via the vagus nerve (neuroglial
activation) and a reduction of energy-consuming activities in FM
and ME/CFS (8, 32, 33).

Further investigations on the gut microbial composition and
metabolomics profiling have shown noticeable reductions in the
relative microbial abundance/diversity and the production of
microbiota-derived metabolites in ME/CFS (i.e., probiotic
Bifidobacterium species and butyrate-producing Faecalibacterium),
possibly leading to the perturbed gut barrier function and increased
bacteria translocation implicated in low-grade systemic inflammation
(10, 14, 27, 34, 35). Similar alterations in gut microbiota composition
have been reported in FM patients, who presented significant
reductions in the relative abundance of certain short-chain fatty
acid-producing bacteria, while higher relative abundance was
reported for other organic acids (36-39).

Therefore, this study aimed (1) to explore whether patients with
FM and ME/CFES have altered intestinal barrier function and
inflammation by measuring circulating gut biomarkers and (2) to
examine the relationships among these intestinal function
biomarkers and self-reported outcome measures provided by the
study participants.

Methods
Study design and participants

A proof-of-concept multicenter, cross-sectional, prospective
case-control cohort study was conducted in 22 FM patients who
met the 2010 ACR diagnostic criteria for FM (40) and 30 ME/CFS
who fulfilled the 2011 ICC definition for ME/CFES (41). Subjects
were recruited by clinicians from two outpatient referral centres
(Hospital VIAMED Santa Angela de la Cruz, Seville, Spain and Vall
d’Hebron Hospital, Barcelona, Spain) from February 2018 to March
2019. The sample comprised 26 age- and sex-matched sedentary
healthy volunteers, who were recruited from each local community
by word of mouth. Ten FM patients, 12 with ME/CFS and 13
sedentary healthy volunteers were recruited from the hospital in
Sevilla and the rest from the local hospital in Barcelona so as to
avoid sampling bias in the selection of the target population. The
participants were Caucasian, from the same geographical area, and
had a sedentary lifestyle with a similar Mediterranean dietary
pattern at the time of inclusion.

The exclusion criteria for participation in the study included
current or past diagnosis of autoimmune conditions (such as coeliac
disease), food allergies and/or intolerances, haematological
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conditions, cardiovascular diseases, metabolic and endocrine
disturbances (thyroid-related conditions), infectious diseases,
neuropsychiatric disorders (psychosis/major depression). Individuals
were also excluded if they had morbid obesity, were smokers, were
pregnant and/or breast-feeding, or had history of substance misuse or
any underlying symptoms that might influence the clinicians’ ability
to distinguish between FM and ME/CFS diagnoses.

All study participants were informed of the research procedures
and signed a written informed consent form prior to enrolment, in
accordance with the 2013 Declaration of Helsinki. This study was
approved by the local Research Ethics Committees (reference
number: GutME-0634; on January 17, 2018). After providing
consent, all participants underwent a clinical examination. Finally,
data were analysed in an irreversibly anonymized fashion. A
detailed summary of the participants’ demographic and clinical
characteristics is shown in Table 1.

Data collection and clinical
outcomes measures

Participants were asked to complete validated self-reported
questionnaires under the supervision of two trained investigators,
who ensured compliance. These questionnaires included the
Fatigue Impact Scale (FIS-40), the Composite Autonomic
Symptom Score (COMPASS-31), the Pittsburgh Sleep Quality
Index (PSQI), and the Short Form 36-item (SF-36) health survey,
which were used to compile data on participants’ demographic
characteristics and current health status.

Fatigue impact scale

Fatigue was assessed by the Fatigue Impact Scale (FIS-40), a
self-administered 40-item questionnaire which includes three
subscales (scored from 0 to 4) reflecting the perceived feeling of
fatigue in physical (10 items), cognitive (10 items), and psychosocial
functions (20 items). The sum of the three scales yields a global
score ranging from 0 to 160. Higher scores indicate more functional
limitations resulting from fatigue; scores above 120 points are taken
to indicate severe fatigue, while scores of 120 points or less are taken
to reflect mild/moderate fatigue (42).

Composite autonomic symptom score

The frequency and severity of autonomic symptoms
were evaluated by using the validated self-administered 31-item
Composite Autonomic Symptom Score (COMPASS-31),
comprising six main domains: orthostatic intolerance (4 items),
vasomotor (3 items), secretomotor (4 items), gastrointestinal (12
items), bladder (3 items), and pupillomotor systems (5 items). The
overall COMPASS-31 score ranges from 0 to 100, with higher scores
indicating worse autonomic symptoms (43).
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TABLE 1 Demographic and clinical characteristics of the study population.

10.3389/fimmu.2023.1253121

. ME/CFS
Variable (n = 30)
Age, years 57 £ 16 53+ 10 51+8 0.957/0.982
Gender, female (%) 16 (73) 24 (80) 20 (77) 0.954/0.971
BMI, kg/m” 23 +35 24 5.1 24 +37 0.875/1.00
SBP, mmHg 120 + 11 109 + 14 118 +8 0.951/0.919
DBP, mmHg 80£6 75 £ 10 68 + 6 0.754/0.874
HR, bpm 70 £7 78 +9 72 £ 11 0.925/0.832
‘ Marital status, n (%)
Single 6 (27) 7 (23) 6 (23) n.s.
Separated/divorced 4 (18) 5(17) 5(19) n.s.
Married 12 (55) 18 (60) 15 (58) n.s.
‘ Illness duration, months
48 2 2 n/a n.s.
72 8 3 n/a n.s.
> 120 12 25 n/a n.s.
‘ Family members affected, n (%)
Yes 12 (55) 9 (30) 9 (34) n.s.
No 10 (45) 21 (70) 17 (66) ns.
Medication use, n (%)
Antidepressants
Tricyclics
Yes 4(14) 6 (20) 0 (0) n.s.
No 18 (86) 24 (80) 26 (100) ns.
‘ Dual
Yes 5(23) 14 (47) 0 (0) n.s.
No 17 (77) 16 (53) 26 (100) ns.
‘ SSRI
Yes 2 (10) 6 (20) 0 (0) n.s.
No 20 (90) 24 (80) 26 (100) ns.
‘ Anticonvulsants
Yes 3(14) 21 (70) 0 (0) n.s
No 19 (86) 9 (30) 26 (100) ns.
‘ Tramadol
Yes 9 (41) 10 (33) 0 (0) n.s.
No 13 (59) 20 (67) 26 (100) ns
‘ Major opioids
Yes 2 (10) 3 (10) 0 (0) n.s.
No 20 (90) 27 (90) 26 (100) ns.
(Continued)
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TABLE 1 Continued

: ME/CFS

Variable (n = 30)

Anxiolytics/sedatives
Yes 1(4) 6 (20) 0 (0) n.s.
No 21 (96) 24 (80) 26 (100) n.s.

‘ NSAIDs
Yes 7 (32) 14 (47) 0 (0) n.s.
No 15 (68) 16 (53) 26 (100) ns.
‘ Other analgesics

Yes 10 (45) 19 (63) 0 (0) n.s.
No 12 (55) 11 (37) 26 (100) ns.

Measures

FIS-40

Global score (0-160) 113 £ 19.6 140.7 £ 194 15.6 £ 5.4 < 0.0001
Physical 32+6 36.7 +34 44+03 < 0.0001
Cognitive 30+5 37 +59 41+07 < 0.0001
Psychosocial 51+9 67 + 12 71+19 < 0.0001

COMPASS-31

Global score (0-100) 645+ 28 653+ 1.4 6.8+ 1.1 < 0.0001
Orthostatic intolerance 31+28 30.6 + 6.4 4+1.1 < 0.0001
Vasomotor 24+12 25+04 0.0 +0.0 < 0.0001
Secretomotor 105+ 1.7 10.7 £2.3 13+£04 < 0.0001
Gastrointestinal 129 £ 3.1 13.4 +£38 0.7 £0.2 < 0.0001
Bladder 42+32 4.4+ 32 0.0 £0.0 < 0.0001
Pupillomotor 35+09 3.7+09 0.8+0.2 < 0.0001

PSQl

Global score (0-21) 50+2.0 18.0 £ 3.1 40+20 < 0.0001
Subjective sleep quality 1.0 0.6 3.0+ 06 1.0 £ 0.6 < 0.0001
Sleep latency 1.0 £ 0.6 3.0+08 1.0+ 0.8 < 0.0001
Sleep duration 0.5+ 04 2.0+ 04 1.0 £ 0.4 < 0.0001

Habitual sleep efficiency 05+04 30+03 0.0 +0.0 < 0.0001
Sleep disturbances 1.0 £ 0.5 2.0+03 1.0£03 < 0.0001
Sleeping medication 1.0 £ 0.5 3003 0.0+ 0.0 < 0.0001
Daytime dysfunction 0.0 £0.0 3.0+05 0.0 +0.0 < 0.0001

SF-36
Physical functioning 14+£0.8 183 55 100 + 0.0 < 0.0001
Physical role functioning 0.0 £ 0.0 0.0 +0.0 98+79 < 0.0001
Bodily pain 9+08 11+£96 100 + 0.0 < 0.0001
General health perception 12+19 17 £ 11.8 80 + 15.7 < 0.0001
Vitality 10 £ 0.9 5+09 90 +12.4 < 0.0001

(Continued)
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TABLE 1 Continued

Variable 1=e 23 P-value
(n = 30)
Social role functioning 14+ 0.7 20+ 3.9 100 + 0.0 < 0.0001
Emotional role functioning 25+37 26 + 4.8 100 + 0.0 < 0.0001
Mental health 17 £ 0.6 44 +12.3 92 £ 8.1 < 0.0001
PCS 242 +0.1 209 £ 1.0 57.0 £ 0.4 < 0.0001
MCS 7.6 +02 183 +£25 543 £ 0.6 < 0.0001

Data are given as means + standard error of the mean (SEM) for continuous variables, and as number of cases (percentages) for categorical variables, as appropriate (unless otherwise specified).
P-values from Mann-Whitney U-test for continuous variables and from Fisher’s exact test for categorical variables (gender, marital status, family background, medications). Bold values denote
statistical significance at P < 0.05 between each cohort (*FM and "ME/CFS) with healthy controls. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart
rate; SSRI, selective serotonin reuptake inhibitors; NSAIDs, non-steroidal anti-inflammatory drugs; FIS-40, 40-item fatigue impact scale; COMPASS-31, composite autonomic symptom score;
PSQI, Pittsburgh sleep quality index; SF-36, 36-item short-form health survey; PCS, physical health component summary scores; MCS, mental health component summary scores; n.s., not

significant.

Pittsburgh sleep quality index

Sleep disturbances were assessed by the standardized, self-
administered 19-item Pittsburgh Sleep Quality Index (PSQI)
questionnaire, which comprises seven components of sleep
quality assessed over a one-month interval (scored from 0 to 3):
subjective sleep quality, latency, sleep duration, habitual sleep
efficiency, sleep perturbations, use of sleeping medication, and
daytime dysfunction. The global PSQI score can range from 0 to
21 points, with score above 5 representing poorer subjective sleep
quality (44).

Short form 36-item health survey

Participants’ general physical and mental health was assessed
using the short form 36-item (SF-36) questionnaire, a 36-item self-
report health survey conducted over a 4-week period. The SF-36
comprises eight health domains, focusing on limitations in physical
activities due to health issues, limitations in social activities due to
physical or/and emotional problems, limitations in everyday
activities due to health and/or psychological problems, bodily
pain, general mental health (including psychological distress and
well-being), vitality and overall health perceptions. The eight
domains were weighted and summarized in physical component
summary (PCS) scores and mental component summary (MCS)
scores ranging from 0 to 100. Higher scores indicate better health-
related physical and mental quality of life (45).

Collection of blood samples
and processing

Fasting blood samples were collected from each participant
directly in K,EDTA tubes (Vacutainer, BD Biosciences, Madrid,
Spain) by venipuncture upon confirmation of the diagnosis. Plasma
samples were obtained by centrifugation at 2,000 x g for 15 minutes
at 4°C within 1 hour of the blood collection; then they were
collected immediately and frozen in aliquots at —-80°C until
further analysis.

Frontiers in Immunology

Quantification of intestinal barrier
function biomarkers

Plasma ZO-1 (Catalog #: MBS706368, MyBioSource, San Diego,
CA), LPS (Catalog #: MBS266722, MyBioSource, San Diego, CA),
sCD14 (Catalog #: RK01060, Abyntek Biopharma, Vizcaya, Spain),
and IL-1f (Catalog #: MBS2510385, MyBioSource, San Diego, CA)
were measured using commercially available ELISA kits according
to the manufacturers’ instructions. Circulating human anti-B-
lactoglobulin antibody levels (IgG isotypes) were assayed using a
validated home-made ELISA protocol as detailed below. All the
plasma samples were measured in blind duplicates for each
biomarker. For all protocols, absorbance at 450 nm with 570 nm
correction was measured in a microplate reader, and corrected
absorbance was interpolated in each standard curve to determine
the concentrations (Sigma Plot).

Detection of human anti-B-lactoglobulin
antibody levels

Circulating anti-B-lactoglobulin antibody levels (IgG isotypes)
were tested using a standard direct ELISA protocol (46). Briefly,
microtitre 96-well polystyrene plates (Nunc, Roskilde, Denmark)
were coated with 1 pg/uL B-lactoglobulin from cow’s milk as target
protein (Cat # L7880; Sigma Aldrich, Madrid, Spain) diluted in 50
mM Na,CO5/NaHCO; buffer (pH 9.6) at 4°C overnight. After
blocking with 1X phosphate-buffered saline containing 0.05%
Tween-20 (PBS-T) and 3% BSA for 90 minutes at room
temperature, the pre-coated plates were incubated with the
human plasma samples diluted in blocking buffer (dilution from
1:200 to 1:2000) for two hours at room temperature. Plates were
washed out three times with PBS-T for five minutes and then each
well was incubated with an HRP-conjugated mouse anti-human
IgG1 Fc secondary antibody at dilution 1:5000 (Cat # A-10648;
Thermo Fisher Scientific, MA, USA) for three hours at room
temperature. Between incubations, plates were washed three times
with PBS-T. Plates were revealed using TMB substrate (Thermo
Fisher Scientific, MA, USA) for 30 minutes at room temperature in
the dark and then 50 pl of stop solution (2M sulphuric acid) was
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added to each well. The absorbance (O.D.) was read immediately at
450 nm with 570 nm correction using a microplate reader
(Varioskan Flash, Thermo Electron Corporation, NH, USA). The
results were given as antibody levels per ng/ml on a standard curve
with anti-human beta-LGB chimera monoclonal antibody (clone
2512; CABT-12429; Creative Diagnostics, NY, USA) considering
the dilution of each sample. The standard curve was prepared using
serial dilutions from 8000 ng/ml to 31.25 ng/ml and included five
standard concentrations within the indicated range. Based on the
signal-to-noise ratio of assay, the limit of detection was 1.96 ng/ml.
In each ELISA assay, endogenous negative and positive controls of
human plasma samples were included. Negative controls were
tested from healthy donors who had not ingested dairy products
for at least one year. Positive controls were assayed from patients
recently diagnosed with celiac disease, before the start of treatment,
and who habitually ingested dairy products.

Statistical analysis

All the data obtained were checked for normality with the
Kolmogorov-Smirnov and Shapiro-Wilk tests. Normally
distributed data were presented as means + standard error of the
mean (SEM). Statistical analysis of non-parametric data in the three
study groups was performed using an analysis of non-parametric
data evaluated by the Kruskal-Wallis test and compared by Dunn’s
multiple comparison test. Scale and subscale scores were examined
using the non-parametric Mann-Whitney U test (two-group
comparisons). Fisher’s exact test was used to compare the
frequency of the reported categorical variables between the
groups. Box plots and ROC curves were generated using
GraphPad Prism software. The area under the curve (AUC) was
calculated so as to compare the overall diagnostic accuracy of gut
biomarkers for predicting FM and ME/CFS. Cut-off values with the
highest accuracy were selected as the diagnostic cut-off points.
Correlations were analysed using Spearman’s test with the R
package. Statistical significance was set at P< 0.05 (two-tailed).
Only adjusted P-values presenting significant differences are shown.
Statistical analyses were performed using R software version 4.0.2
(R Foundation for Statistical Computing, Vienna, Austria) and
GraphPad Prism version 9.5.1 for Windows (GraphPad software,
Boston, MA, USA).

Results

Baseline demographics and clinical
characteristics of the study participants

Seventy-eight participants, comprising 22 FM patients, 30 ME/
CFS patients and 26 healthy-matched controls were included in the
study. Table 1 shows the demographics and clinical characteristics
of the study population. No significant differences were observed for
age, gender, BMI, hemodynamic variables, marital status, illness
duration, family background, and concomitant medication between
the study cohorts from each site. In this group, most patients with
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FM (n = 12) and ME/CFS (n = 25) had an illness duration of more
than 120 months (10 years), which was self-reported as long-lasting
fatigue and chronic pain (data not shown). More than half of the
patients reported frequent medication use, including analgesics,
non-steroidal anti-inflammatories, anticonvulsants, anxiolytics and
antidepressants, but none of the controls were taking medication.

The clinical assessment based on self-reported outcome
measures showed that patients with FM and ME/CFS had
significantly higher scores on the FIS-40, COMPASS-31 and PSQI
questionnaires than controls (all P < 0.0001), whereas healthy
controls had significantly higher SF-36 scores than the patients’
groups (all P < 0.0001).

Profile of biomarkers of intestinal barrier
function and inflammation

The measurement of intestinal biomarkers proposed in this
study revealed that FM patients had higher presence of increased
gut permeability and microbial translocation than ME/CFS patients
and matched controls. As shown in Figure 1, plasma levels of
intestinal barrier function biomarkers and inflammation were as
follows: IgG anti-B-LGB antibodies (A), ZO-1 (B), LPS (C), sCD14
(D), and IL-1B (E) in individuals with FM, ME/CFS, and healthy
controls. FM patients had significantly higher levels of IgG anti-B-
LGB antibodies, ZO-1, LPS and sCD14 than ME/CES and controls
(P <0.001 for all). In ME/CFS patients, plasma levels of anti-B-LGB,
Z0-1, LPS, and sCD14 were significantly higher than in controls (P
< 0.01), but lower than in FM cases (P < 0.001). There were no
significant differences in IL-1p levels in patients with FM and ME/
CFS and healthy controls.

Correlation analysis between intestinal
function biomarkers and self-reported
outcome measures

Correlations between the proposed biomarkers of intestinal
barrier function and inflammation and self-reported outcome
measure scores in the study cohorts are displayed in Figure 2.
Briefly, in the FM cohort, ZO-1 was significantly correlated with
anti-B-LGB antibodies (r = 0.91; P < 0.001), LPS (r = 0.83; P < 0.001)
and sCD14 (r = 0.65; P < 0.01), and with physical and mental health
component scores on the SF-36 questionnaire (r = 0.51 and r =
-0.51; both P < 0.05) respectively. In this cohort, anti-B-LGB was
strongly correlated with ZO-1 (r = 0.91; P < 0.001), LPS (r = 0.91; P
< 0.001), and sCD14 (r = 0.86; P < 0.001) and also with physical
health component scores on the SF-36 questionnaire (r = 0.43; P <
0.05). In contrast, IL-1B negatively correlated with overall
COMPASS-31 scores (r = -0.45; P < 0.05) (Figure 2A).

Analysis of the ME/CFS cohort showed significant positive
correlations between ZO-1 and anti-B-LGB (r = 0.82; P < 0.001),
LPS (r = 0.91; P < 0.001) and sCD14 (r = 0.61; P < 0.001), and
COMPASS-31 scores (r = 0.45; P < 0.05), whereas anti-B-LGB was
positively correlated with ZO-1 (r = 0.82; P < 0.001), LPS (r = 0.89; P
< 0.001) and sCD14 (r = 0.65; P < 0.001) (Figure 2B).
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Circulating biomarkers of intestinal permeability, bacterial translocation and inflammation in the study participants. Plasma levels of anti-B-LGB (A),
Z0O-1 (B), LPS (C), sCD14 (D), and IL-1B (E) in patients with FM (n = 22), ME/CFS (n = 30) and healthy controls (n = 26). Each dot denotes a single
participant. Values are shown as mean + SEM of duplicates and are representative of two independent experiments. The box extends from the 25"
to 75" percentiles, the line represents the mean, and the whiskers indicate the range of minimum and maximum values. Significance at **P < 0.01,
***P < 0.001, and ****P < 0.0001 was calculated using the Kruskal-Wallis signed-rank test on normalized data. Anti-B-LGB, anti-beta-lactoglobulin
antibodies; ZO-1, zonulin-1; LPS, lipopolysaccharides; sCD14, soluble CD14; IL-1, interleukin-1 beta. n.s., not significant

In healthy controls, ZO-1 was positively and significantly
correlated with sCD14 (r = 0.42; P < 0.05) and opposed with
physical healthy component scores on the SF-36 questionnaire (r =
-0.46; P < 0.05); while anti-B-LGB was negatively correlated with
physical and mental health component scores on the SF-36
-0.46 and r -0.48; both P < 0.05),
respectively (Figure 2C). Multipanel scatter dot plots for

questionnaires (r

statistically significant correlations between intestinal barrier
function biomarkers and self-reported outcome measures in FM,

ME/CEFS and healthy controls are depicted (Supplementary Figs
S1-S3).

ROC analysis for each intestinal barrier
function biomarker in FM and ME/CFS

Analyses of the diagnostic power of each circulating gut
function biomarker with regard to predictively distinguishing FM
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Heatmap depicting color-coded Spearman’s correlation coefficients of circulating intestinal barrier function biomarkers and clinical outcome
measures in the study participants. Correlation analysis of patients with FM (A), ME/CFS (B) and healthy controls (C) were evaluated using Spearman’s
rank correlation test and FDR-adjusted P < 0.05. Pairwise Spearman’s rank correlation coefficients (rho) are depicted for each correlation and is

presented by color intensity scale

(at the top left of each panel). Heat color show standardized Z-scores (adjusted rho) across biomarkers and

outcome measures. The color intensity is proportional to the strength of the association (rho value) ranging from red (positive correlations) to blue
(negative correlations). Statistical significance was assessed using the Kruskal-Wallis test. FDR was calculated using Benjamini-Hochberg method.
Statistical significance was set at *P < 0.05, **P < 0.01, and ***P < 0.001. Anti-B-LGB, anti-beta-lactoglobulin antibodies; ZO-1, zonulin-1; LPS,

lipopolysaccharides; sCD14, soluble CD14; IL-1B, interleukin-1-beta.
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and ME/CEFS from healthy controls are displayed in Figures 3 and 4
respectively. As shown in the ROC curve analysis for FM, compared
to the reference, anti-B-LGB (AUC = 1.00; 95% CI: 1.00-1.00; P <
0.0001), ZO-1 (AUC = 0.980; 95% CI: 0.94-1.00; P < 0.0001), LPS
(AUC = 0.996; 95% CI: 0.98-1.00; P < 0.0001), and sCD14 (AUC =
0.949; 95% CI: 0.88-1.00; P < 0.0001) were able to distinguish
between FM patients and healthy controls as demonstrated by the
AUC values using a univariate model (Figures 3A-E).

ROC curve analysis for ME/CFS showed that compared to the
reference, anti-B-LGB (AUC = 0.943; 95% CI: 0.86-1.00; P <
0.0001), ZO-1 (AUC = 0.934; 95% CI: 0.86-1.00; P < 0.0001), LPS
(AUC = 0.806; 95% CI: 0.68-0.93; P < 0.0001), and sCD14 (AUC =
0.794; 95% CI: 0.68-0.92; P < 0.0001) were able to distinguish
between ME/CES patients and healthy controls as demonstrated by
the AUC values using a univariate model (Figures 4A-E).

Also, an ROC curve analysis to predictively distinguish patients
with FM and ME/CES is shown in Figure 5. It showed that compared
to the reference, anti-beta-LGB (AUC = 0.991; 95% CI: 0.97 to 1.00; P
<0.0001), ZO-1 (AUC = 0.882; 95% CI: 0.78 to 0.97; P < 0.0001), LPS
(AUC = 0.953; 95% CI: 0.89 to 1.00; P < 0.0001), and sCD14 (AUC =
0.800; 95% CI: 0.67 to 0.92; P = 0.0002) were able to distinguish
between patients with FM and ME/CFS as demonstrated by the AUC
values using a univariate model (Figures 5A-E).

Discussion

This is a proof-of-concept study to investigate the relationship
between circulating intestinal function biomarkers and inflammation

10.3389/fimmu.2023.1253121

and self-reported clinical symptoms in Spanish patients with FM and
ME/CEFS, and also to evaluate the suitability of these gut barrier
function biomarkers as potential suggestive predictors of diagnosis in
these cohorts which replicate prior studies (14-16, 19, 47-51). Our
findings corroborate those of previous studies (9, 12, 14, 19, 47, 48,
52) reporting the presence of significantly increased levels of
suggestive biomarkers of intestinal permeability (IgG anti-3-LGB
antibodies and ZO-1), and microbial translocation (LPS and sCD14)
in FM and ME/CFS compared to healthy controls. Interestingly, these
biomarkers were markedly higher in individuals with FM than in
those with ME/CEFS.

Further analysis indicated that the proposed novel intestinal
permeability biomarkers (anti-B-LGB antibodies and ZO-1)
significantly correlated with indices of microbial translocation (LPS
and sCD14) in FM and ME/CFS. In addition, these measures were
correlated with scores of self-reported outcome measures determined
by COMPASS-31 and SF-36 questionnaires in FM and ME/CFS.
Specifically, in FM the IL-1B levels were associated with measures of
physical and mental health components on the SF-36 questionnaire;
whereas the frequency and severity of autonomic symptoms evaluated
by COMPASS-31 scores was positively correlated with the ZO-1 in the
ME/CEFS cohort. Further analysis of covariates indicated a significant
correlation between age and anti-B-LGB and ZO-1, as well as LPS and
sCD14 in ME/CFS patients. Finally, the ROC curve analysis of the
diagnostic accuracy of the biomarkers measured demonstrated a high
predictive capacity of anti-B-LGB, ZO-1, LPS and sCD14 for
distinguishing FM and ME/CFS cases from healthy controls.

Recently, a growing number of studies have reported gut
dysbiosis and increased intestinal permeability in ME/CFS
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ROC curve analysis of each intestinal barrier function biomarker to discriminate FM patients from healthy controls. IgG anti-B-LGB antibodies (A),
Z0O-1 (B), LPS (C), sCD14 (D), and IL-1B (E). ROC curves were used to explore the accuracy of each biomarker to discriminate between FM subjects
and healthy controls. Cut-off values are shown for each biomarker with their respective sensitivity, specificity and optimal value. AUC values close to
1 indicate that a high true positive rate was achieved with false positive rate (ideal performance), while AUC values close to 0.5 indicate random
performance. Anti-B-LGB, anti-beta-lactoglobulin antibodies; ZO-1, zonulin-1; LPS, lipopolysaccharides; sCD14, soluble CD14; IL-1B, interleukin-1-

beta.
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ROC curve analysis of each intestinal barrier function biomarker to discriminate ME/CFS patients from healthy controls. IgG anti--LGB antibodies
(A), ZO-1 (B), LPS (C), sCD14 (D), and IL-1B (E) are displayed. ROC curves were used to analyze the accuracy of each biomarker to discriminate

between ME/CFS subjects and healthy controls. Cut-off values are shown for each biomarker with their respective sensitivity, specificity and optimal
value. AUC values close to 1 indicate that a high true positive rate was achieved with false positive rate (ideal performance), while AUC values close
to 0.5 indicate random performance. Anti-B-LGB, anti-beta-lactoglobulin antibodies; ZO-1, zonulin-1; LPS, lipopolysaccharides; sCD14, soluble
CD14; IL-1B, interleukin-1-beta

(9,10, 53), while in FM this phenomenon is still to be confirmed.
The study by Goebel et al. of FM patients with complex regional

pain syndromes who reported alterations of gut barrier integrity in

the form of increased

gastroduodenal and small intestinal

permeability found that these conditions coincided with typical

IBS symptoms which were recorded in up to 18% of FM patients
(16, 54). Although few overlapping mechanisms explaining the high

prevalence of GI symptoms in FM patients have been proposed,
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ROC curve analysis of each intestinal barrier function biomarker to discriminate individuals with FM from ME/CFS. IgG anti-B-LGB antibodies (A), ZO-
1(B), LPS (C), sCD14 (D), and IL-1B (E) are displayed. ROC curves were used to analyze the accuracy of each biomarker to discriminate between ME/
CFS subjects and healthy controls. Cut-off values are shown for each biomarker with their respective sensitivity, specificity and optimal value. AUC
values close to 1 indicate that a high true positive rate was achieved with false positive rate (ideal performance), while AUC values close to 0.5
indicate random performance. Anti-B-LGB, anti-beta-lactoglobulin antibodies; ZO-1, zonulin-1; LPS, lipopolysaccharides; sCD14, soluble CD14; IL-
1B, interleukin-1-beta.
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immune activation and neurotransmitter disruption have recently
attracted attention (54).

Additionally, in ME/CEFS it has been shown that elevated levels
of bacterial wall components such as LPS, followed by an increased
presence in the intestine of Gram-negative bacteria and also
plasmacytoid dendritic cells as uniquely immunoreactive to
antibodies against HERV proteins that damage the gut epithelial
barrier and infiltrate in the bloodstream can provoke an immune
response, ultimately leading to the establishment of low-grade
chronic systemic inflammation (10, 55). Separately, the significant
increases in Gram-positive facultative anaerobic bacteria reported
in ME/CFS, including D-lactic acid-producing Enterococcus and
Streptococcus spp., suggest that these bacteria are a more significant
source of lactate than Gram-negative Escherichia coli. Gram-
positive bacteria may thus contribute to the cognitive symptoms
and also the mitochondrial dysfunction resulting from the lactic
acidosis in this cohort (53).

Although intestinal damage may arise due to various
pathomechanisms and may involve several factors, the evidence
to date highlights its involvement in the context of FM and ME/
CFS. For instance, disturbances in the gut wall may increase
intestinal permeability, which can induce inflammatory changes
that lead to comorbid chronic diseases. Loss of gut barrier integrity
may contribute to bacterial translocation into the systemic
circulation, followed by increased levels of autoantibodies IgA and
IgM against LPS and more severe ME/CFS symptoms (22). In
addition, changes in the gut microbiome in ME/CFS, with
noticeable decreased bacterial diversity (in particular, a reduction
in the relative abundance of members belonging to the Firmicutes
phylum) may increase the predisposition to gut inflammation (14).

In the present study, both FM and ME/CFS patients had
significantly higher levels of intestinal function biomarkers that
indicate increased gut permeability and bacterial translocation than
healthy controls. These observations are consistent with those of an
earlier study that reported the presence of gut dysbiosis as
demonstrated by increased levels of LPS, sCD14, endotoxins and
lipid binding proteins (LBPs), which was positively correlated with
illness severity in patients with chronic fatigue (48). A recent study,
however, despite showing the presence of the antibody-induced
responses to both microbial and dietary antigens along with greater
epithelial cell damage and turnover rate confirmed by higher FABP-2
levels, failed to report any significant differences in LBPs or sCD14
levels due to a suppressed anti-microbial response in ME/CFS
compared with controls (50). Interestingly another study, which
reported increased levels of LPS and sCD14 along with some other
biomarkers not included in this analysis (such as LBP, I-FABP, MCP-
1 and C-reactive protein) was able to correctly discriminate between
ME/CFS and controls with a cross-validation accuracy of 82.9% (14).

The findings reported here are of particular interest, because
they confirm an association between the changes in indicators of
increased intestinal permeability and bacterial translocation and
their association with clinical outcomes measures in FM and ME/
CFS. Besides, the present data add to the evidence that a gut barrier
integrity injury may be involved in the pathophysiology of these
illnesses, even if it is not always detectable.
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To our knowledge, this is the first confirmatory study to explore
the use of intestinal barrier function biomarkers related to increased
gut permeability, such as anti-B-LGB antibodies in a Spanish FM
and ME/CFS cohort. The main strength of the study is that data on
the participants were obtained from a well-phenotyped cohort of
Spanish FM and ME/CES patients from two Spain outpatient
referral centres, applying updated diagnostic case criteria and
validated self-reported symptom questionnaires in these
conditions. However, this study has several limitations, including
its small sample size, its cross-sectional nature, and limited
measures of inflammatory cytokine/chemokine and growth factor
markers which are unable to establish causation between disrupted
gut mucosal barrier and inflammation severity status.

In addition, self-reporting outcome measures do not use “in
vivo” differential urinary multi-sugar excretion test for small bowel
and colonic permeability assessment. It should be also noted that
the bacterial DNA load assessed by culturing bacteria directly from
blood and stool was not measured in these populations, and so the
presence of potential infection cannot be conclusively ruled out, or
its potential influence on the bacterial translocation biomarkers LPS
and sCD14 (21). Finally, no information was available on other
confounding factors related to lifestyle habits, previous infections,
use of high-dose antibiotics, concomitant drugs, psychological
stress, air pollutants, and others comorbid health conditions such
as IBS, and/or anxiety/depression.

Further multisite longitudinal studies with larger numbers of
participants who are representative of the general population
should be conducted to confirm the observations reported here.
Future studies should also expand the use of other validated
inflammatory biomarkers in stool and blood in order to fully
define the specific role of disturbed intestinal barrier function and
inflammation in FM and ME/CFS. These studies should also
include lactulose breath testing (SIBO) by collecting longitudinal
faecal samples to explore gender-dependent microbiota
composition in these conditions (29, 56).

In conclusion, by demonstrating the associations between the
putative biomarkers of gut barrier dysfunction and bacterial
translocation, and self-reported clinical outcomes assessed by the
COMPASS-31 score, our findings add to the existing evidence of the
potential role of increased intestinal permeability in FM and ME/
CFS. Future research should aim to confirm the applicability of
these findings in clinical practice by targeting gastrointestinal
complaints in FM and ME/CFS and assessing the usefulness of
interventions focused on the restoring gut microbiota homeostasis
and enhancing intestinal barrier function. If future studies show this
strategy to be valid, it may offer new therapeutic benefit and provide
an opportunity to reduce gastrointestinal symptoms and restore the
quality of life of these patients.
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significant p-values are shown in each panel.
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correlation scatter plots with linear regression (black line) and the 95%
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significant p-values are shown in each panel.
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