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Intestinal bacterial compositions of rheumatoid arthritis (RA) patients have been reported to be different from those of healthy
people. Dysbiosis, imbalance of the microbiota, is widely known to cause gut barrier damage, resulting in an influx of bacteria
and their substances into host bloodstreams in animal studies. However, few studies have investigated the effect of bacterial
substances on the pathophysiology of RA. In this study, eighty-seven active RA patients who had inadequate responses to
conventional synthetic disease-modifying antirheumatic drugs or severe comorbidities were analyzed for correlations between
many factors such as disease activities, disease biomarkers, intestinal bacterial counts, fecal and serum lipopolysaccharide
(LPS), LPS-binding protein (LBP), endotoxin neutralizing capacity (ENC), and serum antibacterial substance IgG and IgA
antibody levels by multiple regression analysis with consideration for demographic factors such as age, sex, smoking, and
methotrexate treatment. Serum LBP levels, fecal LPS levels, total bacteria counts, serum anti-LPS from Porphyromonas
gingivalis (Pg-LPS) IgG antibody levels, and serum anti-Pg-LPS IgA antibody levels were selected for multiple regression
analysis using Spearman’s correlation analysis. Serum LBP levels were correlated with disease biomarker levels, such as
erythrocyte sedimentation rate (p <0.001), C-reactive protein (p <0.001), matrix metalloproteinase-3 (p <0.001), and IL-6
(p=0.001), and were inversely correlated with hemoglobin (p=0.005). Anti-Pg-LPS IgG antibody levels were inversely
correlated with activity indices such as patient global assessments using visual analogue scale (VAS) (p=0.002) and painVAS
(p <0.001). Total bacteria counts were correlated with ENC (p <0.001), and inversely correlated with serum LPS (p <0.001)
and anti-Pg-LPS IgA antibody levels (p < 0.001). These results suggest that substances from oral and gut microbiota may
influence disease activity in RA patients.
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1. Introduction

An association between intestinal bacteria and autoimmune
diseases has been suggested by a variety of studies [1-8] ever
since Peltonen et al. and others reported that a vegetarian
diet modulated intestinal bacterial flora and led to clinical
improvement in rheumatoid arthritis (RA) patients [9-11].
Recent studies on fecal bacteria indicate that dysbiotic
intestinal bacteria composition changes occur in RA
patients. For example, there have been reports that RA
patients showed increased levels of Prevotella [3, 12-15],
Staphylococcus [12], and Lactobacillus [16] and decreased
levels of Bacteroides [3, 12-14] and Bifidobacterium [3, 12].
Similarly, a significant compositional change in the intestinal
bacteria was also observed in patients with inflammatory
bowel disease (IBD) [17, 18] and spondyloarthritis [19],
indicating that dysbiosis may be the fundamental disorder
in a variety of autoimmune diseases.

Lipopolysaccharide (LPS), a structural component of
gram-negative bacteria, is a known pyrogenic substance
and is often used to develop arthritis in animal experiments
[20, 21]. Elevated serum LPS levels caused by LPS absorption
from the gut to the body is observed in patients with
arteriosclerosis ~ [22, 23], pediatric = autoimmune
neuropsychiatric disorders [24], and type 2 diabetes [25,
26], indicating that gastrointestinal barrier damage and
LPS translocation into bloodstreams may play roles in the
progression of various diseases.

Meanwhile, increasing evidence in clinical fields suggests
a possible link between RA and periodontal infectious
diseases caused by Porphyromonas gingivalis (P. gingivalis)
[27-30] and Aggregatibacter actinomycetemcomitans [31].
It was shown that P. gingivalis infections significantly
facilitate the development and progression of arthritis in
the mouse collagen-induced arthritis (CIA) model [32-35].
Nakajima et al. [36] reported that a single oral
administration of P. gingivalis in C57BL/6 mice had a
profound impact on intestinal bacterial composition change
and impaired gut mucosal barrier function, indicating that
oral bacteria or their substances may be implicated in
enhancing and perpetuating inflammatory arthritis. They
further confirmed that P. gingivalis administration
significantly aggravated arthritis in the mouse CIA model
by modulating gut microbe populations, increasing Th17
cell populations among mesenteric lymphocytes, and
concomitantly increasing serum Th17 levels [35].

In our previous study [37], we determined IgG and IgA
antibody responses to LPS from Escherichia coli (E. coli-
LPS), LPS from P. gingivalis (Pg-LPS), and peptidoglycan
polysaccharide from Streptococcus pyogenes (PG-PS) in RA
patients. We found lower IgG antibody responses to these
substances to be closely correlated with RA clinical disease
activity (activity indices and disease biomarkers). Based on
these findings, we assume that the bacterial substances in
the gastrointestinal tract may aggravate disease activity in
RA patients. To confirm this hypothesis, we examined the
influence of intestinal bacteria counts, bacteria-related
markers such as LPS-related biomarkers, and serum IgG
and IgA antibody levels against bacterial substances on RA
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disease activity and disease marker levels in active RA
patients.

2. Materials and Methods

2.1. RA Patients and Clinical Assessment. Serum and fecal
samples were obtained from ninety-four RA patients
enrolled in a multicenter double blind clinical trial intended
to study “the therapeutic effects and pharmacological actions
of natural milk antibodies against environmental pathogens
in RA,” prior to treatment (Trial Registration Number:
UMINO000009492, approved by the Asahikawa Medical Uni-
versity Ethics Committee). To determine any beneficial
effects of the milk antibody treatment on RA, the patients
enrolled in this study were restricted to those with
moderate-to-severe RA, who were either resistant to conven-
tional synthetic disease-modifying antirheumatic drugs
(csDMARD:s) including methotrexate (MTX) for more than
three months and whose disease activity score of 28 joints
with erythrocyte sedimentation rate (DAS28-ESR) values
remained higher than 3.2 or those who cannot be treated
with these therapeutics due to complications and comorbid-
ities. Patients who were being treated with biological thera-
peutics or prednisolone (>5mg/day) were excluded. Study
purposes and procedures were provided in written form,
and informed consent was obtained from all patients before
performing any study procedures in accordance with the
Declaration of Helsinki. Patients enrolled in this study were
diagnosed based on 2010 RA classification criteria by the
American College of Rheumatology/European League
Against Rheumatism [38]. Clinical disease activity was
assessed by measuring clinical disease activity indices: tender
28 joint count (TJC), swollen 28 joint count (SJC), DAS28
with C-reactive protein (DAS28-CRP), DAS28-ESR,
patient’s and evaluator’s global estimate for disease activity
using visual analogue scale (pVAS and eVAS, respectively),
VAS for pain (painVAS), modified health assessment ques-
tionnaire (mHAQ), clinical disease activity index (CDAI),
and simplified disease activity index (SDAI). Patient demo-
graphic information (age, sex, disease duration, smoking,
drinking, and medication) was obtained from doctor inter-
views. Excluding seven withdrawn patients due to insuffi-
cient data (n=5) and adverse events at the beginning of
study (bad feeling about taste 1, herpes zoster 1), eighty-
seven out of ninety-four patients completed this study with-
out any severe adverse effects. We employed the completed
data sets from these eighty-seven patients for the analysis
in this study (Figure 1).

2.2. Serum and Blood Samples. Serum and blood samples
were obtained from individual patients before treatment and
sent to a clinical laboratory to determine baseline hematolog-
ical and disease marker values: ESR (mm/hr), CRP (mg/dl),
rheumatoid factor (RF) (IU/ml), anti-cyclic citrullinated pep-
tide antibody (ACPA)(U/ml), matrix metalloproteinase-3
(MMP3) (ng/ml), and hemoglobin (Hb) (g/dl) levels.

2.3. Fecal Samples. Fecal samples were collected by individ-
ual patients and shipped to Asama Chemical Co. Ltd. In this
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<Eligibility Criteria>

« Those who were resistant to csDMARDs including MTX for more than 3 months

« DAS-ESR values > 3.2

« Those who cannot be treated with these therapeutics due to complications and comorbidities
« Those who were not being treated with biological therapeutics or prednisolone (>5 mg/day)

94 patients

7 patients excluded
« Insufficent data (5)
« Adverse events at the beginning of study (2)

87 patients

i

FIGURE 1: Diagram of the participant selection process.

experiment, the water content in the fecal samples was deter-
mined to obtain an accurate count of bacteria number per
gram of dry feces.

2.4. Reference Bacteria Strains and Culture Conditions. Five
strains of reference bacteria, E. coli (O111:B4), Staphylococ-
cus aureus (FDA209P), Lactobacillus casei (TISTR 390),
Bifidobacterium longum (BB536), and Bacteroides fragilis
(JCM 11019, NCTC 9343), were cultured in appropriate
broths under anaerobic or aerobic conditions as described
by Benno et al. [39] (Supplementary Table S1). Colony-
forming units (CFU) were determined using colony-
counting agar plates.

2.5. Determining Fecal Bacterial Counts by Real-Time
Polymerase Chain Reaction. Bacterial DNA extraction was
performed according to the method described by Matsuki
et al. [40]. DNA was prepared in the same manner from
the five strains of reference bacteria and used as standards.
Real-time polymerase chain reaction (real-time PCR) was
performed with an ABI 7300 cycler (Applied Biosystems,
Tokyo, Japan) using SYBR Premix Ex Taq™ II (Tli RNase
H Plus) (Takara Bio, Shiga, Japan) to quantitatively measure
the amount of PCR products by fluorescence [41-45] (Sup-
plementary Table S2).

2.6. Serum LPS Assay. Serum LPS was assayed by Limulus
amebocyte lysate (LAL) assay using Pyrochrome with Gluca-
shield Buffer (Seikagaku Corp., Tokyo, Japan). Serum LPS
levels were expressed as pg/ml.

2.7. Fecal LPS Assay. The bacteria-free supernatant fraction
of the fecal samples was diluted with endotoxin-free distilled
water at 1:10%- to 1:10°folds and then assayed for LPS by
the LAL assay as described above, except for a 15-minute
incubation time with LAL. Fecal LPS levels were expressed
as pg of LPS/gram of dry feces.

2.8. Serum Endotoxin Neutralizing Capacity Assay. Endo-
toxin neutralizing capacity (ENC) was measured by the
method described by Bolke et al. [46]. Briefly, serum samples
were diluted 10-fold with an isotonic sodium chloride solu-
tion. 5ng of E. coli-LPS O111:B4 (Sigma) was incubated with
0.1 ml of the diluted serum at 24°C for 60 minutes. The
active endotoxin (LPS) amount remaining in the diluted

serum samples was determined by the LAL assay as
described above. Serum ENC levels were expressed as ng of
LPS neutralized per ml of serum.

2.9. Serum LPS Binding Protein Assay. Serum LPS-binding
protein (LBP) levels in samples were determined by a
Human LBP ELISA kit (Biometec, Germany) and expressed
as pg of protein/ml of serum.

2.10. Antibody Assay. 1gG and IgA antibody responses to the
three bacterial substances, ultrapure E.coli-LPS (O111:B4)
(List Biological Laboratories, Campbell, CA), ultrapure Pg-
LPS (InvivoGen, San Diego, CA), and PG-PS (Lee Laborato-
ries, Grayson, GA), and a synthetic cyclic citrullinated pep-
tide (Biosynthesis, Lewisville, TX) were assayed by ELISA
using the ChonBlock™ buffer system (Chondrex, Inc., Woo-
dinville, WA) [47].

2.11. Cytokine Assay. Serum tumor necrosis factor alpha
(TNF) and interleukin-6 (IL-6) levels were assayed by Quan-
tikine HS ELISA (R&D Systems, MIN, USA) and expressed
as pg/ml.

2.12. Statistical Analysis. All the variables determined in this
study indicated nonnormal distributions. The statistical rela-
tionships between variables were analyzed by Spearman’s
nonparametric rank correlation analysis (JMP10 SAS Insti-
tute Inc., Cary, NC) and expressed as Spearman’s rank cor-
relation coeflicient (p). The differences in subgroups
among intestinal bacterial counts and the bacteria-related
markers of RA patients were analyzed by Wilcoxon signed-
rank test. Multiple regression analysis was performed with
serum LBP levels, fecal LPS levels, total bacteria counts,
anti-Pg-LPS IgG antibody levels, and anti-Pg-LPS IgA anti-
body levels and the four demographic factors (age, sex,
smoking, and MTX treatment) as independent variables.

3. Results

3.1. Patient Baseline Clinical Data in Eighty-Seven RA
Patients. The study enrolled eighty-seven patients with
moderate-to-severe RA, who were either resistant to
c¢sDMARDs including MTX for more than three months
(DAS28 — ESR > 3.2) or could not be treated with these ther-
apeutics due to complications and comorbidities. Patients’



TaBLE 1: Baseline clinical data, medications, and complications.
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TaBLE 1: Continued.

(A) Clinical data
Basic data
Age (years)
Male/female

Duration (months)

Disease activity indices

DAS28-ESR
DAS28-CRP
SJIC
TJC
pVAS (mm)
eVAS (mm)
PainVAS (mm)
mHAQ
CDAI
SDAI
Disease biomarkers
ESR (mm/hr)
CRP (mg/dl)
RF (IU/ml)
ACPA (U/ml)
Hb (g/dl)
MMP3 (ng/ml)
TNF (pg/ml)
IL-6 (pg/ml)
(B) Medications
Methotrexate
Steroid
Bucillamine
Salazosulfapyridine
Tacrolimus
Leflunomide
Injectable gold
Others
None
(C) Complications

Osteoporosis

Pulmonary interstitial diseases

Hypertension

Post cancer/benign tumor

Chronic pulmonary disease

Diabetes mellitus

Chronic infectious diseases
Rapid radiographic progression

Lumbar degenerative diseases

Post arthroplasty

Cardiac diseases

N=87

68.1 (0.9)
20/67
136.0 (9.7)

4.69 (0.10)
4.02 (0.10)
5.0 (0.3)
5.6 (0.5)
41.9 (2.4)
42.3 (1.8)
46.0 (2.4)
0.71 (0.07)
19.2 (0.9)
20.3 (0.9)

36.9 (3.0)
1.2 (0.2)
257 (60)
16.9 (2.6)
12.6 (0.1)
238 (74)
2.3 (0.6)
172 (2.7)
N=173

55

44

Chronic metabolic disease 5
Cervical degenerative disease 5
Others 12

DAS28: disease activity score with 28 joint counts; SJC: swollen joint counts;
TJC: tender joint counts; pVAS (eVAS): patient’s (evaluator’s) visual
analogue scale; mHAQ: modified health assessment questionnaire; CDAI:
clinical disease activity index; SDAI: simplified disease activity index; ESR:
erythrocyte sedimentation rate; CRP: C-reactive protein; RF: rheumatoid
factor; ACPA: anticyclic citrullinated peptide antibody; Hb: hemoglobin;
MMP: matrix metalloproteinase-3; TNF: tumor necrosis factor alpha; IL-6:
interleukin-6. Data are shown as mean (standard error).

demographics were sex: 20 male and 67 female, age: 68.1 +
0.9 (mean * standarderror (SE)), and disease duration
(months): 136.0+£9.7. RA disease activity indices were
DAS28-ESR: 4.69 +0.10, pVAS (mm): 41.9+2.4, eVAS
(mm): 42.3 + 1.8, painVAS (mm): 46.0 + 2.4, and mHAQ:
0.71 £ 0.07. Disease biomarkers were ESR (mm/hr): 36.9 +
3.0, CRP (mg/dl): 1.2+0.2, RF (IU/ml): 257 + 60, ACPA
(U/ml): 16.9 2.6, Hb (g/dl): 12.6 + 0.1, and MMP3 (ng/
ml): 238 +74 (Table 1, A). Medications were MTX
(7.8 £ 0.3 mg/week) in 55 patients (63.2%), and oral steroids
(4.0+0.2mg/day) in 44 patients (50.6%), and so on
(Table 1, B). Complications (cases) in the 87 patients
included osteoporosis: 25, pulmonary interstitial disease:
16, hypertension: 13, history of cancer/benign tumor: 12,
chronic pulmonary disease: 10, and so on (Table 1, C).

3.2. Relationship of Intestinal Bacterial Counts and Bacteria-
Related Biomarkers with RA Disease Activities in Univariate
Regression Analysis. To address the question of whether
intestinal bacteria and bacterial constituents are actively
involved in the pathophysiology of RA, we analyzed the rela-
tionship among intestinal bacterial counts (counts of total
bacteria and five well-studied bacterial strains: Bifidobacter-
ium, Lactobacillus, Bacteroides, E. coli, and Staphylococcus),
bacteria-related markers (LPS-related biomarker levels and
anti-bacterial substance antibody levels), and RA disease
activities (activity indices and disease marker levels) using
Spearman’s correlation analysis, as shown in Figure 2. We
noticed, especially in LPS-related biomarkers, that serum
LBP levels highly correlated with disease biomarkers such
as ESR (p=0.497, p<0.001), CRP (p=0.697, p <0.001),
and MMP3 (p=0.546, p <0.001) (Table 2) and that fecal
LPS correlated with disease activity indices such as DAS28-
ESR, DAS28-CRP, SDAI and CDAI (p<0.05) (Table 3).
Within the category of antibacterial substances, anti-Pg-
LPS IgG antibody levels highly inversely correlated with dis-
ease activity indices such as pVAS (p=-0.376, p <0.001)
and painVAS (p =-0.433, p <0.001) (Table 4).

3.3.  Relationship between Individual Bacteria-Related
Biomarkers in Univariate Correlation Analysis. The relation-
ship between individual bacteria-related biomarkers was
analyzed using Spearman’s correlation analysis, as shown
in Figure 2. It is noteworthy that total bacteria counts highly
correlated with ENC (p=0.435, p<0.001) and highly
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FIGURE 2: Relationship of intestinal bacterial counts and bacteria-related biomarkers with RA disease activities. The relationships between
variables were expressed as Spearman’s correlation coefficient (p). Light and dark red color: positive correlations, light and dark blue color:
negative correlations, and gray color: not analyzed. DAS28: disease activity score with 28 joint counts; ESR: erythrocyte sedimentation rate;
CRP: C-reactive protein; SJC: swollen joint count; TJC: tender joint counts; pVAS (eVAS): patient’s (evaluator’s) visual analogue scale;
painVAS: VAS for pain; mHAQ: modified health assessment questionnaire; CDAIL clinical disease activity index; SDAIL simplified
disease activity index; RF: rheumatoid factor; ACPA: anticyclic citrullinated peptide antibody; Hb: hemoglobin; MMP3: matrix
metalloproteinase-3; TNF: tumor necrosis factor alpha; IL-6: interleukin-6; LPS: lipopolysaccharide; LBP: LPS-binding protein; ENC:
endotoxin neutralizing capacity; Pg-LPS: LPS from Porphyromonas gingivalis; PG-PS: peptidoglycan polysaccharide.

inversely correlated with serum LPS (p =-0.492, p <0.001)
and anti-Pg-LPS IgA antibody levels (p = —0.441, p < 0.001)
(Tables 5 and 6).

3.4. The Influence of Demographic Factors on Intestinal
Bacterial Counts and Bacteria-Related Biomarkers. To deter-
mine how demographic factors can affect total bacterial
counts, the total counts of five bacterial strains (Bifidobacter-
ium, Lactobacillus, Bacteroides, E. coli, and Staphylococcus)
and bacteria-related biomarkers (fecal and serum LPS,
serum LBP, serum ENC, and serum IgG and IgA antibody
levels against E. coli-LPS, Pg-LPS, and PG-PS) were deter-
mined and analyzed with respect to the following demo-
graphic factors: age, sex, disease duration, smoking,
drinking, and medication (MTX, csDMARD, and steroid
treatment) using Wilcoxon rank sum test. The eighty-seven
patients were divided into two groups based on the unique
characteristics of each factor (Supplementary Table S3 and
S4). The intestinal bacterial counts and bacteria-related
markers were affected by age, sex, smoking, and MTX
treatment, but not affected by duration, drinking, other
c¢sDMARD:s treatment, and steroid treatment. In particular,
MTX treatment affected total bacteria counts (p=0.004),

anti-Pg-LPS IgG antibody (p = 0.003), and anti-Pg-LPS IgA
antibody levels (p =0.031) (Table 7).

3.5. Multiple Regression Analysis with Four Demographic
Factors between Total Bacteria Counts, Serum LBP, Fecal
LPS, Anti-Pg-LPS IgG Antibody, and Anti-Pg-LPS IgA
Antibody Levels with RA Disease Activity, and Bacteria-
Related Biomarkers. To clarify how bacterial biomarkers
affect RA pathology, we focused on total bacteria counts,
serum LBP levels, fecal LPS levels, and anti-Pg-LPS IgG anti-
body and anti-Pg-LPS IgA antibody levels among the
bacteria-related markers. Their impacts were examined on
RA disease activity indices and disease biomarker levels by
multivariate regression analysis with consideration for
demographic factors age, sex, smoking, and MTX treatment.
Serum LBP levels highly correlated with disease biomarkers
ESR (p <0.001), CRP (p<0.001), MMP3 (p<0.001), and
IL-6 (p=0.001) and inversely correlated with Hb
(p=0.005) (Table 2). Although anti-Pg-LPS IgG antibody
levels were significantly affected by MTX treatment
(Table 6), anti-Pg-LPS IgG antibody levels inversely corre-
lated with disease activity indices such as pVAS (p =0.002)
and painVAS (p < 0.001) (Table 4). Furthermore, total bac-
teria counts highly correlated with ENC levels (p <0.001)



TaBLE 2: Univariate and multivariate regression analysis between serum LBP levels and RA disease markers.
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Independent variable

Dependent variables

Univariate model

LBP

Multivariate model®

p value p value Standardized 3 (95% CI) p value
DAS28-ESR 0.300 0.005"* 0.280 (0.067:0.493) 0.011*
DAS28-CRP 0.244 0.023* 0.215 (0.002:0.429) 0.048*
ESR 0.497 <0.001** 0.481 (0.285:0.676) <0.001**
CRP 0.697 <0.001** 0.677 (0.517:0.837) <0.001**
RF 0.234 0.029* 0.192 (-0.018:0.402) 0.072
ACPA 0.273 0.010** 0.237 (0.024:0.449) 0.030*
Hb 0271 0.011* -0.299 (-0.504 : -0.094) 0.005**
MMP3 0.546 <0.001** 0.480 (0.313:0.647) <0.001**
IL-6 0.348 0.001** 0.316 (0.154:0.560) 0.001**

DAS28: disease activity score with 28 joint counts; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; RF: rheumatoid factor; ACPA: anticyclic
citrullinated peptide antibody; Hb: hemoglobin; MMP3: matrix metalloproteinase-3; IL-6: interleukin-6; p: Spearman’s correlation coefficient; f:
standardized regression coefficient; 95% CI: 95% confidence interval. Significant difference: **p < 0.01, *p <0.05. *Adjusted for age, sex, smoking, and
methotrexate treatment.

TABLE 3: Univariate and multivariate regression analyses between fecal LPS levels and RA activity indices.

Independent variable Fecal LPS

Univariate model Multivariate model *

Dependent variables

p value p value Standardized S (95% CI) p value
DAS28-ESR 0.237 0.027* 0.230 (0.017:0.444) 0.035*
DAS28-CRP 0.245 0.022* 0.233 (0.022:0.443) 0.031*
TJC 0.203 0.059 0.211 (0.005:0.416) 0.045"
eVAS 0.203 0.059 0.207 (-0.003:0.416) 0.053
SDAI 0.233 0.030" 0.217 (0.006 : 0.429) 0.044"
CDAI 0.238 0.027* 0.224 (0.013:0.435) 0.038~

DAS28: disease activity score with 28 joint counts; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; SJC: swollen joint count; TJC: tender joint
counts; eVAS: evaluator’s visual analogue scale; SDAI: simplified disease activity index; CDALI: clinical disease activity index; LPS: lipopolysaccharide; p:
Spearman’s correlation coefficient; f: standardized regression coefficient; 95% CI: 95% confidence interval. Significant difference: *p < 0.05. *Adjusted for
age, sex, smoking, and methotrexate treatment.

TaBLE 4: Univariate and multivariate regression analyses between anti-Pg-LPS IgG levels and RA disease activity indices.

Independent variable

Dependent variables

Univariate model

Anti-Pg-LPS IgG

Multivariate model *

p value p value Standardized f3 (95%cl) p value
DAS28-CRP -0.277 0.009** -0.226 (-0.448:-0.003) 0.047*
TJC -0.218 0.043" -0.160 (-0.378:0.060) 0.151
pVAS -0.376 <0.001** -0.353 (-0.567:-0.137) 0.002**
eVAS -0.315 0.003** -0.271 (-0.488:-0.053) 0.016**
PainVAS -0.433 <0.001** -0.408 (-0.614:-0.202) <0.001**
SDAI -0.308 0.004* -0.263 (-0.484:-0.042) 0.021*
CDAI -0.309 0.004~ -0.266 (-0.486 : -0.045) 0.019%

DAS28: disease activity score with 28 joint counts; CRP: C-reactive protein; TJC: tender joint counts; pVAS (eVAS): patient’s (evaluator’s) visual analogue
scale; painVAS: VAS for pain; SDAI: simplified disease activity index; CDAIL clinical disease activity index; p: Spearman’s correlation coefficient; f:
standardized regression coefficient; 95% CI: 95% confidence interval. Significant difference: **p <0.01, *p < 0.05. *Adjusted for age, sex, smoking, and
methotrexate treatment.
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TaBLE 5: Univariate and multivariate regression analyses between total bacteria counts and bacterial biomarkers.

Independent variable Total bacteria counts
Dependent variables Univariate model Multivariate model®

P p value p value Standardized 3 (95% CI) p value
Serum LPS -0.492 <0.001** -0.454 (-0.600:-0.233) <0.001**
LBP -0.242 0.024" -0.219 (-0.443:0.005) 0.055
ENC 0.435 <0.001** 0.493 (0.297:0.689) <0.001**
Anti-Pg-LPS IgA -0.441 <0.001** -0.402 (-0.610:-0.194) <0.001**

LPS: lipopolysaccharide; LBP: LPS-binding protein; ENC: endotoxin neutralizing capacity; Pg-LPS: LPS from Porphyromonas gingivalis; p: Spearman’s
correlation coefficient; f: standardized regression coefficient; 95% CI: 95% confidence interval. Significant difference: **p < 0.01, *p < 0.05. “Adjusted for

age, sex, smoking, and methotrexate treatment.

TaBLE 6: Univariate and multivariate regression analyses between serum anti-Pg-LPS IgA levels and bacterial biomarkers.

Independent variable

. ivari 1
Dependent variables Univariate mode

Anti-Pg-LPS IgA
Multivariate model®

p value p value Standardized f (95% CI) p value
Total bacteria -0.441 <0.001** -0.384 (-0.582:-0.185) <0.001**
Lactobacillus -0.224 0.037* -0.224 (-0.429:-0.020) 0.032*
Bacteroides -0.200 0.064 -0.193 (-0.414:0.029) 0.088
E. coli -0.260 0.015* -0.308 (-0.517:-0.095) 0.005"*
Serum LPS 0.284 0.008** 0.230 (0.016:0.406) 0.035*
LBP 0.247 0.021* 0.226 (0.008 : 0.444) 0.042*
ENC -0.321 0.002** -0.340 (-0.546:-0.134) 0.002**

LPS: lipopolysaccharide; LBP: LPS-binding protein; ENC: endotoxin neutralizing capacity; Pg-LPS: LPS from Porphyromonas gingivalis; p: Spearman’s
correlation coefficient; f: standardized regression coefficient; 95% CI: 95% confidence interval. Significant difference: **p < 0.01, *p < 0.05. *Adjusted for

age, sex, smoking, and methotrexate treatment.

and inversely correlated with serum LPS (p <0.001) and
anti-Pg-LPS IgA antibody levels (p < 0.001) (Tables 5 and 6).

4. Discussion

We analyzed relationships among intestinal bacteria counts,
LPS-related biomarkers, serum IgG and IgA antibody levels
against bacterial substances, clinical disease activity indices,
and disease biomarkers, and the results showed that some
bacteria-related markers correlated with disease markers of
RA (Figure 2 and Tables 2-6).

Total bacteria counts were inversely correlated with
serum LPS level and correlated with ENC levels (Table 5).
Intestinal total bacteria counts are lower in animal models
of obesity [48] and inflammatory bowel disease [49] and
higher in animals treated with prebiotics [50] and probiotics
[51, 52]. Hence, lower total bacteria counts may indicate
dysbiosis, which can cause gut barrier destruction resulting
in higher intestinal absorption of bacteria toxins such as
LPS and lower ENC levels by neutralizing absorbed LPS.

Serum LBP levels were more highly associated with RA
disease biomarkers (such as ESR, CRP, and MMP3) than
with disease activity indices (such as DAS28 and VAS).
LBP plays dual roles in the dynamics of LPS. LBP at low
levels activates LPS receptors (dimerized Toll-like receptor
4: TLR4) by developing complexes with LPS and CD14, ini-
tiating the inflammation cascade and inflammatory cytokine

production [53-55]. On the other hand, LBP at high levels
transfers LPS to lipoproteins and chylomicrons, resulting
in the clearance of LPS from the bloodstream [56-58]. This
study revealed that the former LBP function may contribute
to disease marker shifts by LPS, such as higher ESR, CRP,
MMP3, and IL-6 levels and lower Hb levels (Table 2). Serum
LBP levels at least correlated with RA disease biomarkers in
this study and with RA disease activity biomarkers in
another study [59], indicating that LBP may be a useful
marker associated with the severity of RA, especially with
accompanying gastrointestinal symptoms. However, higher
LBP levels have been reported in other diseases such as
Crohn’s disease [60], sepsis [61], and atherosclerosis [62].
The specificity of LBP levels in RA must be evaluated with
these other diseases.

The bioactivity of LPS highly depends on the origin of
LPS. For example, LPS from Bacteroidetes antagonizes
TLR4 receptor activation by E. coli-LPS in cell-based assays
[63-65]. In addition, LPS with high bioactivity increases
serum LBP levels, while LPS with low bioactivity will not
[66, 67]. We speculate that LPS levels and activity may cor-
relate with serum LBP levels and engage RA pathology. In
this study, total LPS levels as derived from all gram-
negative bacteria were measured by a LAL assay. Unfortu-
nately, no method is currently available to differentiate and
analyze the bioactivity of LPS in biological samples, so fur-
ther studies will be necessary to confirm this speculation.
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TaBLE 7: Multiple regression analysis between bacteria-related markers and demographic factors.

Dependent variable Independent variables Standardized S (95% CI) p value

Age 0.051 (-0.483:0.784) 0.639

) Sex” 0.017 (-13.61:15.73) 0.886

Total bacteria counts Smoking® -0.034 (-9.694 : 7.244) 0.774
MTX 0.323 (0.631:3.222) 0.004 x =

Age 0.043 (-0.532:0.780) 0.708

LBP Sex® -0.129 (-23.15:7.216) 0.300

Smoking” 0.053 (-6.872:10.70) 0.668

MTX -0.091 (-1.883:0.799) 0.424

Age -0.129 (-1.038:0.287) 0.262

Sex® -0.105 (-21.84:8.836) 0.402

Fecal LPS b

Smoking -0.018 (-9.511:8.197) 0.883

MTX -0.027 (-1.515:1.194) 0.814

Age 0.198 (-0.051:1.206) 0.071

) Sex” 0.035 (-12.39:16.72) 0.768

Anti-Pg-LPS I5G Smoking” 0.098 (-4.871:11.94) 0.405
MTX 0.333 (0.695:3.267) 0.003 * %

Age -0.010 (-0.679:0.618) 0.926

) Sex® 0.023 (-13.59:16.44) 0.850
Anti-Pg-LPS IgA Smoking” 0.068 (-6.216:11.12) 0.575
MTX -0.245 (-2.787:-0.135) 0.031%

LBP: LPS-binding protein; Pg-LPS: LPS from Porphyromonas gingivalis; p: Spearman’s correlation coefficient; f3: standardized regression coefficient; 95% CI:
95% confidence interval. Significant difference: **p < 0.01, *p < 0.05. *Men = 0, women = 1. "No smoking = 1, history of smoking = 2, smoking now = 3.

Gut lumen and
muscosal barrier

Oral cavity

Gut submuscosal tissues
and circulation

Continuous P.gingivalis influx ~ Mucosal immune response, barrier damage, Correlation of biomarkers and

from mouth to gut

dysbiosis by chronic P.gingivalis influx rheumatoid arthritis activity indices

Bacteria related markers

Positive correlation ‘
Total bacteria vs
nti-Pg-LPS 1

?
RA disease markers ﬁ

Positive correlation
Serum LBP. Vs

RA disease

Activity indices|

FIGURE 3: Oral-gut microbiome axis in rheumatoid arthritis.

pVAS and eVAS are evaluated when achieving clinical
remission [68] because pain is the most significantly obvious
determinant for pVAS evaluation, while joint swelling is a
more important determinant for eVAS evaluation. These
discrepancies and the attempts to reconcile them can cause
difficulty in achieving clinical remission for patients [69].
Zhang et al. reported that the patient’s and the physician’s
general perceptions of disease activity are drawn from differ-
ent perspectives. For example, the joint pain in RA may be
due to different etiologies, including peripheral pain mecha-

nisms with the direct activation of nociceptors, as well as
sensitization of nociceptors by joint inflammation and
abnormalities in the central nervous system (CNS) pain reg-
ulatory mechanisms [70]. Human nociceptor nerve termi-
nals express several different channels and receptors related
to pain sensitization, such as transient receptor potential cat-
ion channel subfamily A and V member 1 (TRPA1 and
TRPV1, respectively) and TLR4. E. coli-LPS can bind to neu-
ronal TLR4 to sensitize the TRPVlor directly activate
TRPAI on nociceptors [71-73]. Alternatively, Pg-LPS
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sensitizes TRPV1 directly [73, 74]. Therefore, different LPSs
play different roles in developing pain reactions by Ca®*
influx through these channels when initiating a pain reac-
tion. Pg-LPS may play roles in developing inflammation by
activating TLR4 and pain by binding to TRPV1 receptors.
Due to lower Pg-LPS or P. gingivalis absorption from the
intestines or translocation in tissues, serum anti-Pg-LPS
IgG antibodies can effectively neutralize active form of Pg-
LPS, resulting in inactivation of the TLR4 and TRPV1 recep-
tor. This condition may be expressed as a remission state.
Instead, translocation of high levels of Pg-LPS or P. gingiva-
lis that too high to be fully inactivated by existing anti-Pg-
LPS antibodies, may trigger activation of the pain receptors,
resulting in pain sensitization in patients. The neutralization
of Pg-LPS depends on a balance of Pg-LPS levels and anti-
Pg-LPS antibody levels. Therefore, we assume that anti-Pg-
LPS IgG antibody levels inversely correlated with pVAS
and painVAS in our study (Table 4).

In addition, joint pain is related to inflammatory cyto-
kines such as IL-6 and granulocyte-macrophage colony-
stimulating factor (GM-CSF). GM-CSF, which induces dif-
ferentiation and proliferation of bone marrow progenitor
cells into granulocytes and macrophages, is well known to
be a multifunctional cytokine that regulates not only inflam-
matory responses but also pain in inflammatory diseases
[75]. Locally produced GM-CSF activates sensory neurons
expressing the GM-CSF receptor, transmitting painful stim-
uli to ascending nociceptive pathways in the spinal cord and
brain (76, 77]. Viafara-Garcia et al. reported that P. gingiva-
lis or Pg-LPS treatment induced GM-CSF and angiotensin II
production in coronary artery endothelial cells [78]. There
might be a possibility that continual P. gingivalis influx from
the oral cavity into the gut might be associated with patient
pain due to increased GM-CSF levels. Therefore, in RA,
refractory painVAS might be associated with P. gingivalis
infection but not necessarily inflammation.

In this study, anti-Pg-LPS IgA antibody levels inversely
correlated with intestinal bacteria counts such as total bacte-
ria (p<0.001), Lactobacillus (p=0.032), and E. coli
(p=0.005) (Table 6). It has been speculated that oral bacte-
ria colonization in the intestines is related to the pathogene-
sis of RA and other diseases, suggesting the existence of an
oral-gut microbiome axis relationship [79]. Although we
did not evaluate intestinal P. gingivalis counts, we speculate
that the accumulation of P. gingivalis in the gut lumen from
the oral cavity might be a cause of bacteria composition
change (dysbiosis) and elevated permeability in the gut
mucosal layer, leading to a submucosal translocation of bac-
teria and their substances into the bloodstream and initiat-
ing inflammation. Several animal studies support our
hypothesis as follows: firstly, a single oral administration of
P. gingivalis in C57BL/6 mice had a profound impact on
intestinal bacterial composition and impaired gut mucosal
barrier function, indicating that oral bacteria or their sub-
stances may be implicated in enhancing and perpetuating
inflammatory arthritis [36]. Secondly, P. gingivalis inocula-
tion downregulated intestinal gut-protective mediator and
IL-10 levels as well as the expression of gut tight junction
proteins in arthritic mice [80]. It has been reported that

higher doses of MTX treatment can reduce bacterial num-
bers, especially in the Bacteroides group [81, 82]. With
regard to the opposite effect with the MTX treatment
observed in this study in Table 7 and Supplementary
Table S4, we speculated that these differences may depend
on the higher doses of MTX used in western countries
(>15mg/week) compared to those in Japan (~10 mg/week)
as it has been reported that lower doses of MTX affect the
intestinal bacteria composition and mucosal immunity
differently than those with higher MTX doses [83, 84]. We
assume that lower doses of MTX treatment change
intestinal bacterial composition, leading to higher total
bacterial counts and lower serum anti-Pg-LPS IgA
antibody levels expressing immune responses against
bacteria and their toxins. These changes in this study also
result in lower serum LPS of a marker for inflammation
and higher anti-Pg-LPS IgG antibody levels of a marker for
general immune response. These results suggest that the
relationship between P. gingivalis and intestinal bacteria
associated with the oral-gut microbiome axis might be
affected by MTX treatment, resulting in shifting RA disease
activity marker levels. To clarify these marker shifts,
turther studies with appropriate patient groups and
protocols should be considered.

Thus, our results suggested that substances from oral or
gut microbiota may affect host immune function and can
affect disease activity in RA patients (Figure 3). However,
this study was a cross-sectional study with a small sample
size of RA patients who had inadequate responses to
c¢sDMARD:s or severe complications. To clarify the data, a
larger sample size of early, untreated RA patients may be
required. In a future manuscript, we will address whether
the changes in the LPS-related marker levels are associated
with the changes in disease markers in RA patients treated
with natural milk antibodies which can modulate the intesti-
nal bacterial composition (Katayama et al.. manuscript
under preparation).

5. Conclusions

We confirmed that LPS-related biomarkers were correlated
with not only disease activity indices but also disease bio-
markers. Importantly, anti-Pg-LPS IgA antibody levels were
inversely correlated with total intestinal bacteria counts and
serum ENC levels, in addition to, anti-Pg-LPS IgG levels
were inversely correlated with disease activity indices. These
results suggest that the influx of oral P. gingivalis and its
toxin Pg-LPS, into the gut, may change the intestinal bacte-
rial balance and intestinal barrier function; consequently,
this oral-gut microbiome axis change may aggravate disease
activity in RA.

Data Availability

Authors can also make data available on request through a
data access committee, institutional review board, or the
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should be contacted to request the data (e.g., the ethics or
data access committee) and provide appropriate contact
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data, this source must be credited as appropriate and details
of how to access the data should be given.

Disclosure

The organizations which provided support in the form of
salaries for the authors (KaK, HS, KoK, HT, KN, HB, RK,
TW, and KT) did not play any roles in the study design, data
collection and analysis, decision to publish, or preparation of
this manuscript. This does not alter our adherence to Journal
of Immunology Research policies on sharing data and
materials.

Conflicts of Interest

KakK, SS, and HS declare that they received salary support
from Asama Chemical Co. Ltd. KoK, SU, and CA declare
that they were supported by their own respective clinics.
HT and KN declare that they were supported by Aomori
Prefectural Central Hospital and Teikyo University School
of Medicine, respectively. HB and RK declare that they
received salary support from Ayumi Pharmaceutical Co.
Ltd. and Fukai Pharmacy, respectively. TW and KT declare
that they received salary support from Chondrex, Inc.

Authors’ Contributions

Kaori Kitamura, Hiroshi Shionoya, Suguru Suzuki, Kou
Katayama, Kuniaki Terato, and Takaki Waritani contributed
equally to this work. Richio Fukai, Shinichi Uda, Chiyuki
Abe, Hiromitsu Takemori, Keita Nishimura, and Hisashi
Baba also contributed equally to this work.

Acknowledgments

The authors thank their colleagues Jessica Chang, Ibis
Agosto, and Bonnie McKinney for reviewing and proof-
reading this manuscript.

Supplementary Materials

Supplementary Table S1: reference bacterial strains and cul-
ture conditions. Supplementary Table S2: the primers used
for real-time PCR. Supplementary Table S3: effects of demo-
graphic factors on bacteria counts, LPS-related biomarkers,
and antibacterial substance antibody levels. Supplementary
Table S4: effects of treatment on bacteria counts, LPS-
related biomarkers, and anti-bacterial substance antibody
levels. (Supplementary Materials)

References

[1] R. B. Sartor, “Importance of intestinal mucosal immunity and
luminal bacterial cell wall polymers in the aetiology of inflam-
matory joint diseases,” Bailliére's Clinical Rheumatology, vol. 3,
no. 2, pp. 223-245, 1989.

Journal of Immunology Research

[2] P. Toivanen, “Normal intestinal microbiota in the aetiopatho-
genesis of rheumatoid arthritis,” Annals of the Rheumatic Dis-
eases, vol. 62, no. 9, pp. 807-811, 2003.

J. Vaahtovuo, E. Munukka, M. Korkeamiki, R. Luukkainen,
and P. Toivanen, “Fecal microbiota in early rheumatoid arthri-
tis,” The Journal of Rheumatology, vol. 35, no. 8, pp. 1500-
1505, 2008.

[4] N. Cerf-Bensussan and V. Gaboriau-Routhiau, “The
immune system and the gut microbiota: friends or foes?,”
Nature Reviews. Immunology, vol. 10, no. 10, pp. 735-744,
2010.

[5] P.J. Sansonetti, “To be or not to be a pathogen: that is the
mucosally relevant question,” Mucosal Immunology, vol. 4,
no. 1, pp. 8-14, 2011.

[6] D. Mathis and C. Benoist, “Microbiota and autoimmune dis-
ease: the hosted self,” Cell Host ¢ Microbe, vol. 10, no. 4,
pp- 297-301, 2011.

[7] C. Scheinecker and J. S. Smolen, “Rheumatoid arthritis in
2010: from the gut to the joint,” Nature Reviews Rheumatology,
vol. 7, no. 2, pp. 73-75, 2011.

[8] J. C. Clemente, L. K. Ursell, L. W. Parfrey, and R. Knight, “The
impact of the gut microbiota on human health: an integrative
view,” Cell, vol. 148, no. 6, pp. 1258-1270, 2012.

[9] R. Peltonen, J. Kjeldsen-Kragh, M. Haugen et al., “Changes of
faecal flora in rheumatoid arthritis during fasting and one-year
vegetarian diet,” Rheumatology (Oxford), vol. 33, no. 7,
pp. 638-643, 1994.

[10] R. Peltonen, M. Nenonen, T. Helve, O. Hinninen,
P. Toivanen, and E. Eerola, “Faecal microbial flora and disease
activity in rheumatoid arthritis during a vegan diet,” British
Journal of Rheumatology, vol. 36, no. 1, pp. 64-68, 1997.

[11] J. Kjeldsen-Kragh, “Rheumatoid arthritis treated with vegetar-
ian diets,” The American Journal of Clinical Nutrition, vol. 70,
no. 3, pp. 5945-600S, 1999.

[12] M.I. Gul'neva and S. M. Noskov, “Colonic microbial bioceno-
sis in rheumatoid arthritis,” Klinicheskaia Meditsina, vol. 89,
no. 4, pp. 45-48, 2011.

[13] J. U. Scher, A. Sczesnak, R. S. Longman et al., “Expansion of
intestinal Prevotella copri correlates with enhanced suscepti-
bility to arthritis,” eLife, vol. 2, pp. 1-20, 2013.

[14] J. U. Scher and S. B. Abramson, “The microbiome and rheu-
matoid arthritis,” Nature Reviews Rheumatology, vol. 7,
no. 10, pp. 569-578, 2011.

[15] T. Kishikawa, Y. Maeda, T. Nii et al., “Metagenome-wide
association study of gut microbiome revealed novel aetiol-
ogy of rheumatoid arthritis in the Japanese population,”
Annals of the Rheumatic Diseases, vol. 79, no. 1, pp. 103-
111, 2020.

[16] X.Liu, Q. Zou, B. Zeng, Y. Fang, and H. Wei, “Analysis of fecal
Lactobacillus community structure in patients with early rheu-
matoid arthritis,” Current Microbiology, vol. 67, no. 2, pp. 170-
176, 2013.

[17] D. N. Frank, A. L. S. Amand, R. A. Feldman, E. C. Boedeker,
N. Harpaz, and N. R. Pace, “Molecular-phylogenetic charac-
terization of microbial community imbalances in human
inflammatory bowel diseases,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 104,
no. 34, pp. 13780-13785, 2007.

[18] K. Lucke, S. Miehlke, E. Jacobs, and M. Schuppler, “Prevalence
of Bacteroides and Prevotella spp. in ulcerative colitis,” Journal
of Medical Microbiology, vol. 55, no. 5, pp. 617-624, 2006.

(3

—_


https://downloads.hindawi.com/journals/jir/2022/6839356.f1.pdf

Journal of Immunology Research

(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

M. Breban, J. Tap, A. Leboime et al., “Faecal microbiota study
reveals specific dysbiosis in spondyloarthritis,” Annals of the
Rheumatic Diseases, vol. 76, no. 9, pp. 1614-1622, 2017.

A. Imai, E. Fujimoto, and K. Sato, “The influence of LPS-
induced maternal inflammation on postnatal collagen-
induced arthritis,” Inflammation, vol. 41, no. 5, pp. 1842-
1851, 2018.

P. Hutamekalin, T. Saito, K. Yamaki et al., “Collagen antibody-
induced arthritis in mice: development of a new arthritogenic
5-clone cocktail of monoclonal anti-type II collagen anti-
bodies,” Journal of Immunological Methods, vol. 343, no. 1,
pp- 49-55, 2009.

W. H. Tang and S. L. Hazen, “The contributory role of gut
microbiota in cardiovascular disease,” The Journal of Clinical
Investigation, vol. 124, no. 10, pp. 4204-4211, 2014.

S. Geng, K. Chen, R. Yuan et al., “The persistence of low-grade
inflammatory monocytes contributes to aggravated athero-
sclerosis,” Nature Communications, vol. 7, no. 1, p. 13436,
2016.

L. Loffredo, A. Spalice, F. Salvatori et al., “Oxidative stress and
gut-derived lipopolysaccharides in children affected by paedi-
atric autoimmune neuropsychiatric disorders associated with
streptococcal infections,” BMC Pediatrics, vol. 20, no. 1,
p. 127, 2020

B. Jayashree, Y. S. Bibin, D. Prabhu et al., “Increased circula-
tory levels of lipopolysaccharide (LPS) and zonulin signify
novel biomarkers of proinflammation in patients with type 2
diabetes,” Molecular and Cellular Biochemistry, vol. 388,
no. 1-2, pp. 203-210, 2014.

S.J. Creely, P. G. McTernan, C. M. Kusminski et al., “Lipopoly-
saccharide activates an innate immune system response in
human adipose tissue in obesity and type 2 diabetes,” Ameri-
can Journal of Physiology. Endocrinology and Metabolism,
vol. 292, no. 3, pp. E740-E747, 2007.

P. de Pablo, T. Dietrich, and T. E. McAlindon, “Association of
periodontal disease and tooth loss with rheumatoid arthritis in
the US population,” The Journal of Rheumatology, vol. 35,
no. 1, pp. 70-76, 2008.

F. Liao, Z. Li, Y. Wang, B. Shi, Z. Gong, and X. Cheng, “Por-
phyromonas gingivalis may play an important role in the path-
ogenesis of periodontitis-associated rheumatoid arthritis,”
Medical Hypotheses, vol. 72, no. 6, pp. 732-735, 2009.

Y.-Y. Chou, K.-L. Lai, D.-Y. Chen, C.-H. Lin, and H.-H. Chen,
“Rheumatoid arthritis risk associated with periodontitis expo-
sure: a nationwide, population-based cohort study,” PLoS One,
vol. 10, no. 10, article e0139693, 2015.

T. R. Mikuls, G. M. Thiele, K. D. Deane et al., “Porphyromonas
gingivalis and disease-related autoantibodies in individuals at
increased risk of rheumatoid arthritis,” Arthritis and Rheuma-
tism, vol. 64, no. 11, pp. 3522-3530, 2012.

A. Yoshida, Y. Nakano, Y. Yamashita et al., “Immunodomi-
nant region of Actinobacillus actinomycetemcomitans 40-
kilodalton heat shock protein in patients with rheumatoid
arthritis,” Journal of Dental Research, vol. 80, no. 1, pp. 346-
350, 2001.

J. T. Marchesan, E. A. Gerow, R. Schaff et al., “Porphyromonas
gingivalis oral infection exacerbates the development and
severity of collagen-induced arthritis,” Arthritis Research &
Therapy, vol. 15, no. 6, p. R186, 2013.

S. Chukkapalli, M. Rivera-Kweh, P. Gehlot et al., “Periodontal
bacterial colonization in synovial tissues exacerbates collagen-

(34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

(42]

(43]

(45]

(46]

(47]

11

induced arthritis in B10.RIII mice,” Arthritis Research & Ther-
apy, vol. 18, no. 1, p. 161, 2016.

L. Sandal, A. Karydis, J. Luo et al., “Bone loss and aggravated
autoimmune arthritis in HLA-DRf1-bearing humanized mice
following oral challenge with Porphyromonas gingivalis,”
Arthritis Research & Therapy, vol. 18, no. 1, p. 249, 2016.

K. Sato, N. Takahashi, T. Kato et al., “Aggravation of collagen-
induced arthritis by orally administered Porphyromonas gin-
givalis through modulation of the gut microbiota and gut
immune system,” Scientific Reports, vol. 7, no. 1, p. 6955, 2017.

M. Nakajima, K. Arimatsu, T. Kato et al., “Oral administration
of P. gingivalis induces dysbiosis of gut microbiota and
impaired barrier function leading to dissemination of Entero-
bacteria to the liver,” PLoS One, vol. 10, no. 7, article e0134234,
2015.

K. Terato, T. Waritani, R. Fukai, H. Shionoya, H. Itoh, and
K. Katayama, “Contribution of bacterial pathogens to evoking
serological disease markers and aggravating disease activity in
rheumatoid arthritis,” PLoS Omne, vol. 13, no. 2, article
€0190588, 2018.

D. Aletaha, T. Neogi, A. J. Silman et al,, “2010 rheumatoid
arthritis classification criteria: an American College of Rheu-
matology/European League Against Rheumatism collabora-
tive initiative,” Arthritis and Rheumatism, vol. 62, no. 9,
pp. 2569-2581, 2010.

Y. Benno, K. Endo, T. Mizutani, Y. Namba, T. Komori, and
T. Mitsuoka, “Comparison of fecal microflora of elderly per-
sons in rural and urban areas of Japan,” Applied and Environ-
mental Microbiology, vol. 55, no. 5, pp. 1100-1105, 1989.

T. Matsuki, K. Watanabe, J. Fujimoto et al., “Quantitative PCR
with 16S rRNA-gene-targeted species-specific primers for
analysis of human intestinal bifidobacteria,” Applied and Envi-
ronmental Microbiology, vol. 70, no. 1, pp. 167-173, 2004.

M. A. Nadkarni, F. E. Martin, N. A. Jacques, and N. Hunter,
“Determination of bacterial load by real-time PCR using a
broad-range (universal) probe and primers set,” Microbiology
(Reading, England), vol. 148, no. 1, pp. 257-266, 2002.

T. Matsuki, K. Watanabe, J. Fujimoto et al., “Development of
16S rRNA-gene-targeted group-specific primers for the detec-
tion and identification of predominant bacteria in human
feces,” Applied and Environmental Microbiology, vol. 68,
no. 11, pp. 5445-5451, 2002.

R. Byun, M. A. Nadkarni, K.-L. Chhour, F. E. Martin, N. A.
Jacques, and N. Hunter, “Quantitative analysis of diverse Lac-
tobacillus species present in advanced dental caries,” Journal of
Clinical Microbiology, vol. 42, no. 7, pp. 3128-3136, 2004.

E. Malinen, A. Kassinen, T. Rinttild, and A. Palva, “Compari-
son of real-time PCR with SYBR Green I or 5’-nuclease assays
and dot-blot hybridization with rDNA-targeted oligonucleo-
tide probes in quantification of selected faecal bacteria,” Micro-
biology (Reading, England), vol. 149, no. 1, pp. 269-277, 2003.

K. Matsuda, H. Tsuji, T. Asahara, Y. Kado, and K. Nomoto,
“Sensitive quantitative detection of commensal bacteria by
rRNA-targeted reverse transcription-PCR,” Applied and Envi-
ronmental Microbiology, vol. 73, no. 1, pp. 32-39, 2007.

E. Bolke, P. M. Jehle, F. Hausmann et al., “Preoperative oral
application of immunoglobulin-enriched colostrum milk and
mediator response during abdominal surgery,” Shock, vol. 17,
no. 1, pp. 9-12, 2002.

K. Terato, C. T. Do, D. Cutler, T. Waritani, and H. Shionoya,
“Preventing intense false positive and negative reactions



12

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

attributed to the principle of ELISA to re-investigate antibody
studies in autoimmune diseases,” Journal of Immunological
Methods, vol. 407, pp. 15-25, 2014.

J. A. Parnell and R. A. Reimer, “Prebiotic fibres dose-
dependently increase satiety hormones and alter Bacteroidetes
and Firmicutes in lean and obese JCR: LA-cp rats,” The British
Journal of Nutrition, vol. 107, no. 4, pp. 601-613, 2012.

V. L. Inness, A. L. McCartney, C. Khoo, K. L. Gross, and G. R.
Gibson, “Molecular characterisation of the gut microflora of
healthy and inflammatory bowel disease cats using fluores-
cence in situ hybridisation with special reference to Desulfovi-
brio spp,” Journal of Animal Physiology and Animal Nutrition,
vol. 91, no. 1-2, pp. 48-53, 2007.

P. T. Koleva, R. S. Valcheva, X. Sun, M. G. Ginzle, and L. A.
Dieleman, “Inulin and fructo-oligosaccharides have divergent
effects on colitis and commensal microbiota in HLA-B27
transgenic rats,” The British Journal of Nutrition, vol. 108,
no. 9, pp. 1633-1643, 2012.

K. Wang, Q. Zhu, X. Kong et al., “Dietary probiotics or synbio-
tics supplementation during gestation, lactation, and nursery
periods modifies colonic microbiota, antioxidant capacity,
and immune function in weaned piglets,” Frontiers in Veteri-
nary Science, vol. 7, p. 597832, 2020.

F. Savino, P. Montanari, I. Galliano, V. Dapra, and
M. Bergallo, “Lactobacillus rhamnosus GG (ATCC 53103)
for the management of infantile colic: a randomized controlled
trial,” Nutrients, vol. 12, no. 6, p. 1693, 2020.

R. Jerala, “Structural biology of the LPS recognition,” Interna-
tional Journal of Medical Microbiology, vol. 297, no. 5, pp. 353—
363, 2007.

M. A. Dobrovolskaia and S. N. Vogel, “Toll receptors, CD14,
and macrophage activation and deactivation by LPS,”
Microbes and Infection, vol. 4, no. 9, pp. 903-914, 2002.

L. L. Filippin, R. Vercelino, N. P. Marroni, and R. M. Xavier,
“Redox signalling and the inflammatory response in rheuma-
toid arthritis,” Clinical and Experimental Immunology,
vol. 152, no. 3, pp. 415-422, 2008.

A. C. E. Vreugdenhil, C. H. Rousseau, T. Hartung, J. W. M.
Greve, C. van ‘t Veer, and W. A. Buurman, “Lipopolysaccha-
ride (LPS)-binding protein mediates LPS detoxification by
chylomicrons,” Journal of Immunology, vol. 170, no. 3,
pp. 1399-1405, 2003.

A. C. Vreugdenhil, A. M. Snoek, C. van ‘t Veer, ]. W. M. Greve,
and W. A. Buurman, “LPS-binding protein circulates in asso-
ciation with apoB-containing lipoproteins and enhances endo-
toxin-LDL/VLDL interaction,” The Journal of Clinical
Investigation, vol. 107, no. 2, pp. 225-234, 2001.

M. M. Wurfel, S. T. Kunitake, H. Lichenstein, J. P. Kane, and
S. D. Wright, “Lipopolysaccharide (LPS)-binding protein is
carried on lipoproteins and acts as a cofactor in the neutraliza-
tion of LPS,” The Journal of Experimental Medicine, vol. 180,
no. 3, pp. 1025-1035, 1994.

W. Wen, Y. Li, Y. Cheng et al., “Lipopolysaccharide-binding
protein is a sensitive disease activity biomarker for rheumatoid
arthritis,” Clinical and Experimental Rheumatology, vol. 36,
no. 2, pp. 233-240, 2018.

P. L. Lakatos, L. S. Kiss, K. Palatka et al., “Serum
lipopolysaccharide-binding protein and soluble CD14 are
markers of disease activity in patients with Crohn’s disease,”
Inflammatory Bowel Diseases, vol. 17, no. 3, pp. 767-777,
2011.

[61]

(62]

(63]

[64]

[65]

(6]

(67]

(68]

(69]

(70]

(71]

(72]

(73]

(74]

(75]

[76]

Journal of Immunology Research

J. Villar, L. Pérez-Méndez, E. Espinosa et al., “Serum lipopoly-
saccharide binding protein levels predict severity of lung injury
and mortality in patients with severe sepsis,” PLoS One, vol. 4,
no. 8, article e6818, 2009.

M. Serrano, J. M. Moreno-Navarrete, J. Puig et al., “Serum
lipopolysaccharide-binding protein as a marker of atheroscle-
rosis,” Atherosclerosis, vol. 230, no. 2, pp. 223-227, 2013.

T. Vatanen, A. D. Kostic, E. d’'Hennezel et al., “Variation in
microbiome LPS immunogenicity contributes to autoimmu-
nity in humans,” Cell, vol. 165, no. 4, pp. 842-853, 2016.

G. Mancuso, A. Midiri, C. Biondo et al., “Bacteroides fragilis-
derived lipopolysaccharide produces cell activation and lethal
toxicity via toll-like receptor 4,” Infection and Immunity,
vol. 73, no. 9, pp. 5620-5627, 2005.

D. M. Delahooke, G. R. Barclay, and I. R. Poxton, “Tumor
necrosis factor induction by an aqueous phenol-extracted lipo-
polysaccharide complex from Bacteroides species,” Infection
and Immunity, vol. 63, no. 3, pp. 840-846, 1995.

Y. Tsutsumi-Ishii, K. Shimada, H. Daida, R. Toman, and
I. Nagaoka, “Low potency of Chlamydophila LPS to activate
human mononuclear cells due to its reduced affinities for
CD14 and LPS-binding protein,” International Immunology,
vol. 20, no. 2, pp. 199-208, 2008.

P.-H. Ding, C.-Y. Wang, R. P. Darveau, and L. Jin, “Porphyro-
monas gingivalis LPS stimulates the expression of LPS-binding
protein in human oral keratinocytes in vitro,” Innate Immu-
nity, vol. 19, no. 1, pp. 66-75, 2013.

D. T. Felson, J. S. Smolen, G. Wells et al., “American College of
Rheumatology/European League against Rheumatism provi-
sional definition of remission in rheumatoid arthritis for clin-
ical trials,” Annals of the Rheumatic Diseases, vol. 70, no. 3,
pp. 404-413, 2011.

P. Studenic, H. Radner, J. S. Smolen, and D. Aletaha, “Discrep-
ancies between patients and physicians in their perceptions of
rheumatoid arthritis disease activity,” Arthritis and Rheuma-
tism, vol. 64, no. 9, pp. 2814-2823, 2012.

A. Zhang and Y. C. Lee, “Mechanisms for joint pain in rheu-
matoid arthritis (RA): from cytokines to central sensitiza-
tion,” Current Osteoporosis Reports, vol. 16, no. 5, pp. 603-
610, 2018.

A. Diogenes, C. C. R. Ferraz, A. N. Akopian, M. A. Henry, and
K. M. Hargreaves, “LPS sensitizes TRPV1 via activation of
TLR4 in trigeminal sensory neurons,” Journal of Dental
Research, vol. 90, no. 6, pp. 759-764, 2011.

V. Meseguer, Y. A. Alpizar, E. Luis et al., “TRPA1 channels
mediate acute neurogenic inflammation and pain produced
by bacterial endotoxins,” Nature Communications, vol. 5,
p. 3125, 2014.

I. M. Chiu, “Infection, pain, and itch,” Neuroscience Bulletin,
vol. 34, no. 1, pp. 109-119, 2018.

C. C. R. Ferraz, M. A. Henry, K. M. Hargreaves, and
A. Diogenes, “Lipopolysaccharide from Porphyromonas gingi-
valis sensitizes capsaicin-sensitive nociceptors,” Journal of
Endodontia, vol. 37, no. 1, pp. 45-48, 2011.

L. P. Wicks and A. W. Roberts, “Targeting GM-CSF in inflam-
matory diseases,” Nature Reviews Rheumatology, vol. 12, no. 1,
pp. 37-48, 2016.

M. Schweizerhof, S. Stosser, M. Kurejova et al., “Hematopoie-
tic colony-stimulating factors mediate tumor-nerve interac-
tions and bone cancer pain,” Nature Medicine, vol. 15, no. 7,
pp. 802-807, 2009.



Journal of Immunology Research

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

S. Stosser, M. Schweizerhof, and R. Kuner, “Hematopoietic
colony-stimulating factors: new players in tumor-nerve inter-
actions,” Journal of Molecular Medicine (Berlin, Germany),
vol. 89, no. 4, pp- 321-329, 2011.

S. M. Viafara-Garcia, S. J. Morantes, Y. Chacon-Quintero,
D. M. Castillo, G. I. Lafaurie, and D. M. Buitrago, “Repeated
Porphyromonas gingivalis W83 exposure leads to release
pro-inflammatory cytokynes and angiotensin II in coronary
artery endothelial cells,” Scientific Reports, vol. 9, no. 1,
p. 19379, 2019.

M. du Teil Espina, G. Gabarrini, H. J. M. Harmsen, J. Westra,
A.J. van Winkelhoff, and J. M. van Dijl, “Talk to your gut: the
oral-gut microbiome axis and its immunomodulatory role in
the etiology of rheumatoid arthritis,” FEMS Microbiology
Reviews, vol. 43, no. 1, pp. 1-18, 2019.

M. B. Flak, R. A. Colas, E. Mufoz-Atienza, M. A. Curtis,
J. Dalli, and C. Pitzalis, “Inflammatory arthritis disrupts gut
resolution mechanisms, promoting barrier breakdown by Por-
phyromonas gingivalis,” JCI Insight, vol. 4, no. 13, 2019.

B. A. E. De Koning, J. M. van Dieren, D. J. Lindenbergh-Kor-
tleve et al., “Contributions of mucosal immune cells to
methotrexate-induced mucositis,” International Immunology,
vol. 18, no. 6, pp. 941-949, 2006.

R. R. Nayak, K. Stapleton-Gray, C. O’Loughlin, M. Fischbach,
and P. J. Turnbaugh, “Methotrexate is an antibacterial drug
metabolized by human gut bacteria,” Arthritis ¢ Rheumatol-
ogy, vol. 69, 2017.

H.-J. J. Wu, “Methotrexate works remotely, from the gut,” Cell
Host & Microbe, vol. 29, no. 3, pp. 325-326, 2021.

R. R. Nayak, M. Alexander, I. Deshpande et al., “Methotrexate
impacts conserved pathways in diverse human gut bacteria

leading to decreased host immune activation,” Cell Host &
Microbe, vol. 29, no. 3, pp. 362-377.e11, 2021.

13



	Oral and Intestinal Bacterial Substances Associated with Disease Activities in Patients with Rheumatoid Arthritis: A Cross-Sectional Clinical Study
	1. Introduction
	2. Materials and Methods
	2.1. RA Patients and Clinical Assessment
	2.2. Serum and Blood Samples
	2.3. Fecal Samples
	2.4. Reference Bacteria Strains and Culture Conditions
	2.5. Determining Fecal Bacterial Counts by Real-Time Polymerase Chain Reaction
	2.6. Serum LPS Assay
	2.7. Fecal LPS Assay
	2.8. Serum Endotoxin Neutralizing Capacity Assay
	2.9. Serum LPS Binding Protein Assay
	2.10. Antibody Assay
	2.11. Cytokine Assay
	2.12. Statistical Analysis

	3. Results
	3.1. Patient Baseline Clinical Data in Eighty-Seven RA Patients
	3.2. Relationship of Intestinal Bacterial Counts and Bacteria-Related Biomarkers with RA Disease Activities in Univariate Regression Analysis
	3.3. Relationship between Individual Bacteria-Related Biomarkers in Univariate Correlation Analysis
	3.4. The Influence of Demographic Factors on Intestinal Bacterial Counts and Bacteria-Related Biomarkers
	3.5. Multiple Regression Analysis with Four Demographic Factors between Total Bacteria Counts, Serum LBP, Fecal LPS, Anti-Pg-LPS IgG Antibody, and Anti-Pg-LPS IgA Antibody Levels with RA Disease Activity, and Bacteria-Related Biomarkers

	4. Discussion
	5. Conclusions
	Data Availability
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

