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Abstract: Patients with rheumatoid arthritis (RA) have altered levels of exhaled nitric oxide (NO)
compared with healthy controls. Here, we investigated whether the clinical features of and immuno-
logical factors in RA pathogenesis could be linked to the NO lung dynamics in early disease. A
total of 44 patients with early RA and anti-citrullinated peptide antibodies (ACPAs), specified as
cyclic citrullinated peptide 2 (CCP2), were included. Their exhaled NO levels were measured, and
the alveolar concentration, the airway compartment diffusing capacity and the airway wall concen-
tration of NO were estimated using the Högman–Meriläinen algorithm. The disease activity was
measured using the Disease Activity Score for 28 joints. Serum samples were analysed for anti-CCP2,
rheumatoid factor, free secretory component, secretory component containing ACPAs, antibodies
against Porphyromonas gingivalis (Rgp) and total levels of IgA, IgA1 and IgA2. Significant negative
correlations were found between the airway wall concentration of NO and the number of swollen
joints (Rho−0.48, p = 0.004), between the airway wall concentration of NO and IgA rheumatoid factor
(Rho −0.41, p = 0.017), between the alveolar concentration and free secretory component (Rho −0.35,
p = 0.023) and between the alveolar concentration and C-reactive protein (Rho −0.36, p = 0.016), but
none were found for anti-CCP2, IgM rheumatoid factor or the anti-Rgp levels. In conclusion, altered
NO levels, particularly its production in the airway walls, may have a role in the pathogenesis of
ACPA-positive RA.

Keywords: rheumatoid arthritis; free secretory component; ACPA; exhaled nitric oxide; lung;
pathogenesis; rheumatoid factor

1. Introduction

Rheumatoid arthritis (RA) is a systemic inflammatory disease mainly affecting the
joints and may lead to joint destruction and disability. In 50–80% of cases, autoantibodies

Biomedicines 2024, 12, 964. https://doi.org/10.3390/biomedicines12050964 https://www.mdpi.com/journal/biomedicines

https://doi.org/10.3390/biomedicines12050964
https://doi.org/10.3390/biomedicines12050964
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0002-8371-7116
https://orcid.org/0000-0003-1186-3226
https://orcid.org/0000-0003-4513-4128
https://orcid.org/0000-0003-3161-0402
https://orcid.org/0000-0002-3600-7461
https://orcid.org/0000-0001-7187-1477
https://orcid.org/0000-0003-4492-9172
https://orcid.org/0000-0001-7625-964X
https://orcid.org/0000-0002-6392-6092
https://doi.org/10.3390/biomedicines12050964
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines12050964?type=check_update&version=1


Biomedicines 2024, 12, 964 2 of 11

against citrullinated proteins (ACPAs) or the Fc part of immunoglobulin G (IgG), rheuma-
toid factor (RF), are found [1]. ACPAs probably have an essential role in the disease, as
they are also associated with a more severe disease course [2,3]. Consequently, RA with
ACPAs and without ACPAs are often regarded as two different disease entities and may
have different aetiologies [4].

Theories on the aetiology of RA involve a genetic predisposition and triggering exoge-
nous factors, such as smoking [5], which may lead to a posttranslational shift in the amino
acid arginine to citrulline in specific proteins, induced by the enzyme peptidyl arginine
deaminase (PAD) [6]. This immune reaction may be triggered by inhaled agents and start
in the mucosa of the gums, airways or lungs. The locally produced secretory antibodies
(IgA and IgM) are transported through the mucosa by the polymeric immunoglobulin (poly
Ig) receptor [7]. A shredded part of this receptor, free secretory component (free SC), is
elevated in the serum of patients with ACPA-positive RA already before arthritis onset [8].

Another theory includes the bacterium Porphyromonas gingivalis, involved in periodon-
titis disease, which also expresses a PAD enzyme which may induce protein citrullina-
tion [9]. In accordance, RA patients have increased anti-P. gingivalis antibody levels, even
before arthritis onset [10], and RA is four times more frequent in patients with periodontitis
compared to the general population [11].

Nitric oxide (NO) is an important molecule in the inflammation process, inducing
vascular dilatation and permeability [12], and is relevant in the cellular reactions of ox-
idative stress [13]. Elevated levels are found in the serum and synovial fluid of patients
with RA [14]. In exhaled gas, the measured NO is produced by the cells of the airways and
alveoli but is also influenced by the capillary diffusion of NO in the airways. In an extended
NO analysis, using multiple NO measurements at different exhaled flows, it is possible to
determine in which part of the lungs NO is produced. The Högman–Meriläinen algorithm
(HMA) [15] gives estimates of the alveolar concentration (CANO), the airway compartment
diffusing capacity (DawNO) and the airway wall concentration of NO (CawNO). Altered
levels are found in disorders with inflammatory changes in the lungs and airways, such
as asthma and chronic obstructive pulmonary disease [14], but also in rheumatic diseases,
such as Sjögren’s disease [16] and systemic sclerosis [17].

In a previous cross-sectional study on patients with chronic RA, we found not only
lower NO levels in terms of CANO and CawNO but also a higher DawNO when compared
with matched healthy controls [18]. Similar results were found in ACPA-positive RA
patients with early disease investigated before any treatments were initiated, suggesting
that these changes may reflect pulmonary involvement in its pathogenesis [19]. These
subjects, representing a homogenous autoimmune disease entity, all with ACPAs, were re-
analysed in the present study, where the objectives were to elucidate whether their exhaled
NO levels were associated with characteristic RA autoantibodies and other markers of the
autoimmune process.

2. Materials and Methods
2.1. Study Population

Patients (n = 51) with recent-onset ACPA-positive RA according to the 2010 classi-
fication criteria [20] were recruited at diagnosis on their first visit to the rheumatology
department at Gävle Hospital, Sweden. After their informed consent and physical examina-
tion by a rheumatologist, the patients were included in the study. Patients with a symptom
duration of more than two years at diagnosis, those treated with >10 mg prednisolone and
those with difficulties understanding the study information were excluded (n = 7). The
disease activity was measured using the Disease Activity Score for 28 joints (DAS28) [21],
and disability was assessed according to the Health Assessment Questionnaire (HAQ) [22].

2.2. NO Analysis

The NO measurements were performed in accordance with the 2005 American Tho-
racic Society [23] and the European Respiratory Society [24]. The exhaled NO was analysed
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at an exhalation flow of 50 mL/s (FENO,50) using an EcoMedics DLC 88 (Eco Medics AG,
Dürnten, Switzerland). The NO parameters were calculated using the nonlinear HMA
method with exhalation target flows of 20, 100 and 300 mL/s or using the Tsoukias and
George method with flows of 100, 200 and 300 mL/s [24] when the participants could not
perform the lowest flow of 20 mL/s. A constant exhaled flow was facilitated using flow
resistors, and a visual feedback system guided the patients in maintaining the targeted flow
throughout the exhalation. The exact flow was measured. A calculated FENO,50 value for
the HMA was derived for each subject and compared with the measured value as quality
control [24]. The HMA method estimates the NO parameters CANO, CawNO and DawNO.

Serum nitrate/nitrite (NOx) was analysed using a Cayman nitrate/nitrite colorimetric
assay kit (Ann Arbor, MI, USA). The total coefficient of variation for the NOx assay was
3.4%, and the detection limit was 1 µM/L.

2.3. Spirometry

Pre-bronchodilator spirometry was performed after the NO analysis using a Welch
Allyn Spiro Perfect II (Welch Allyn, Skaneateles Falls, NY, USA). The reference values are
presented as the percentages predicted using the Swedish reference values [25,26].

2.4. Blood Analyses

Samples were collected for analysis of their inflammatory markers, such as the ery-
throcyte sedimentation rate (ESR), C-reactive protein (CRP) and autoantibodies, including
RF (IgA and IgM) and ACPAs (anti-CCP2 IgA and IgG), as well as free secretory compo-
nent (SC), secretory component containing ACPAs (SC ACPAs) and antibodies against
the P. gingivalis virulence factor arginine gingipain (Rgp) as a marker for periodontal
infection/periodontitis.

2.5. Analyses of ACPA and RF

IgG and IgA anti-CCP2 and IgA and IgM RF were analysed using a fluorescence en-
zyme immunoassay (Elia, Thermo Fischer Scientific, Uppsala, Sweden) and using a Phadia
250 instrument (Thermo Fisher Scientific) according to the manufacturer’s instructions.
The cut-off levels for anti-CCP2 IgG and IgA were 7 arbitrary units (AU). For RF IgM, the
cut-off was 5 AU, and for RF IgA, it was 20 AU, as suggested by the manufacturer.

2.6. Analyses of Free SC, SC ACPAs, Anti-Rgp IgG and Total IgA, IgA1 and IgA2

Free SC was analysed using an in-house sandwich ELISA [8,27]. Briefly, the serum
samples were diluted 1:25, added to microtiter plates pre-coated overnight with 10 µg/mL
of anti-free SC 6B3 monoclonal antibody (mAb) and incubated at 37 ◦C for 90 min for the
serum and 60 min for the detection antibody. Following washing, an HRP-conjugated
anti-SC mAb 5D8, diluted 1:100, was added and incubated at 37 ◦C for 60 min. TMB (Merck,
Darmstadt, Germany) was added as substrate, and the reaction was stopped with 1 M
sulfuric acid and the plates read at an optical density (OD) of 450 nm (SpectraMax ABS
Plus, Molecular Devices, San Jose, CA, USA). We used a 7-step serially diluted SC-positive
serum pool as the standard curve to recalculate the OD values into concentrations. All
the samples were analysed in duplicate and reanalysed if the coefficient of variation (CV)
between the duplicates was >20%. The inter-assay CV was 9%, and the intra-assay CV was
2%, respectively.

The serum SC ACPAs were measured by modifying anti-CCP2 ELISA kits (CCPlus®

Immunoscan; Svar Life Science, Malmö, Sweden). In brief, the serum samples were
diluted 1:25 in kit buffer, and the secondary antibody, detecting human secretory compo-
nent, was diluted 1:2000 (polyclonal goat antibody conjugated to horseradish peroxidase,
GAHu/SC/PO; Nordic Biosite, Täby, Sweden). Incubation and washing were performed
according to the manufacturer’s instructions. The reaction was stopped and the plates read
at OD450nm (SpectraMax ABS Plus). A 7-step standard curve based on a serum sample
with known high levels of SC ACPAs was used to recalculate the OD values into arbitrary
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units. All the samples were analysed in duplicate and reanalysed if the CV between the
duplicates was >20%. The inter-assay CV was 10%, and the intra-assay CV was 5%.

The presence of antibodies (IgG) against the oral pathogen P. gingivalis virulence factor
arginine gingipains (Rgp) was assessed using an in-house ELISA, using the RgpB protein,
purified from P. gingivalis cultures, as the coating antigen, as previously described [9]. The
samples were analysed in duplicate, and a standard curve (pool of Rgp IgG-positive sera)
was used to present the antibody levels in arbitrary units (AU).

The total levels of IgA, IgA1 and IgA2 were measured using in-house ELISAs. The
total IgA ELISA utilised F(ab′)2 fragment goat anti-alpha chain antibodies for capture
and detection (Jackson ImmunoResearch, West Grove, PA, USA), and the subclass-specific
ELISAs both used the same capture antibody as for total IgA and the detection antibodies
ABIN135642 for IgA1 and ABIN135646 for IgA 2, respectively (www.antibodies-online.com,
accessed on 19 February 2024). The same normal serum was used as the standard curve
for all the analyses; the levels of total IgA, IgA1 and IgA2 were determined at the Uppsala
University laboratory.

2.7. Statistical Analysis

All the statistical analyses were performed using SPSS v. 28 for Windows (SPSS
Inc., Chicago, IL, USA). The data tested for normality using the Shapiro–Wilk test are
expressed as means ± SD and the skew-distributed data as medians and lower and upper
quartiles. An independent t-test and the Mann–Whitney U test were used to compare
current smokers and non-smokers. For the frequency distribution, Pearson’s χ2-test was
used. Correlations were tested using Spearman’s rank order correlation. A p-value of <0.05
was considered significant. The significance levels are presented both without and with
Bonferroni correction for the number of NO variables investigated.

3. Results
3.1. Baseline Characteristics of the Study Population

As smoking affects pulmonary NO [28], the study participants (n = 44), 26 females
and 18 males, were divided into subgroups depending on their current smoking status.
The smoking subjects had significantly lower FENO,50 and CANO values but higher free
SC levels in their serum (Table 1). A total of 10 subjects could not perform the lowest
exhalation flow, and the results for CawNO and DawNO are given for 34 subjects in Table 1.

Table 1. Characteristics of participants with recent-onset ACPA-positive RA.

All
(n = 44)

Non-Smokers
(n = 32)

Current Smokers
(n = 12) p-Value

Age (years) 60 ± 14 59 ± 16 62 ± 9 0.521
Sex (% female) 59% 66% 42% 0.150
BMI 28 ± 5 28 ± 5 28 ± 4 0.665
Symptom duration (months) 4 (2, 8) 5 (3, 8) 3 (2,11) 0.195
DAS28 4.47 ± 1.06 4.40 ± 1.19 4.65 ± 0.59 0.495
- Swollen joints 4 (2, 6) 3 (2, 5) 5 (3, 8) 0.153
- Tender joints 4 (2, 5) 4 (2, 6) 4 (1, 5) 0.866
- Global health 45 ± 24 42 ± 25 50 ± 21 0.478
- ESR 24 (12, 42) 20 (12, 40) 30 (13, 42) 0.679
CRP 7.9 (3.2, 20) 8.1 (2.6, 23) 7.1 (3.3, 14) 0.576
NOx 2.3 (1.8, 3.1) 2.4 (1.6, 3.1) 2.1 (1.3, 3.0) 0.243
HAQ 0.92 ± 0.46 0.89 ± 0.47 0.98 ± 0.45 0.591

Immunological markers
IgA anti-CCP2 AU/mL 10.5 (3.1, 23) 6.8 (3.6, 21) 15.5 (2.4, 28) 0.668
IgG anti-CCP2 AU/mL 299 (93, 600) 288 (122, 600) 527 (56, 600) 0.706
IgA RF AU/mL 26 (12, 94) 25 (10, 56) 56 (25, 136) 0.059
IgM RF IU/mL 62 (20, 179) 49 (18, 131) 165 (34, 250) 0.100
Anti-Rgp AU/mL 361 (174, 727) 348 (168, 766) 369 (175, 563) 0.969
SC 0 (0, 30) 0 (0, 13) 24 (0, 47) 0.035
SC ACPAs 29 (12, 130) 24 (11, 62) 119 (16, 217) 0.082
Total IgA g/L 4.72 (3.77, 6.07) 4.76 (3.78, 6.31) 4.72 (3.85, 6.07) 0.645
Total IgA1, g/L 4.15 (2.74, 7.18) 4.15 (2.75, 7.18) 4.32 (2.56, 9.25) 1.000
Total IgA2, g/L 0.81 (0.48, 1.25) 0.78 (0.45, 1.23) 0.90 (0.54, 1.66) 0.377

www.antibodies-online.com
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Table 1. Cont.

All
(n = 44)

Non-Smokers
(n = 32)

Current Smokers
(n = 12) p-Value

NO analysis
FENO,50 ppb 16 (10, 24) 19 (13, 25) 10 (5, 16) 0.002
CANO ppb 1.6 (1.0, 2.2) 1.9 (1.2, 2.3) 1.0 (0.4, 1.3) 0.004
CawNO ppb (n = 34) 55 (24, 106) 64 (33, 115) 24 (20, 75) 0.086
DawNO mL/s (n = 34) 17 (8, 30) 16 (9, 31) 19 (7, 29) 0.809

Lung function
FEV1 % predicted 84 ± 15 87 ± 15 78 ± 15 0.446
FVC % predicted 86 ± 11 87 ± 11 84 ± 13 0.071

Data presented as means ± SD, and for skewed data, as medians (25–75-percentile); p-value of <0.05 was
considered significant (highlighted in bold). BMI, body mass index; DAS28, Disease Activity Score for 28 joints;
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; NOx, serum nitrate/nitrite; HAQ, the Swedish
version of the Stanford Health Assessment Questionnaire; RF, rheumatoid factor; ACPA, anti-citrullinated protein
antibody; anti-CCP2, antibody against cyclic citrullinated peptide, second generation; anti-Rgp; antibody against
P. gingivalis arginine gingipains; IgA/IgG/IgM, immunoglobulin isotypes A, G and M; SC, secretory component;
SC ACPAs, SC ACPA immune complex; FENO,50, fraction of exhaled nitric oxide at a flow of 50 mL/s; CANO,
alveolar nitric oxide; CawNO, nitric oxide content in the airway wall; DawNO, nitric oxide diffusion capacity over
airway wall; FEV1, forced expiratory volume at 1 s; FVC, forced vital capacity.

3.2. NO in Relation to Clinical and Inflammation Markers

The serum levels of NO were correlated weakly with FENO,50 (Rho 0.304, p = 0.048).
As in our previous study, we found no association with DAS28, but when splitting DAS28
into separate components (swollen joints, tender joints, general health and ESR), we found
a negative correlation between the number of swollen joints and FENO,50 and especially
CawNO (Table 2 and Figure 1A,B). For DawNO, this correlation was positive (Table 2).
CANO was correlated with both CRP and SC (Table 2).

Table 2. Correlation of FENO,50 and NO parameters representing the airways and lungs in
all participants.

FENO,50 (n = 44) CawNO (n = 34) DawNO (n = 34) CANO (n = 44)
Rho p-Value Rho p-Value Rho p-Value Rho p-Value

DAS28
Total score −0.248 0.109 −0.327 0.063 0.150 0.406 0.169 0.279
Number of swollen joints −0.336 0.026 −0.479 0.004 * 0.385 0.025 0.023 0.882
Number of tender joints −0.171 0.268 −0.140 0.430 −0.076 0.669 −0.025 0.870
Global Health −0.130 0.406 −0.023 0.901 −0.129 0.473 −0.068 0.666
ESR −0.001 0.995 −0.111 0.532 0.167 0.346 0.285 0.064
CRP 0.030 0.848 −0.136 0.442 0.172 0.332 0.362 0.016

Immunological markers
IgA anti-CCP2 −0.113 0.465 −0.180 0.309 0.138 0.435 0.063 0.686
IgG anti-CCP2 −0.148 0.311 −0.181 0.305 0.107 0.547 −0.027 0.860
IgA RF −0.171 0.036 −0.406 0.017 0.357 0.037 −0.001 0.994
IgM RF −0.173 0.262 −0.151 0.394 0.001 0.994 0.039 0.804
IgG anti-Rgp −0.063 0.683 −0.044 0.803 0.027 0.878 0.015 0.922
SC −0.173 0.266 −0.007 0.971 −0.160 0.366 −0.345 0.023
SC ACPA −0.255 0.103 −0.050 0.783 −0.093 0.608 −0.131 0.408
Total IgA 0.184 0.231 0.087 0.624 0.141 0.427 0.071 0.646
Total IgA1 0.270 0.076 −0.035 0.844 0.242 0.168 0.128 0.406
Total IgA2 0.062 0.689 −0.169 0.339 0.130 0.462 −0.047 0.759

* = remains significant (p = 0.020) after Bonferroni correction. p-value of <0.05 was considered significant
(highlighted in bold). DAS28, Disease Activity Score for 28 joints; ESR, erythrocyte sedimentation rate; CRP,
C-reactive protein; RF, rheumatoid factor; ACPA, anti-citrullinated protein antibody; anti-CCP2, antibody against
cyclic citrullinated peptide, second generation; anti-Rgp, antibody against P. gingivalis arginine gingipains;
IgA/IgG/IgM, immunoglobulin isotypes A, G and M; SC, secretory component; SC ACPAs, SC ACPA immune
complex; FENO,50, fraction of exhaled nitric oxide at a flow of 50 mL/s; CANO, alveolar nitric oxide; CawNO, nitric
oxide content in the airway wall; DawNO, nitric oxide diffusion capacity over airway wall.
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Figure 1. Correlation plots for FENO,50 and CawNO for the number of swollen joints (A,B), and for
IgA RF (C,D).

3.3. NO in Relation to Antibodies

In this material, of the anti-CCP-IgG-positive RA participants, 52% also had anti-CCP2
IgA, 93% had IgM RF and 64% had IgA RF. The levels of anti-CCP2 (IgA and IgG) and
IgM RF did not correlate with the exhaled NO parameters (Table 2). IgA RF was correlated
negatively with CawNO and FENO,50, while DawNO showed a positive correlation (Table 2
and Figure 1C,D). Among the smokers, the proportion of IgA-RF-positive parties was 83%
compared with 67% in the non-smokers (n.s.). When comparing the non-smoking patients
with the current smokers, there were no statistical differences in any antibody level.

Free SC in the serum was found in 44% of patients (67% current smokers, 36% non-
smokers, p = 0.065), and its levels were negatively correlated with CANO. The SC ACPAs,
anti-Rgp IgG and the total levels of the IgA and IgA subclasses did not correlate with the
exhaled NO parameters (Table 2).

4. Discussion

The main findings in the present study were negative correlations between the exhaled
NO levels, especially the airway wall concentration of NO (CawNO), and the number of
swollen joints and IgA RF levels, respectively, in ACPA-positive RA. In addition, the lack
of an association with the anti-CCP2 antibody levels or the SC ACPAs suggests that altered
NO dynamics in the lungs reflect another biological process in early RA.

We have previously found that patients with recent-onset RA have significantly lower
exhaled NO parameters than matched healthy control subjects [18]. It is known that
smoking decreases these levels in healthy individuals. Our studies confirm that this is true
for patients with early and chronic RA as well [18,19]. However, the levels were also low in
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the non-smoking patients, especially CawNO, suggesting that smoking reduces the already
low NO levels in the airways of ACPA-positive RA patients. It is not known whether other
inhaled agents associated with RA pathogenesis, such as silica and textile dust, may also
reduce the exhaled NO levels in non-smoking RA patients.

As smoking is a known triggering factor in the pathogenesis of seropositive RA [29],
we looked for an association between RA-specific autoantibodies and the exhaled NO
levels. We found a significant negative correlation between IgA RF and the NO levels
in the airway wall compartment but not for the NO levels in the alveoli, suggesting an
immune-mediated process localised to the airways. The link between airway diseases and
ACPA-positive RA is excellently described by Matson et al. [30]. The authors also present
theories on the immune reactions of the airways and their relevance to RA’s pathogenesis.

Generally, IgA is a secretory antibody dominating the mucosal tissue. Smoking in
healthy individuals may increase serum IgA levels [31], including IgA RF, as shown in a
non-arthritic population from Iceland, where the presence of IgA RF was more frequent
in smokers than in non-smokers [32]. Also, among RA patients, smokers also have ele-
vated IgA RF levels compared to non-smokers [31], and we saw the same trend in our
early RA cohort. Additionally, smoking has been linked to increased RA disease activ-
ity [33] and a reduced RA treatment response to anti-rheumatic therapies, such as anti-TNF
treatment [34].

In patients with RA, serum IgA RF levels correlate with saliva and tear fluid levels,
which may support local mucosal IgA RF production [35]. In our study, IgA RF was
correlated negatively with CawNO and FENO,50, and since IgA antibodies are present
mainly in the mucosa, our data support the hypothesis that immune reactions in the airway
mucosa are essential in early seropositive RA.

RA patients have elevated levels of total IgA [36,37], and serum levels of IgA and IgG
can predict future RA development [38], while serum levels of IgA, but not IgG or IgM,
have been associated with the degree of cartilage erosions in patients with established RA
for ≥1 year [39]. Due to the unique association between IgA RF and the NO parameters
in our study, pointing towards primarily airway involvement, we also analysed the total
levels of IgA as well as the IgA subclasses in relation to the NO parameters (Table 2) and
smoking (Table 1), but we did not find any associations.

In line with previous findings [8], the free SC in the serum was increased among the
currently or previously smoking RA patients. Therefore, the negative correlation between
CANO and free SC in the serum is difficult to disentangle since smoking is associated
with reduced NO levels. Nevertheless, the poly Ig receptor is readily expressed in small
airways [40], and RA-related pro-inflammatory cytokines such as interferon gamma and
TNF are known to upregulate poly Ig receptor expression [41]. Thus, a potential link
between local NO production, inflammation and free SC release may exist but needs
further characterisation [41].

We found no correlation between the exhaled NO parameters and the ACPA levels,
measured as IgG and IgA anti-CCP2 or SC ACPAs. We deliberately focused this inves-
tigation on ACPA-positive RA, as this is the subgroup of patients with the most severe
prognosis and most probably represents a disease entity on its own [42]. Therefore, we do
not know how these analyses would have looked if we had included both (IgG) ACPA-
positive and ACPA-negative patients, nor did we find any associations between the NO
levels and antibodies against the P. gingivalis antigen Rgp. The low NO levels in the exhaled
gas may reflect NO-consuming processes in RA pathogenesis, such as oxidative stress
during inflammation and the production of reactive oxygen species [43]. Alternatively, this
may depend on arginine depletion because of the increased arginase activity seen in RA
and the subsequent substrate competition with inducible nitric oxide synthase (iNOS) [44].
Both enzymes use arginine as a substrate for their activity.

One or more swollen joints are required for RA diagnosis [20], and this clinical finding
is essential to and the basis for all arthritis diagnoses. The strong correlation observed be-
tween the number of swollen joints and decreasing exhaled NO parameters in early ACPA-
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positive RA, which remained after Bonferroni correction for multiple testing, supports the
need for future studies on exhaled NO as a predictor of arthritis onset in ACPA-positive
at-risk individuals. This is further corroborated by our own recent findings, showing that
in early RA, ACPAs but not RF are specifically associated with a lower number of inflamed
joints as compared to ACPA-negative patients [45]. Together, these findings implicate that
in early ACPA-positive RA, a low number of swollen joints is strongly associated with
a higher airway NO concentration (but still lower than that of healthy controls) [18] and
that this local change in NO in the airway walls might be specifically associated with
ACPA-positive RA. Further studies regarding exhaled NO in ACPA-positive individuals
who subsequently develop RA are therefore needed. What impacts the size of the swollen
joints and the NO levels in synovial fluid may have has not been investigated either. The
exhaled NO levels in other arthritis diseases have also been incompletely studied. Several
questions remain to be answered on this topic.

Our findings of reduced exhaled NO parameters in association with IgA RF levels—but
not IgM RF or ACPA levels—may indicate that several different inflammatory and im-
munological reactions are present in the airway mucosa of patients with early RA. The
lack of an association with ACPA levels may suggest that our findings reflect another
parallel and independent smoking-related immunological process. Moreover, the lack of
an association between NO and anti-Rgp IgG levels (reflecting periodontitis) suggests that
periodontal inflammation, which is linked to ACPA-positive RA, does not influence the
exhaled NO levels.

A limitation of this study is the small number of participating subjects, and a larger
study is needed to confirm the results. In addition, parallel examinations of ACPA-positive
and ACPA-negative RA patients, and high-resolution computed tomography of the lungs to
detect parenchymal changes, would be desired. As interstitial lung disease is common but
present only in a minority of patients with early RA [46], a future investigation correcting
for these limitations should be a larger multicentre study.

In conclusion, the altered NO dynamics of the lungs in patients with early ACPA-
positive RA were correlated with IgA RF levels and the number of swollen joints, suggesting
that NO, especially a reduced NO concentration in the airway walls, may be relevant to
RA pathogenesis.
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Abbreviations

ACPA anti-citrullinated protein/peptide antibody
AU arbitrary unit
Anti-CCP2 anti-cyclic citrullinated peptide version 2
BMI body mass index
CANO alveolar NO
CawNO NO content in the airway walls
CV coefficient of variation
DAS28 Disease Activity Score for 28 joints
DawNO NO diffusion capacity over the airway wall
ESR erythrocyte sedimentation rate
FENO,50 fraction of exhaled nitric oxide at a flow of 50 mL/s
FEV1 forced expiratory volume at 1 s
FVC forced vital capacity
HAQ Health Assessment Questionnaire
HMA Högman–Meriläinen algorithm
Ig immunoglobulin
mAb monoclonal antibody
NO nitric oxide
iNOS nitric oxide synthase
NOx nitrate/nitrite in serum
OD optical density
PAD peptidyl arginine deaminase
Poly Ig polymeric immunoglobulin
ppb parts per billion
RF rheumatoid factor
Rgp arginine gingipain
SC secretory component
CRP C-reactive protein
TNF tumour necrosis factor

References
1. Scott, D.L.; Wolfe, F.; Huizinga, T.W. Rheumatoid arthritis. Lancet 2010, 376, 1094–1108. [CrossRef]
2. Rönnelid, J.; Wick, M.C.; Lampa, J.; Lindblad, S.; Nordmark, B.; Klareskog, L.; van Vollenhoven, R. Longitudinal analysis of

anti-citrullinated protein/peptide antibodies (anti-CP) during 5 year follow-up in early rheumatoid arthritis: Anti-CP status is a
stable phenotype that predicts worse disease activity and greater radiological progression. Ann. Rheum. Dis. 2005, 64, 1744–1749.
[CrossRef] [PubMed]

3. Kastbom, A.; Strandberg, G.; Lindroos, A.; Skogh, T. Anti-CCP antibody test predicts the disease course during 3 years in early
rheumatoid arthritis (the Swedish TIRA project). Ann. Rheum. Dis. 2004, 63, 1085–1089. [CrossRef]

4. Malmström, V.; Catrina, A.I.; Klareskog, L. The immunopathogenesis of seropositive rheumatoid arthritis: From triggering to
targeting. Nat. Rev. Immunol. 2017, 17, 60–75. [CrossRef] [PubMed]

5. Catrina, A.I.; Ytterberg, A.J.; Reynisdottir, G.; Malmstrom, V.; Klareskog, L. Lungs, joints and immunity against citrullinated
proteins in rheumatoid arthritis. Nat. Rev. Rheumatol. 2014, 10, 645–653. [CrossRef]

6. Curran, A.M.; Naik, P.; Giles, J.T.; Darrah, E. PAD enzymes in rheumatoid arthritis: Pathogenic effectors and autoimmune targets.
Nat. Rev. Rheumatol. 2020, 16, 301–315. [CrossRef]

7. Brandtzaeg, P. Mucosal immunity: Induction, dissemination, and effector functions. Scand. J. Immunol. 2009, 70, 505–515.
[CrossRef] [PubMed]

8. Martinsson, K.; Ljungberg, K.R.; Ziegelasch, M.; Cedergren, J.; Eriksson, P.; Klimovich, V.; Reckner, Å.; Griazeva, I.; Sjöwall, C.;
Samoylovich, M.; et al. Elevated free secretory component in early rheumatoid arthritis and prior to arthritis development in
patients at increased risk. Rheumatology 2020, 59, 979–987. [CrossRef]

https://doi.org/10.1016/S0140-6736(10)60826-4
https://doi.org/10.1136/ard.2004.033571
https://www.ncbi.nlm.nih.gov/pubmed/15843452
https://doi.org/10.1136/ard.2003.016808
https://doi.org/10.1038/nri.2016.124
https://www.ncbi.nlm.nih.gov/pubmed/27916980
https://doi.org/10.1038/nrrheum.2014.115
https://doi.org/10.1038/s41584-020-0409-1
https://doi.org/10.1111/j.1365-3083.2009.02319.x
https://www.ncbi.nlm.nih.gov/pubmed/19906191
https://doi.org/10.1093/rheumatology/kez348


Biomedicines 2024, 12, 964 10 of 11

9. de Molon, R.S.; Rossa, C., Jr.; Thurlings, R.M.; Cirelli, J.A.; Koenders, M.I. Linkage of Periodontitis and Rheumatoid Arthritis:
Current Evidence and Potential Biological Interactions. Int. J. Mol. Sci. 2019, 20, 4541. [CrossRef]

10. Kharlamova, N.; Jiang, X.; Sherina, N.; Potempa, B.; Israelsson, L.; Quirke, A.M.; Eriksson, K.; Yucel-Lindberg, T.; Venables, P.J.;
Potempa, J.; et al. Antibodies to Porphyromonas gingivalis Indicate Interaction Between Oral Infection, Smoking, and Risk Genes in
Rheumatoid Arthritis Etiology. Arthritis Rheumatol. 2016, 68, 604–613. [CrossRef]

11. Mercado, F.; Marshall, R.I.; Klestov, A.C.; Bartold, P.M. Is there a relationship between rheumatoid arthritis and periodontal
disease? J. Clin. Periodontol. 2000, 27, 267–272. [CrossRef] [PubMed]

12. Ricciardolo, F.L.; Sterk, P.J.; Gaston, B.; Folkerts, G. Nitric oxide in health and disease of the respiratory system. Physiol. Rev. 2004,
84, 731–765. [CrossRef] [PubMed]

13. Ricciardolo, F.L.; Di Stefano, A.; Sabatini, F.; Folkerts, G. Reactive nitrogen species in the respiratory tract. Eur. J. Pharmacol. 2006,
533, 240–252. [CrossRef] [PubMed]

14. Farrell, A.J.; Blake, D.R.; Palmer, R.M.; Moncada, S. Increased concentrations of nitrite in synovial fluid and serum samples
suggest increased nitric oxide synthesis in rheumatic diseases. Ann. Rheum. Dis. 1992, 51, 1219–1222. [CrossRef] [PubMed]

15. Högman, M.; Holmkvist, T.; Wegener, T.; Emtner, M.; Andersson, M.; Hedenström, H.; Meriläinen, P. Extended NO analysis
applied to patients with COPD, allergic asthma and allergic rhinitis. Respir. Med. 2002, 96, 24–30. [CrossRef] [PubMed]

16. Högman, M. Extended NO analysis applied to patients with known altered values of exhaled NO. In Disease Markers in Exhaled
Breath Basic Mechanism and Clinical Application; Marczin, N., Yacoub, M.H., Eds.; NATO Science Series: Series I: Life Behavioural
Sciences 346; IOS Press: Amsterdam, The Netherlands, 2002; pp. 187–190.

17. Tiev, K.P.; Le-Dong, N.N.; Duong-Quy, S.; Hua-Huy, T.; Cabane, J.; Dinh-Xuan, A.T. Exhaled nitric oxide, but not serum nitrite
and nitrate, is a marker of interstitial lung disease in systemic sclerosis. Nitric Oxide 2009, 20, 200–206. [CrossRef] [PubMed]

18. Thornadtsson, A.; Lind, A.; Weitoft, T.; Högman, M. Altered levels of exhaled nitric oxide in rheumatoid arthritis. Nitric Oxide
2018, 76, 1–5. [CrossRef] [PubMed]

19. Weitoft, T.; Lind, A.; Larsson, A.; Rönnelid, J.; Högman, M. Exhaled nitric oxide in early rheumatoid arthritis and effects of
methotrexate treatment. Sci. Rep. 2022, 12, 6489. [CrossRef] [PubMed]

20. Aletaha, D.; Neogi, T.; Silman, A.J.; Funovits, J.; Felson, D.T.; Bingham, C.O., 3rd; Birnbaum, N.S.; Burmester, G.R.; Bykerk, V.P.;
Cohen, M.D.; et al. 2010 Rheumatoid arthritis classification criteria: An American College of Rheumatology/European League
Against Rheumatism collaborative initiative. Ann. Rheum. Dis. 2010, 69, 1580–1588. [CrossRef] [PubMed]

21. Prevoo, M.L.; van t’Hof, M.A.; Kuper, H.H.; van Leeuwen, M.A.; van de Putte, L.B.; van Riel, P.L. Modified disease activity
scores that include twenty-eight-joint counts. Development and validation in a prospective longitudinal study of patients with
rheumatoid arthritis. Arthritis Rheum. 1995, 38, 44–48. [CrossRef]

22. Ekdahl, C.; Eberhardt, K.; Andersson, S.I.; Svensson, B. Assessing disability in patients with rheumatoid arthritis. Scand. J.
Rheumatol. 1988, 17, 263–271. [CrossRef] [PubMed]

23. The American Thoracic Society (ATS); The European Respiratory Society (ERS). ATS/ERS recommendations for standardized
procedures for the online and offline measurement of exhaled lower respiratory nitric oxide and nasal nitric oxide, 2005. Am. J.
Respir. Crit. Care Med. 2005, 171, 912–930. [CrossRef] [PubMed]

24. Horváth, I.; Barnes, P.J.; Loukides, S.; Sterk, P.J.; Högman, M.; Olin, A.-C.; Amann, A.; Antus, B.; Baraldi, E.; Bikov, A.; et al. A
European Respiratory Society technical standard: Exhaled biomarkers in lung disease. Eur. Respir. J. 2017, 49, 1600965. [CrossRef]

25. Hedenström, H.; Malmberg, P.; Agarwal, K. Reference values for lung function tests in female. Regression equations with
smoking variables. Bull. Eur. Physiopathol. Respir. 1985, 21, 551–557. [PubMed]

26. Hedenström, H.; Malmberg, P.; Fridriksson, H.V. Reference values for pulmonary function test in men: Regression equations
which include tobacco smoking variables. Upsala J. Med. Sci. 1986, 91, 299–310. [CrossRef] [PubMed]

27. Griazeva, I.V.; Samoı̆lovich, M.P.; Klimovich, B.V.; Pavlova, M.S.; Vartanian, N.L.; Kirienko, A.N.; Klimovich, V.B. Monoclonal
antibodies against human secretory component: Epitope specificity and utility for immunoanalysis. Zhurnal Mikrobiol. Epidemiol.
Immunobiol. 2010, 4, 54–59.

28. Malinovschi, A.; Janson, C.; Holmkvist, T.; Norbäck, D.; Meriläinen, P.; Högman, M. Effect of smoking on exhaled nitric oxide and
flow-independent nitric oxide exchange parameters. Eur. Respir. J. 2006, 28, 339–345. [CrossRef] [PubMed]

29. Tarbiah, N.; Todd, I.; Tighe, P.J.; Fairclough, L.C. Cigarette smoking differentially affects immunoglobulin class levels in serum
and saliva: An investigation and review. Basic Clin. Pharmacol. Toxicol. 2019, 125, 474–483. [CrossRef] [PubMed]

30. Matson, S.M.; Demoruelle, M.K.; Castro, M. Airway Disease in Rheumatoid Arthritis. Ann. Am. Thorac. Soc. 2022, 19, 343–352.
[CrossRef]

31. Jonsson, T.; Thorsteinsson, J.; Valdimarsson, H. Does smoking stimulate rheumatoid factor production in non-rheumatic
individuals? APMIS 1998, 106, 970–974. [CrossRef]

32. Manfredsdottir, V.F.; Vikingsdottir, T.; Jonsson, T.; Geirsson, A.J.; Kjartansson, O.; Heimisdottir, M.; Sigurdardottir, S.L.; Valdimars-
son, H.; Vikingsson, A. The effects of tobacco smoking and rheumatoid factor seropositivity on disease activity and joint damage
in early rheumatoid arthritis. Rheumatology 2006, 45, 734–740. [CrossRef] [PubMed]

33. Abhishek, A.; Butt, S.; Gadsby, K.; Zhang, W.; Deighton, C.M. Anti-TNF-alpha agents are less effective for the treatment of
rheumatoid arthritis in current smokers. J. Clin. Rheumatol. 2010, 16, 15–18. [CrossRef]

https://doi.org/10.3390/ijms20184541
https://doi.org/10.1002/art.39491
https://doi.org/10.1034/j.1600-051x.2000.027004267.x
https://www.ncbi.nlm.nih.gov/pubmed/10783841
https://doi.org/10.1152/physrev.00034.2003
https://www.ncbi.nlm.nih.gov/pubmed/15269335
https://doi.org/10.1016/j.ejphar.2005.12.057
https://www.ncbi.nlm.nih.gov/pubmed/16464450
https://doi.org/10.1136/ard.51.11.1219
https://www.ncbi.nlm.nih.gov/pubmed/1466599
https://doi.org/10.1053/rmed.2001.1204
https://www.ncbi.nlm.nih.gov/pubmed/11863206
https://doi.org/10.1016/j.niox.2008.11.004
https://www.ncbi.nlm.nih.gov/pubmed/19100854
https://doi.org/10.1016/j.niox.2018.02.008
https://www.ncbi.nlm.nih.gov/pubmed/29486306
https://doi.org/10.1038/s41598-022-10334-5
https://www.ncbi.nlm.nih.gov/pubmed/35444250
https://doi.org/10.1136/ard.2010.138461
https://www.ncbi.nlm.nih.gov/pubmed/20699241
https://doi.org/10.1002/art.1780380107
https://doi.org/10.3109/03009748809098795
https://www.ncbi.nlm.nih.gov/pubmed/3187457
https://doi.org/10.1164/rccm.200406-710ST
https://www.ncbi.nlm.nih.gov/pubmed/15817806
https://doi.org/10.1183/13993003.00965-2016
https://www.ncbi.nlm.nih.gov/pubmed/4074961
https://doi.org/10.3109/03009738609178670
https://www.ncbi.nlm.nih.gov/pubmed/3811032
https://doi.org/10.1183/09031936.06.00113705
https://www.ncbi.nlm.nih.gov/pubmed/16641119
https://doi.org/10.1111/bcpt.13278
https://www.ncbi.nlm.nih.gov/pubmed/31219219
https://doi.org/10.1513/AnnalsATS.202107-876CME
https://doi.org/10.1111/j.1699-0463.1998.tb00247.x
https://doi.org/10.1093/rheumatology/kei240
https://www.ncbi.nlm.nih.gov/pubmed/16403829
https://doi.org/10.1097/RHU.0b013e3181ca4a2a


Biomedicines 2024, 12, 964 11 of 11

34. Bobbio-Pallavicini, F.; Caporali, R.; Alpini, C.; Avalle, S.; Epis, O.M.; Klersy, C.; Montecucco, C. High IgA rheumatoid factor levels
are associated with poor clinical response to tumour necrosis factor alpha inhibitors in rheumatoid arthritis. Ann. Rheum. Dis.
2007, 66, 302–307. [CrossRef] [PubMed]

35. Otten, H.G.; Daha, M.R.; Maarl, M.G.J.; Hoogendoorn, L.I.; Beem, E.M.; Rooy, H.H.; Breedveld, F.C. IgA rheumatoid factor in
mucosal fluids and serum of patients with rheumatoid arthritis: Immunological aspects and clinical significance. Clin. Exp.
Immunol. 1992, 90, 256–259. [CrossRef] [PubMed]

36. Marcolongo, R., Jr.; Carcassi, A.; Frullini, F.; Bianco, G.; Bravi, A. Levels of serum immunoglobulins in patients with rheumatoid
arthritis. Ann. Rheum. Dis. 1967, 26, 412–418. [CrossRef] [PubMed]

37. Veys, E.M.; Claessens, H.E. Serum levels of IgG, IgM, and IgA in rheumatoid arthritis. Ann. Rheum. Dis. 1968, 27, 431–440.
[CrossRef] [PubMed]

38. Aho, K.; Heliovaara, M.; Knekt, P.; Reunanen, A.; Aromaa, A.; Leino, A.; Kurki, P.; Heikkila, R.; Palosuo, T. Serum immunoglobu-
lins and the risk of rheumatoid arthritis. Ann. Rheum. Dis. 1997, 56, 351–356. [CrossRef] [PubMed]

39. He, Y.; Zha, Q.; Liu, D.; Lu, A. Relations between serum IgA level and cartilage erosion in 436 cases of rheumatoid arthritis.
Immunol. Invest. 2007, 36, 285–291. [CrossRef] [PubMed]

40. Blackburn, J.B.; Schaff, J.A.; Gutor, S.; Du, R.-H.; Nichols, D.; Sherrill, T.; Gutierrez, A.J.; Xin, M.K.; Wickersham, N.; Zhang, Y.;
et al. Secretory cells are the primary source of pIgR in small airways. Am. J. Respir. Cell Mol. Biol. 2022, 67, 334–345. [CrossRef]

41. Pilette, C.; Ouadrhiri, Y.; Godding, V.; Vaerman, J.P.; Sibille, Y. Lung mucosal immunity: Immunoglobulin-A revisited. Eur. Respir.
J. 2001, 18, 571–588. [CrossRef]

42. Klareskog, L.; Stolt, P.; Lundberg, K.; Kallberg, H.; Silva, C.; Grunewald, J.; Ronnelid, J.; Harris, H.E.; Ulfgren, A.; Dahlqvist, S.R.;
et al. A new model for an etiology of RA; Smoking may trigger HLA-DR (SE)—Restricted immune reactions to autoantigens
modified by citrullination. Arthritis Rheum. 2006, 54, 38–46. [CrossRef] [PubMed]

43. Herlitz-Cifuentes, H.; Vejar, C.; Flores, A.; Jara, P.; Bustos, P.; Castro, I.; Poblete, E.; Saez, K.; Opazo, M.; Gajardo, J.; et al.
Plasma from patients with rheumatoid arthritis reduces nitric oxide synthesis and induces reactive oxygen species in a cell-based
biosensor. Biosensors 2019, 9, 32. [CrossRef]

44. Chandrasekharan, U.M.; Wang, Z.; Wu, Y.; Tang, W.H.W.; Hazen, S.L.; Wang, S.; Husni, M.E. Elevated levels of plasma symmetric
dimethylarginine and increased arginase activity as potential indicators of cardiovascular comorbidity in rheumatoid arthritis.
Arthritis Res. Ther. 2018, 20, 123. [CrossRef] [PubMed]

45. Pertsinidou, E.; Manivel, V.A.; Klareskog, L.; Alfredsson, L.; Mathsson, L.; Hansson, M.; Cornillet, M.; Serre, G.; Holmdahl, R.;
Skriner, K.; et al. In early rheumatoid arthritis anti-citrullinated peptide antibodies associate with lower number of affected joints,
and Rheumatoid factor associates with systemic inflammation. Ann. Rheum. Dis. 2024, 83, 277–287. [CrossRef] [PubMed]

46. Koduri, G.; Solomon, J.J. Identification, Monitoring, and Management of Rheumatoid Arthritis-Associated Interstitial Lung
Disease. Arthritis Rheumatol. 2023, 75, 2067–2077. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1136/ard.2006.060608
https://www.ncbi.nlm.nih.gov/pubmed/17079248
https://doi.org/10.1111/j.1365-2249.1992.tb07938.x
https://www.ncbi.nlm.nih.gov/pubmed/1424283
https://doi.org/10.1136/ard.26.5.412
https://www.ncbi.nlm.nih.gov/pubmed/4166966
https://doi.org/10.1136/ard.27.5.431
https://www.ncbi.nlm.nih.gov/pubmed/4175666
https://doi.org/10.1136/ard.56.6.351
https://www.ncbi.nlm.nih.gov/pubmed/9227163
https://doi.org/10.1080/08820130601069731
https://www.ncbi.nlm.nih.gov/pubmed/17558711
https://doi.org/10.1165/rcmb.2021-0548OC
https://doi.org/10.1183/09031936.01.00228801
https://doi.org/10.1002/art.21575
https://www.ncbi.nlm.nih.gov/pubmed/16385494
https://doi.org/10.3390/bios9010032
https://doi.org/10.1186/s13075-018-1616-x
https://www.ncbi.nlm.nih.gov/pubmed/29884228
https://doi.org/10.1136/ard-2023-224728
https://www.ncbi.nlm.nih.gov/pubmed/38049984
https://doi.org/10.1002/art.42640

	Introduction 
	Materials and Methods 
	Study Population 
	NO Analysis 
	Spirometry 
	Blood Analyses 
	Analyses of ACPA and RF 
	Analyses of Free SC, SC ACPAs, Anti-Rgp IgG and Total IgA, IgA1 and IgA2 
	Statistical Analysis 

	Results 
	Baseline Characteristics of the Study Population 
	NO in Relation to Clinical and Inflammation Markers 
	NO in Relation to Antibodies 

	Discussion 
	References

