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Abstract

arthritis.

rheumatoid arthritis and the visceral lesions.

Background: The effect of environmental factors on genetically susceptible individuals is a basic link in the patho-
genesis of rheumatoid arthritis. Perfluoroalkyl substances (PFASs) are a class of synthetic organic fluorine chemicals,

which have been mass-produced and widely used in the past 60 years, and also have been shown to be one of the

major pollutants affecting human health. The impact of fluoride on the development of Rheumatoid Arthritis (RA) is
unclear. This study explored the relationship between common fluoride and clinical manifestations of rheumatoid

Results: A cohort of 155 patients with RA and 145 health controls in Second Affiliated Hospital of Zhejiang University
School of Medicine were investigated. Serum concentrations of all fluoride detected were higher in RA patients than
in healthy controls. There were 43 male patients and 112 female patients in the RA cohort. Some of perfluoroalkyl
substances (perfluorooctanoate (PFOA), perfluorononanoate (PFNA), perfluorotrdecanoate (PFTrA), perfluorooctane-
sulfonate (PFOS)) were correlated negatively with the Body Mass Index (BMI); some of them (PFOA, PFNA, PFTrA, PFOS,
8:2 Chlorinated polyfluorinated ether sulfonate (8:2CI-PFESA)) were correlated positively with the Disease Activity
Score 28 (DAS28); two (PFOA, PFOS) of them were correlated positively with the white blood cell count, and one
(Perfluoroundecanoate (PFUNA)) of them was correlated negatively with the hemoglobin; two (Perfluorodecanoate
(PFDA), PFUNA) of them were correlated negatively with the presence of interstitial lung disease.

Conclusion: These data suggest that exposure to perfluoroalkyl substances may promote the disease activity of

Keywords: Rheumatoid arthritis, Perfluoroalkyl substances, DAS28, Environmental factor, Visceral lesions

Background

Rheumatoid arthritis (RA) is one of the classical sys-
temic autoimmune diseases mainly involving joints. The
disease affects approximately 0.5-1% of different popu-
lations around the world [1]. The pathogenesis of rheu-
matoid arthritis has not yet been fully elucidated, but the
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mainstream believes that environmental factors act on
individuals with genetic susceptibility to cause immune
disorders, leading to the occurrence of joint synovial
inflammation and tumor-like proliferation, leading to the
destruction of articular cartilage and bone, is the basic
mechanism of rheumatoid arthritis. Many genes contrib-
ute to increase the susceptibility to rheumatoid arthritis
[2], including human leukocyte antigen (HLA) (such as
HLA-DRBI1) [3] coding genes and non-HLA coding genes
(such as Protein tyrosine phosphatase non-receptor type
22 (PTPN22), Peptidylarginine deiminase 4 (PADI4)) [4—
6]. The current basic research on rheumatoid arthritis is
mainly focused on the search for related genetic factors
and the characteristics of immune disorders, while the
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research on environmental factors is relatively less. Some
studies showed that smoking and other ways of bronchial
damage (e.g., exposure to silica) increase the risk of rheu-
matoid arthritis among persons with susceptibility HLA-
DR4 alleles [7, 8]. Environmental factors causing damage
to pulmonary and other barrier tissues may promote
post-translational modifications, through PADI4, that
result in citrullination increase of mucosal proteins. Loss
of tolerance to such neoepitopes upregulates an anti-cit-
rullinated peptide antibody (ACPA) response beyond the
endurance range of the body [9, 10]. Some other studies
showed infectious agents (e.g., Epstein-Barr virus, cyto-
megalovirus, proteus species, and Escherichia coli) and
their components (e.g., heat-shock proteins) were associ-
ated with rheumatoid arthritis, and molecular mimicry is
postulated [11, 12]. Some studies also showed that peri-
odontitis is capable of promoting citrullination of mam-
malian proteins, thus were associated with RA [13, 14].
Finally, intestinal flora dysbiosis and barrier leakage are
closely related to the occurrence of rheumatoid arthritis
[15-17].

There is growing concern about the effects of chemi-
cal compounds on health. Perfluoroalkyl substances
(PFASs), which have been mass-produced and widely
used in hundreds of commercial and industrial fields in
the past 60 years, are a class of synthetic organic fluorine
chemicals with high thermal activity, high chemical sta-
bilities and high surface activity [18]. According to the
different polar head group R, PFASs can be divided into
different species. Many publications have showed that
PFASs could cause a series of health issues. Research-
ers from the National Health and Nutrition Examination
Survey (NHANES) found that most of the participants
had measurable PFOS and PFOA concentrations in their
bodies [19, 20]. Because of their extremely stable phys-
icochemical properties, PFASs are ubiquitous in the
environment, including drinking water, dust, and even
in remote Arctic regions [21, 22]; on the other hand,
PFASs are virtually non-biodegradable and bind readily
to serum proteins in human blood, so they can remain
persistently in organisms [23]. Maestri et al. reported that
PFAS accumulates more easily in protein-rich areas such
as blood and liver [24]. Moreover, some studies on animal
toxicology showed that PFOS could induce some specific
genes expressing differentially, thus disturb some func-
tional pathways and cause damage to the cytoskeleton
organization and the connections of Sertoli cell-cell [25].
Some studies have reported the link between residual
PFOA or PFOS and thyroid disease in humans [26, 27].
But the effect of PFASs on autoimmune diseases has not
been studied.

In this study, a longitudinal clinical cohort of 155
patients with RA was investigated in Second Affiliated
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Hospital of Zhejiang University School of Medicine.
Serum samples were collected from these participants
during the clinic visit and analyzed for PFOA, PFNA,
PFDA, PFUnA, PFDoA, PFTrA, PFOS, 8:2CI-PFESA. The
main focus of this study were to explore the association
between PFASs in RA patients and the clinic of RA.

Results

Demographic, clinical, and immunologic features of 155
patients with rheumatoid arthritis

The patient cohort comprised 155 individuals, including
43 (27.74%) men and 112 (72.26%) women (male: female,
ratio, 1:2.6), with a mean age at onset of 45+12 years
(range 24-67 year). The mean disease duration was
1242 years (range, 17-21 year). According to the disease
activity assess in rheumatoid arthritis assessed by the
number of swelling and tenderness in specific 28 joints,
named Disease Activity Score 28 based on CRP (DAS28-
CRP), there were 33 (21.3%) patients with disease inac-
tivity, 44 (28.4%) patients with low disease activity, 56
(36.1%) patients with moderate disease activity, and 22
(14.2%) patients with high disease activity. According to
the blood routing examination, there were 69 (44.52%)
patients with anemia, 12 (7.74%) patients with leuco-
penia, and no patient with thrombocytopenia. Some
patients had mild liver dysfunction and none had kid-
ney dysfunction. There were 143 (92.26%) patients and
118 (76.13%) patients with the disease marker ACPA
and Rheumatoid Factor (RF) respectively. The detailed
data was shown in the Table 1. Serum concentrations of
all fluoride detected were higher in RA patients than in
healthy controls (Additional file 1: Table S1).

Correlation between fluorides and disease activity score 28
of rheumatoid arthritis

The disease activity of patients with RA was scored
by DAS28-CRP, and the patients were divided into
four groups according to DAS28, disease inactiv-
ity group (DAS28<2.6), low disease activity group
(2.6 <DAS28<3.2), moderate disease activity group
(3.2<DAS28<5.1) and high disease activity group
(5.1 <DAS28) respectively. The median serum concentra-
tion of PFOA (3.58 ng/mL, 6.00 ng/mL, 12.74 ng/mL, and
19.78 ng/mL), PENA (1.08 ng/mL, 1.27 ng/mL, 1.35 ng/
mL, 172 ng/mL), PFOS (243 ng/mL, 3.33 ng/mL,
6.01 ng/mlL, 6.81 ng/mL) and 8:2CI-PFESA (0.18 ng/mL,
0.27 ng/mL, 0.42 ng/mL, 0.57 ng/mL) in disease inactivity
group, low disease activity group, moderate disease activ-
ity group and high disease activity group reached statisti-
cal difference with all p=0.0001. But the median serum
concentration of PFDA (p=0.0570), PFUnA (p=0.3750),
and PFDoA (p=0.6496) was not different statistically in
different groups. Although it was different statistically
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Table 1 Demographic, clinical, and immunologic features of 155
chinese patients with RA

Variables at protocol* n=155
Gender, male, n(%) 43 (27.74)
BMI, mean (S.D)), kg/m? 221434
Age at onset, mean (S.D.), years 45412
Disease duration, mean (5.D.), years 1242
DAS28, n(%)
<26 33(21.3)
26~32 44(28.4)
32~5.1 56(36.1)
>51 22(14.2)
Cytopenia
Anemia (Hb <110 g/l),n (%) 69(44.52)
Leucopenia (<4 x 10%L), n (%) 12(7.74)
Thrombocytopenia (< 100 x 10%/L), n (%) 0(0)
Lymphopenia (< 0.8 x 10%L), n (%) 13(8.39)
High ALT (>50 U/L), n (%) 0(0)
High AST (>35 U/L), n (%) 6(3.87)
High TBIL (>21 umol/L), n (%) 0(0)
High ALP (> 125 U/L), n (%) 14(9.03)
High GGT (>60 U/L), n (%) 20(12.9)
High Cr (> 104 umol/L), n (%) 0(0)
Interstitial lung disease, n (%) 27(17.42)
Anti-CCP antibody positive, n (%) 143 (92.26)
RF positive, n (%) 118(76.13)
ILD, n (%) 27(17.4)

*Mean (M) £ standard deviation (S.D) was used to describe the measurement
data, and percentage was used to describe the counting data

RA rheumatoid arthritis, HCs healthy controls, BMI body mass index, DAS28
disease activity score in 28 joints based on c reactive protein, Hb hemoglobin,
ALT alanine transaminase, AST aspartate amino transferase, TBIL total bilirubin,
GGT gamma-glutamyl transpeptidase, Cr creatinine, Anti-CCP anti-

cyclic citrullinated peptide, RF rheumatoid factor, ILD interstitial lung disease

(p=0.0056), the median serum concentration of PFTrA,
was 0.14 ng/mL, 0.09 ng/mL, 0.10 ng/mL and 0.12 ng/
mL in disease inactivity group, low disease activity group,
moderate disease activity group and high disease activity

Page 3 of 10

group respectively, did not correlated linearly with the
increase of DAS28. The median serum concentration of
PFDA, PFUnA and PFDoA did not reach the statistical
difference in different DAS28 groups with p=0.0570,
p=0.3750 and p=0.6496 respectively. The detailed data
was shown in the Table 2.

Correlation between fluorides and BMI

Fluorides can infect the human beings Body Mass Index
(BMI). We investigated the distribution of fluoride
concentrations in different BIM groups. The patients
were divided into three groups according to BMI, low
weight group (BMI<18.5 kg/m?), normal weight group
(18.5 kg/m? <BMI<24.9 kg/m?), and high weight group
(BMI> 25 kg/m?). The median serum concentration of
PFOA (14.69 ng/mL, 7.63 ng/mL, 4.01 ng/mL), PENA
(1.70 ng/mL, 1.27 ng/mL, 1.13 ng/mL), and PFOS
(5.98 ng/mL, 4.99 ng/mL, 2.78 ng/mL) reached statisti-
cal difference in low weight group, normal weight group,
and high weight group with p=0.0001, p=0.0007 and
p=0.0005 respectively. Although it was different statis-
tically (p=0.0225), the median serum concentration of
PFTrA, was 0.11 ng/mL, 0.10 ng/mL, and 0.14 ng/mL in
low weight group, normal weight group, and high weight
group respectively, did not correlated linearly with the
BMI. The median serum concentration of PFDA, PFUnA
and PFDoA did not reach the statistical difference in
different BMI groups with p=0.1149, p=0.3380 and
p=0.5405 respectively. The detailed data was shown in
the Table 3.

Correlation between fluorides and hematological damage

We investigated the distribution of fluoride concen-
trations in different White Blood Cell (WBC) groups
and in different hemoglobin (Hb) groups. The patients
were divided into two groups according to the count
of WBC in blood, leukopenia group (WBC <4 x 10°/L)
and none leukopenia group (WBC >4 x 10°/L). The
median serum concentration of PFOA (10.38 ng/mL,
6.19 ng/mL) and PFOS (5 ng/mL, 2.21 ng/mL) reached

Table 2 Correlation between fluorides and Disease Activity Score 28 of RA

PFOA (ng/mL) PFNA PFDA PFUNA PFDoA PFTrA PFOS 8:2CI-PFESA (ng/
(ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) mL)
DAS28<26 3.58(2.80~5.05) 1.08(0.58~1.45) 0.77(047~1.10) 0.31(0.20~0.45) 0.09(0.08~0.14) 0.14(0.11~0.16) 243(1.78~3.54) 0.18(0.12~0.49)
26<DAS28<32 6.00(5.01~6.66) 1.27(0.71~228) 093(046~1.32) 036(0.26~0.51) 0.09(0.07~0.12) 0.09(0.07~0.12) 3.33(1.83~5.24) 0.27(0.11~041)
32<DAS28<51 1274(11.17~14.19) 135(0.96~1.79) 1.14(067~1.60) 041(025~0.61) 0.08(0.07~0.14) 0.10(0.08~0.14) 6.01(3.15~6.88) 0.42(0.21~0.70)
DAS28>5.1 19.78(16.70~2147) 1.72(1.25~2.24) 1.19(058~1.90) 042(0.27~0.57) 0.09(0.07~0.12) 0.12(0.10~0.15) 6.81(5.19~8.60) 0.57(0.21~0.70)
D 0.0001 0.0001 0.0570 03750 0.6496 0.0056 0.0001 0.0001

RA rheumatoid arthritis, PFOA Perfluorooctanoate, PFNA Perfluorononanoate, PFDA Perfluorodecanoate, PFUnA Perfluoroundecanoate, PFDoA perfluorododecanoate,
PFTrA Perfluorotrdecanoate, PFOS Perfluorooctanesulfonate, 8:2CI-PFESA 8:2 Chlorinated polyfluorinated ether sulfonate, DAS28 disease activity score in 28 joints
based on c reactive protein, M mean, SD standard deviation
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Table 4 Correlation between fluorides and hematological damage
PFOA PFNA PFDA PFUNA PFDoA PFTrA PFOS 8:2CI-PFESA
WBC >40 1038(526~1529) 144(087~219) 091(033~145) 036(0.18~052) 009(007~0.12) 0.11(007~0.14) 5(2.17~682)  0.29(0.14~058)
9
(<1070 <40 6193.11~7.15) 119(0.7~167)  097(053~156) 0.35(0.24~0.68) 009(0.07~0.13) 0.13(007~0.16) 2.21(1.85~3.58) 0.19(0.12~0.57)
p 00215 0.1390 07263 09422 02833 08013 00484 06113
Hb >100 944(5795~1544) 148(103~2.14) 092(046~137) 034(020~050) 009(007~0.12) 0.11(0.08~0.14) 450231~678) 036(0.14~057)
D) <100 1087(621~1494) 144(1.11~224) 103(051~141) 042(029~054) 009(007~0.16) 0.11(0.08~0.15) 519279~667) 0.25(0.14~054)
p 03887 04000 05663 00423 05297 02555 04732 05598

PFOA Perfluorooctanoate, PFNA Perfluorononanoate, PFDA Perfluorodecanoate, PFUnA Perfluoroundecanoate, PFDoA perfluorododecanoate, PFTrA
Perfluorotrdecanoate, PFOS Perfluorooctanesulfonate, 8:2CI-PFESA 8:2 Chlorinated polyfluorinated ether sulfonate, WBC white blood cell, Hb hemoglobin

statistical difference in leukopenia group and none leu-
kopenia group with p=0.0215 and p =0.0484 respec-
tively. There was no statistically significant difference
between the two groups for the remainder fluorides.
The detailed data was shown in the Table 4.

We also investigated the distribution of fluoride
concentrations in different Hb groups. The patients
were divided into two groups according to the con-
centrations of Hb in blood, hemoglobinopenia group
(Hb<100 g/L) and non hemoglobinopenia group
(Hb>100 g/L). The median serum concentration of
PFUnA was 0.42 ng/mL and 0.34 ng/mL in hemoglo-
binopenia group and non hemoglobinopenia group
respectively with p=0.0215 and p=0.0484 respec-
tively. There was no statistically significant difference
between the two groups for the remainder fluorides.
The detailed data was shown in the Table 4.

Correlation between fluorides and ILD

Interstitial lung disease (ILD) is one of the most
important visceral lesions in patients with RA. The
patients were divided into two groups depending
on with or without ILD. The study showed the median
serum concentration of PFDA and PFUnA was 0.99,
0.51 and 0.38, 0.31 in the ILD group and none ILD
group, and the difference was statistically significant
with p=0.0173 and p =0.0254. There was no statisti-
cally significant difference between the two groups for
the remainder fluorides. The detailed data was shown
in the Table 5.

Discussion

It is considered that environmental factors acting on indi-
viduals with genetic susceptibility to cause immune disor-
ders is the basic pathogenesis of initiation of RA. Studies
have shown that smoking, alcohol consumption, micro-
bial infection and contraceptives are important environ-
mental factors in the onset of RA. Among them, smoking
was the strongest environmental factor associated with
RA, and the risk of RA in smokers was 2 to 4 times

higher than in non-smokers [28]. The effect of smoking
on RA showed a dose-dependent effect, and the longer
smoking time, the greater the risk of RA [29]. The risk
of RA decreases as the time to quit smoking increases,
with abstinence for 15 years reducing the risk by 30 per-
cent compared with abstinence for 1 year [30]. Smoking
induces the production of anti-citrullinated Protein anti-
body (ACPA) in the lungs of RA patients who smoke but
not non-smokers [31]. While, alcohol consumption may
be a protective factor for RA, and those who consumed
500 g of white wine per week had a 50 percent lower risk
of RA than those who consumed light or no alcohol [32].
Infection, especially viral infection, is also a major envi-
ronmental factor for RA [33]. Pathogenic microorgan-
isms can both trigger autoimmune responses through
molecular mimicry mechanisms and induce citrullina-
tion processes, required for the production of ACPA.
Recent studies have shown that oral flora, especially peri-
odontal disease caused by porphyromonas gingivalis, is
closely related to the pathogenesis of RA [34]. Several
studies evaluated the role of particulate pollutants in the
development of RA, indicating that some particulate pol-
lutants can be treated as antigens by airway epithelial
cells and presented to immune cells. Workers exposed
to asbestos and silica have a higher risk of RA, suggest-
ing that inorganic dust and CS may play specific roles in
inducing disease [35].

Other environmental factors may also influence RA.
Fluoride was widely used in production and life at some
time ago, and it has been shown to have some effect on
human health. Some studies had showed the potential
immunomodulatory effects of exposure to Perfluoroalkyl
substances (PFASs), and most of them were from stud-
ies about associations between exposure to PFASs and
vaccine antibody response [36, 37]. Some other studies
showed that some infectious and allergic diseases cor-
related with exposure to PFASs [38, 39]. Studies have
suggested that perfluoroalkyl substances can affect the
human immune system and associated with other auto-
immune disease. A investigation in the Taiwanese GBCA
reported positive associations between concurrent serum



(2022) 23:10 Page 6 of 10

Zhao et al. BMC Immunology

S1eUOyINS J9YID pateunonyAjod pPaleULIO|YD 7:8 VSTHd-1DZ:8 ‘93BUOJNSBURID00I0N 1]

504d '91e0URISPIIOION|IS] Vi d ‘S1e0URIDPOPOION|ISd YOJHd ‘©1B0URDISPUNOION|IR YU/ d ‘DIROURIIPOION|}ISd V(JHd ‘SI2OUBUOUOION|IS] YNHd ‘DIR0URII00I0NISdYOd ‘Seasip bun| [ennisisiul g7/

50260
(90~21'0)8C0
(LS0~¥1'0)6C0

6660
(L1'S~6800)L1°€E
(STS~651)/ L€

€Levo
(189~9/81)61°S
(899~¢l'Q)9Cy

€0re0
(91'0~900)80°0
(¥1'0~800)LLO

69860
(L1'0~90°0)600
(¢l'0~£00)600

¥5C00
(6£0~810)LED
(950~610)8€0

€100
(960~+€0)LS0
(861 ~8£0)66'0

660€0
(1'T~690 L)Y L
(STT~/80)6¢EL

/86/°0 d
(Pr'L1L~S09)16'8 -
(6LSL~£096L6 + ail

VS34d-1DT:8

4e5-d

SO4d

Vildd

voaidd

vundd

vadd

VN4d

VO4d

@71 PUe SSPLON|) USSMISQ UONR|21I0D) § dqel



Zhao et al. BMC Immunology (2022) 23:10

PFAS concentrations and levels of T helper 2 cytokines
[IL-4 and IL-5] and negative associations with T helper
1 cytokines (interferon-yand IL-2) [40]. Another study
showed that higher concentrations of multiple PFASs
were significantly associated with lower odds of detect-
able IL-1PB, and perfluoroalkyl carboxylic acids had
inverse associations with TNF-a, whereas the perfluoro-
alkyl sulfonic acids showed positive associations[41].
Perfluoroalkyl substances can affect the expression of
several immunomodulatory genes (CYTL1, IL27) as well
as other immune-associated genes (e.g. EMR4P, SHC4,
ADORA2A) [42]. So, it is natural to think of a possible
association between fluoride and autoimmune diseases,
such as RA.

In this study we initially looked at the effect of fluoride
on patients with rheumatoid arthritis. We described the
demographic, clinical, and Immunologic Features of 155
Chinese Patients With Rheumatoid Arthritis. Most of the
patients were female, and the average age of onset was
about 43. The average duration of the disease when enter-
ing the study was 12 years and most of them had moder-
ate to high disease activity. In the visceral system damage,
the most common was the involvement of the blood sys-
tem, liver and kidney function damage was relatively rare.
Interstitial lung disease was not uncommon (Table 1).

In this study, we detected 8 fluorides, PFOA, PENA,
PFDA, PFUnA, PFDoA, PFTrA, PFOS, 8:2CI-PFESA,
and these fluorides are higher in the serum of RA
patients than in health controls. We found DAS28
related positively with the PFOA, PENA, PFOS and
8:2CI-PFESA. We analyzed the relationship between
these fluorides and some common clinical indicators of
RA. The median serum concentration of PFOA, PFNA,
PFOS and 8:2Cl-PFESA in disease inactivity group, low
disease activity group, moderate disease activity group
and high disease activity group reached statistical dif-
ference with all p=0.0001. But the median serum con-
centration of PFDA (p=0.0570), PFUnA (p =0.3750),
and PFDoA (p =0.6496) was not different statistically in
different groups. Although it was different statistically
(»=0.0056), the median serum concentration of PFTrA
did not correlated linearly with the increase of DAS28.
The median serum concentration of PFDA, PFUnA and
PFDoA did not reach the statistical difference in dif-
ferent DAS28 groups (Table 2). The data showed fluo-
rides may promote the disease activity. Previous studies
have shown that perfluoroalkyl substances can affect
a human being’s weight, white blood cell and lympho-
cyte counts, and hemoglobin [43]. Therefore, we inves-
tigated the effects of perfluoroalkyl substances on the
above indexes in patients with RA, as well as the effects
of a visceral involvement, interstitial pneumonia, which
is common in rheumatoid arthritis. The median serum
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concentration of PFOA, PFNA, and PFOS reached
statistical difference in low weight group, normal
weight group, and high weight group with p =0.0001,
p=0.0007 and p =0.0005 respectively. Although it was
different statistically (p=0.0225), the median serum
concentration of PFTrA did not correlated linearly with
the BMI. The median serum concentration of PFDA,
PFUnA and PFDoA did not reach the statistical differ-
ence in different BMI groups (Table 3). These data sug-
gest that fluoride may affect nutrient metabolism in RA
patients. We also investigated the effects of fluoride on
the blood system. The median serum concentration of
PFOA and PFOS reached statistical difference in leuko-
penia group and none leukopenia group with p=0.0215
and p = 0.0484 respectively. The median serum concen-
tration of PFUnA reached the statistical difference in
hemoglobinopenia group and non hemoglobinopenia
group (Table 4). Interstitial lung disease (ILD) is one
of the most important visceral lesions in patients with
RA. The study showed the median serum concentration
of PFDA and PFUnA reached the statistical difference
between the none ILD group and ILD group (Table 5).
This suggests that fluoride not only affects the disease
activity of RA, but may also promote the occurrence of
complications, such as blood system abnormality and
ILD.

In conclusion, our study showed that there was a close
relationship between fluoride and RA, suggesting that
fluoride may be an important environmental factor that
promotes the onset and progression of RA. However, this
study also has great limitations. This study only observed
the correlation between fluoride and the clinical manifes-
tations of RA, and further studies are needed to explore
the possible mechanism of fluoride promoting the occur-
rence and development of RA.

Conclusion

Some fluorides are closely related to the clinical mani-
festations of rheumatoid arthritis. We speculate that
fluoride may be an important environmental factor con-
tributing to the onset of RA and may lead to immune dis-
orders in genetically predisposed individuals, leading to
the onset or progression of rheumatoid arthritis.Further
study should be made on the mechanism of fluoride lead-
ing to immune disorder and thus to the disease.

Methods

Patients and serum collection

We recruited 155 patients with RA and 145 health con-
trols in the Zhejiang University School of Medicine Sec-
ond Affiliated Hospital between March 2019 and Feb
2020. Patients were diagnosed as RA according to the
EULAR/ACR 2010 criteria for RA and recruited during
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a routine rheumatology clinic assessment. There is no
evidence that the participants had been occupationally
exposure to PFASs. Interstitial lung disease (ILD) was
indicated by the presence of fibrosis in computed tomog-
raphy (CT) scans. Prior to blood sampling, each par-
ticipant provided a signed informed consent at the time
of registration. The current research agreement was
approved by the Ethic Committee of the Zhejiang Uni-
versity School of Medicine Second Affiliated Hospital
(ethics approval number: 12020001799).

Blood sample of participants were collected by physi-
cians or nurses in BD-Vacutainer collection tubes (Bec-
ton, Dickinson and Company, NJ, USA) from cubital
vein with Anticoagulant. After a brief mixed, the whole
blood samples were centrifuged at 3000 r/min for 10 min
to separate serum components and transferred to new
blood tubes. The separated serum samples that stored in
liquid nitrogen tank were then transported to the labora-
tory. Preparing field blanks (200 pL Milli-Q water, n=23)
were shipped with real serum samples during the sam-
pling process. All collected serum specimen were stored
at — 80 °C until analysis.

Standards, reagents, and nomenclatures

All Certified standards of br-PFOSK, br-PFHxSK,
MPFAC-MXA, PFAC-MXB, 8:2CI-PFAES, 6:2CI-PFAES
and T-PFOA were obtained from Wellington Laborato-
ries (Guelph, ON, Canada). br-PFOSK, br-PFHxSK and
T-PFOA are derivatives of PFOS, PFHxS, PFOA, respec-
tively, which provided by 3 M Co. and based on ?F-NMR
analysis, the relative percentage of linear and branched
isomers has precise data. PFAC-MXB consists of vari-
ous PFAA standard solutions, including PFOA, perfluo-
ropentanoate (PFPeA), perfluorododecanoate (PFDoA),
perfluorobutanoate ~ (PFHxA),  perfluoroheptanoate
(PFHpA), perfluorononanoate (PFNA), perfluoround-
ecanoate (PFUnA), perfluorobutanoate (PFBA), per-
fluorohexane sulfonate (PFHxS), perfluorotrdecanoate
(PFTrA), perfluorotetradecanoate (PFTeA), perfluorobu-
tane sulfonate (PFBS), perfluorodecanoate (PFDA), and
PFOS. MPFAC-MXA is the mixture of eight isotopi-
cally-labeled standards (i.e., '3C,-PFOS, 3C,-PFHXxA,
BC,-PENA, *C,-PFDA, ¥C,-PFUnA, *C,-PFOA, 3C,-
PFDoA, '80,-PFHxS, and *C,-PFDoA).

Acetonitrile, Methanol (HPLC-grade), formic acid, and
ammonium acetate were obtained from J&K Scientific
Co. Ltd. (shanghai, China) and ANPEL Laboratory Tech-
nologies Inc. (Shanghai, China). Milli-Q water (18 MQ)
was used in the laboratory (Academic A10; Germany).

For PFAS isomers (i.e. PFOA, PFOS, and PFHxS
isomers), we adopt the nomenclatures from our pre-
vious study [44]. Take PFOA as an example, we are
abbreviated the linear, sum of all branched isomers,
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perfluoroisopropyl,  3-perfluoromethyl, 4-perfluoro-
methyl, and 5-perfluoromethyl as n-PFOA, br-PFOA,
iso-PFOA, 3 m-PFOA, 4 m-PFOA, and 5 m-PFOA,
respectively.

Sample extraction

Serum samples were extracted following an acetonitrile-
based extraction method [45], with slightly modifica-
tions. Prior to extraction, 200 pL of serum sample was
spiked with internal standards (1.5 ng each), and then
shook it by hands until completely mixed. After that,
4 mL acetonitrile were added to the serum samples. The
mixture was vortexed, sonicated (53 kHz) for 30 min, and
centrifuged at 4000 r/min for 10 min. The supernatant
was transferred to a new 10 mL polypropylene (PP) tube
(Biosharp, Beijing, China).The above extraction step was
repeated once again with 4 mL of Methanol. The eluent
was evaporated to near-dryness using gentle nitrogen.
The residue was reconstituted in 200 uL of Methanol for
HPLC-tandem mass spectrometry (MS/MS) analysis.

Instrumental analysis

Serum samples were analyzed for 19 PFASs using high-
performance liquid chromatography with tandem mass
spectrometry (HPLC-MS/MS), as described in Grand-
jean et al. [46]. 10 uL of each sample extract was injected
onto an ACQUITY UPLC BEH C,4 column (1.7 pm,
2.1 mm x 50 mm; Waters, Miford, USA) at 40 °C. The
mobile phase was constituted by 2 mM ammonium
acetate (A) and methanol (B). The UPLC flow rate was
0.2 mL/min and the elution gradient started at 80% A
and 20% B, then ramped up to 50% B by 12 min and was
held at 100% B for 2 min; finally, it was returned to the
initial condition. The mass spectrometer was operated
in the electrospray negative ionization mode. Recording
chromatograms through multiple reaction monitoring.
The parent and product ions of target PFASs are listed in
Additional file 1: Table S1 of the Supporting Information
(Additional file 1: Table S2).

Quality assurance and quality control

In order to monitor any method contamination, pro-
cedure blanks (i.e., 200 pL of Milli-Q water, n=3) and
quality control samples was identically performed for
the pretreatment of actual human serum samples. When
specific PFASs were not detected in the blank samples,
limits of detection (LODs) was defined as the addition
level corresponding to a signal-to-noise ratio of three.
If the analytes that were detected in the blank samples,
LODs was reported as the mean value of the concentra-
tion plus three times the standard deviation of the blank.
Triplicate recovery experiments were performed with
spiked samples including human and fetal bovine serum
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samples. The mean recoveries of main PFASs in human
serum were satisfaction, which were in the range of
70-120% and the relative standard deviations (RSD) of
recoveries were less than 10%.

Statistical analysis

Descriptive data are presented as means =+ standard devi-
ation for continuous variables when the data were nor-
mally distributed or as M (P25-P75) when the data were
non-normally distributed; numbers (%) are indicated for
the categorical variables. Continuous variables were ana-
lyzed with Student t test in large samples of similar vari-
ance, or with the nonparametric Mann—Whitney U test
for small samples. Categorical data were compared using
the x> or Fisher exact tests. A 2-tailed value of P<0.05
indicated statistical significance. Kruskal-Wallis test was
used to compare the variables of multiple groups. Sta-
tistical analyses were performed with the 16.0 Stata/MP
program (StataCorp LP, College Station, TX).
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