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Objective. We undertook this study to investigate the discriminant metabolites in urine from patients with established rheuma-
toid arthritis (RA), systemic lupus erythematosus (SLE), and from healthy individuals. Methods. Urine samples were collected 
from 148 RA patients, 41 SLE patients and 104 healthy participants. The urinary metabolomic profiles were assessed using 1H 
nuclear magnetic resonance spectroscopy. The relationships between discriminant metabolites and clinical variables were 
assessed. Collagen-induced arthritis was induced in mice to determine if a choline-rich diet reduces arthritis progression. 
Results. The urinary metabolic fingerprint of patients with established RA differs from that of healthy controls and SLE patients. 
Markers of altered gut microbiota (trimethylamine-N-oxide, TMAO), and oxidative stress (dimethylamine) were upregulated in 
patients with RA. In contrast, markers of mitochondrial dysfunction (citrate and succinate) and metabolic waste products (p-cre-
sol sulfate, p-CS) were downregulated in patients with RA. TMAO and dimethylamine were negatively associated with serum 
inflammatory markers in RA patients. In particular, patients with lower p-CS levels exhibited a more rapid radiographic pro-
gression over two years than did those with higher p-CS levels. The in vivo functional study demonstrated that mice fed with 
1% choline, a source of TMAO experienced a less severe form of collagen-induced arthritis than did those fed a control diet. 
Conclusion. Patients with RA showed a distinct urinary metabolomics pattern. Urinary metabolites can reflect a pattern in-
dicative of inflammation and accelerated radiographic progression of RA. A choline-rich diet reduces experimentally-induced 
arthritis. This finding suggests that the interaction between diet and the intestinal microbiota contributes to the RA phenotype. 
(J Rheum Dis 2019;26:46-56)
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INTRODUCTION

Rheumatoid arthritis (RA) is a systemic inflammatory 
disease characterized by symmetric, peripheral polyarthritis. 
Pro-inflammatory cytokines play a key role in the patho-
genesis of synovitis and systemic inflammation [1]. 
These cytokines regulate cachexia via synthesis of acute 
phase reactants and changes to metabolism that provide 

substrates and energy [2]. Stimulated immune cells con-
sume more energy than do inactive immune cells [3]. 
The metabolic changes in RA have been described based 

on serum, urine and synovial fluid. The first distinct me-
tabolite that was recognized in RA is tryptophan in the 
urine [4]. Soon after, low serum histidine levels were ob-
served in RA in association with an elevated C-reactive 
protein [5]. More recently, one group was able to dis-
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tinguish RA patients who have a good response to an-
ti-tumor necrosis factor-α (TNF-α) therapy from those 
who do not based on their urine metabolic profiles [6]. 
Analysis of the metabolites in RA has allowed for im-

proved understanding of the disease’s nature, of the rela-
tionship between the metabolic status and disease activ-
ity, and of specific drug response on the metabolic profile 
and disease subtype differentiation. Metabolomics is 
among the new family of the “-omics”. It refers to the sys-
tematic and comprehensive assessment of endogenous 
metabolites [7]. Metabolomics is a non-targeted ap-
proach used to identify biomarkers and provide patient 
profiling, in line with systems biology. 
The etiology of RA is not fully understood. In general, 

disruptive pathological processes can result in altered 
metabolite profiles long before overt arthritic symptoms 
appear in RA. In addition, circulating pro-inflammatory 
cytokines, acute phase reactants and immune complexes 
also affect metabolism. Therefore, it is not surprising that 
there is increasing interest in using altered metabolites as 
biomarkers of disease prediction, diagnosis, activity and 
response to therapy. 
Previously, our group analyzed the urinary proteome 

profile and demonstrated that urinary soluble CD14 has 
diagnostic value and high predictive power for disease ac-
tivity [8]. In order to investigate the potential of metabol-
ic fingerprinting in RA, we applied a nuclear magnetic 
resonance (NMR)-based metabolomics approach to the 
analysis of RA patients. In addition, the metabolites rep-
resent the intermediate products of physiological proc-
esses that are influenced by the mechanisms of disease, 
environment, microbiota, and the digestion and bio-
transformation of foods and their constituents. We fur-
ther studied the in vivo role of metabolites in the animal 
arthritis model and human clinical data.

MATERIALS AND METHODS

Study population
We collected random urine samples from 148 RA pa-

tients, 41 systemic lupus erythematosus (SLE) patients 
and 104 healthy volunteers. The study protocol was ap-
proved by the Institutional Review Board of the Catholic 
Medical Center (KC16SISI0632). Informed consent was 
obtained from all participants.
We recorded the following clinical data at the time of 

urine sampling: laboratory data; Disease Activity Score in 
28 joints using the erythrocyte sedimentation rate (DAS 

28-ESR); and prescribed medications. The van der 
Heijde-modified Sharp Score (HSS) [9] was measured at 
baseline and at the two-year follow-up period. The radio-
graphic progression (∆HSS) was calculated by the differ-
ence in the HSS between the baseline and two-year 
measurements. A clinically significant change (∆HSS) 
was defined as ＞5 [10]. 

Metabolomic analysis 
Urine metabolomics profiles were assessed using 1H 

NMR spectroscopy. The detailed methods are available in 
the supplementary materials. 

NMR data preprocessing and statistical analysis 
The NMR spectra were imported into MATLAB 

(R2010b; Mathworks, Inc., 2010, Natick, MA, USA), 
with no binning or spectral segments, using in-house 
software. We then performed probabilistic quotient nor-
malization of the spectra using the mean spectrum to esti-
mate the most probabilistic quotient after total integral 
normalization following removal of the region corre-
sponding to residual water (δ4.57 to 5.20). Total integral 
normalization was performed to avoid dilution effects of 
the urine samples and effects of metabolites in massive 
amount on changes to the overall concentration of the 
urine samples [11]. 
The resultant data were analyzed using multivariate 

statistical models, such as principal component analysis 
(PCA), partial least-squares discriminant analysis 
(PLS-DA), and orthogonal projections to the latent struc-
tures discriminant analysis (OPLS-DA) [12]. In addition, 
the OPLS loading coefficient or the OPLS loading plots in 
the OPLS-DA models between two classes were 
back-scaled to improve the interpretability and identify 
discriminant urinary metabolites, as described by Cloarec 
et al. [13,14] In order to prevent over-fitting the spectra 
data in the OPLS-DA models, the 7-fold cross validation 
method was used. We also calculated the cross-validation 
parameter Q2.

Induction of collagen-induced arthritis in mice
We used the collagen-induced arthritis (CIA) model to 

study the potential contribution of a continuous chol-
ine-rich diet, a source of trimethylamine-N-oxide 
(TMAO), to arthritis severity. The conventional mice 
(DBA/1) were obtained from Japan SLC Inc. (Shizuoka, 
Japan) at 4 weeks of age. The mice were maintained in 
specific pathogen-free conditions. The animal study was 
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approved by the Institutional Animal Care and Use 
Committee of the Catholic University of Korea (CMC 
IACUC 2016-0202-03). Male DBA1 mice were placed on 
either a standard chow diet (Teklad 2018) or 1% choline 
supplemented diet (Teklad TD130328) at least 4 weeks 
before inducing CIA. The DBA/1 mice were immunized 
with bovine type II collagen (CII; Chondrex Inc., 
Redmond, WA, USA) emulsified in Complete Freund’s 
adjuvant (CFA; Chondrex Inc.). Fourteen days after the 
primary immunizations, these animals received a booster 
immunization with CII emulsified in Incomplete 
Freund’s adjuvant (IFA; Chondrex Inc.) [15]. Starting 21 
days after the primary immunization, the severity of the 
arthritis was assessed by two independent observers, 
three times per week. The severity of joint inflammation 
was evaluated using the arthritis index and paw swelling 
[16].
For histological assessment of the arthritic joints, mice 

were euthanized in an isoflurane chamber. Death was 
confirmed by cervical dislocation. The joint tissues were 
fixed in 4% (v/v) paraformaldehyde, decalcified in a 10% 
Formic acid, embedded in paraffin, and cut into sections. 
The sections (7 μm) were stained with hematoxylin and 
eosin. The extent of inflammation, bone destruction and 
synovial hyperplasia were scored as described previously 
[16,17]. 

Isolation and polarization of bone-marrow-de-
rived macrophages (BMDM)
Mice either received a 1% choline diet or control diet for 

at least 4 weeks in order to test the plasticity of macro-
phages during development. Bone marrow cells were ex-
tracted from the femur and differentiated in RPMI 1640 
containing 10% FBS, and supplemented with 10 ng/mL 
monocyte-colony stimulating factor (M-CSF) at 37oC in a 
5% CO2 atmosphere for 6 days. The BMDM were counted 
and replated for polarized activation: 5×105 BMDMs per 
milliliter were used for the in vitro experiments. We next 
sought to induce polarization of the BMDM into M1 or 
M2 macrophages. To create M1 macrophages, the cells 
were cultured with M-CSF (10 ng/mL) for 24 hours and 
then stimulated with interferon-γ (50 ng/mL) and lip-
opolysaccharide (100 ng/mL) for 24 hours. In contrast, 
for M2 macrophages, cells were cultured with interleukin 
(IL)-4 (10 ng/mL) and IL-13 (10 ng/mL) for 24 hours. 

Real-time polymerase chain reaction (PCR) 
Total RNA was isolated using the RNeasy Mini kit 

(QIAGEN, Hilden, Germany). cDNA was prepared using 
100 ng/mL total RNA by reverse-transcription using re-
verse transcriptase (Takara, Shiga, Japan) according to the 
manufacturer’s instructions. Real-time quantitative PCR 
was performed using a CFX96 machine (Bio-Rad, 
Hercules, CA, USA) using SYBR Green PCR Master Mix 
(Bio-Rad) and primers for IL-6, arginase 1, and inducible 
nitric oxide synthase (iNOS). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as the internal 
control for PCR amplification. The primers that were 
used are listed in Supplementary Table 1. Transcript levels 
were calculated relative to those of the controls, and are 
expressed as −∆∆Ct. 

Enzyme-linked immunosorbent assay (ELISA) for 
IL-6
The cytokine concentrations in the cell culture super-

natants were measured using ELISA Duoset (R&D 
Systems, Minneapolis, MN, USA) kits for mouse IL-6 ac-
cording to the manufacturer’s instructions. 

Statistical analysis 
Statistical analyses were performed using SAS 9.4 (SAS 

Institute Inc., Cary, NC, USA). The Shapiro-Wilk test was 
used to test the continuous outcome variables for their 
normality of distribution. Comparisons between groups 
were made using the Student’s t-test or Mann-Whitney 
U-test, as appropriate. The arthritis score from the two 
dietary groups were compared using repeated measures 
ANOVA with Greenhouse-Geisser correction. This analy-
sis allowed us to assess the development of CIA over 
time. The categorical data were compared using χ2 test 
or Fisher's exact test. A p-value ＜0.05 was considered 
statistically significant. Spearman correlations were used 
to make comparisons between selected urinary metabo-
lites and clinical indices. Multivariate logistic regression 
was performed to determine the effects of urinary metab-
olites, cytokines and acute phase reactants on radio-
graphic progression in patients with RA.  

RESULTS

Comparing the urinary metabolomics profiles 
in patients with RA and SLE to those of healthy 
controls 
The whole 1H NMR spectrum of 293 urine samples, con-

sisting of 23 metabolites, was applied to multivariate stat-
istical analysis (such as PCA and OPLS-DA). This techni-
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Figure 1. Representative 1H NMR spectrum of human urine (A). Multivariate statistical analysis including PCA (B∼D) and 
OPLS-DA models (E and F, the permutation test for validation of the OPLS-DA models in the panel F) derived from 1H NMR urinary
spectra; a pairwise comparison of urinary metabolites between healthy volunteers and SLE patients (G); and between healthy vol-
unteers and RA patients (H) in OPLS-loading plot for effective findings of urinary metabolites that differ between two classes. The
OPLS-DA models in the panels (E) through (H) were displayed following removal of outliers observed in the PCA model analysis.
The urinary TMAO was mainly responsible for outlying human urines including healthy volunteers and arthritis patients in multi-
variate statistical analysis. Panel (F) reflects validation of the OPLS-DA model in panel (E) through 200 times permutation test,
in which the original Q2 value was higher than the Q2 values permuted. The upper section in the OPLS-loading plots in the
panels (G and H) represent the increased urinary metabolites in SLE and RA patients compared to those of healthy volunteers.
NMR: nuclear magnetic resonance, PCA: principal component analysis, OPLS-DA: orthogonal projections to the latent struc-
tures discriminant analysis, SLE: systemic lupus erythematosus, RA: rheumatoid arthritis, TMAO: trimethylamine-N-oxide, a.u.:
arbitrary unit.

que was used to identify outliers, and to determine 
whether SLE and RA patients had unique urinary profiles 
to those of healthy volunteers (Figure 1A∼E). Outliers 
with markedly increased levels of urinary TMAO and di-

methylamine (Supplementary Figure 1) were removed 
from further analysis. Patients with SLE and RA were dif-
ferentiated from healthy volunteers using the OPLS-DA 
score plot (Figure 1E). The OPLS-DA model was vali-
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Table 1. Baseline patient characteristics by group 

Variable
Healthy controls

(n=68)
Patients with 
SLE (n=31)

Patients with RA 
(n=93)

p-value 
(HC vs. SLE)

p-value 
 (HC vs. RA)

p-value 
(SLE vs. RA)

Age (yr) 54 (47∼57) 41 (34∼49) 52 (45∼61) ＜0.001 0.916 ＜0.001
Female 65 (95.6) 30 (96.8) 76 (81.7) ＞0.999 0.008 0.042
Hypertension 16 (23.5) 5 (16.1) 24 (25.8) 0.496 0.445 0.957
Diabetes mellitus 4 (5.9) 1 (3.2) 6 (6.4) 0.576 0.882 0.500
Symptom duration (yr) NA 4 (2∼7) 5 (2∼10) NA NA 0.354
RF positive* NA NA 62 (66.7) NA NA NA 
ACPA positive* NA NA 74 (79.6) NA NA NA 
ESR (mm/hr) NA NA 28 (19∼47) NA NA NA 
CRP (mg/dL) NA NA 0.3 (0.1∼1.6) NA NA NA 
Prednisolone NA 22 (70.9) 79 (84.9) NA NA 0.561
NSAIDs NA 9 (29.0) 45 (48.4) NA NA 0.027
Methotrexate NA 5 (16.1) 54 (58.1) NA NA ＜0.001
Hydroxychloroquine NA 24 (77.4) 64 (68.8) NA NA 0.015
Anti-TNF-α NA NA 11 (11.8) NA NA NA

Data are presented as medians (interquartile ranges) or numbers (percentages). SLE: systemic lupus erythematosus, RA: rheumatoid
arthritis, HC: healthy controls, RF: rheumatoid factor, ACPA: anti-cyclic citrullinated peptide antibody, ESR: erythrocyte 
sedimentation rate, CRP: C-reactive protein, NSAIDs: non-steroidal anti-inflammatory drugs, TNF-α: tumor necrosis factor-α, NA:
not applicable. *Antibody positivity. Positive cut-off values were ≥15 IU/mL for RF and ＞5 U/mL for ACPA, respectively.

Figure 2. Comparison of individual metabolites between healthy volunteers, patients with rheumatoid arthritis (RA), and systemic
lupus erythematosus (SLE). Data in panels (A, C, E, G, and H) were displayed following removal of outliers observed in the principal
component analysis (PCA) model analysis. All samples, including the outliers, removed from the PCA models were included in the 
statistical analysis in panels (B, D, and F). TMAO: trimethylamine-N-oxide, a.u.: arbitrary unit. *p＜0.05, **p＜0.01, ***p＜0.001 vs. 
healthy volunteers.

dated using the permutation test (Figure 1F∼H). 
Urinary TMAO and dimethylamine levels were also in-
creased in both SLE and RA patients, compared to those 

of healthy volunteers (Figure 2A∼D) based on the ob-
served outliers in the healthy volunteers (Supplementary 
Figure 1). However, the levels of urinary citrate and succi-
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nate were further decreased in patients with SLE and RA 
(Figure 2E∼G) compared to those values of healthy 
volunteers. Interestingly, significant decreases in urinary 
p-cresol sulfate (p-CS) levels (compared to those of 
healthy volunteers) were only observed in RA patients 
(Figure 2H).
Five urinary metabolites were significantly perturbed in 

the patients with SLE and RA. These changes are likely as-
sociated with biologically relevant pathways, such as 
markers of altered gut microbiota (TMAO), mitochon-
drial dysfunction (succinate and citrate; citric acid cycle 
intermediates), oxidative stress (dimethylamine, purine 
metabolites), and metabolic waste products (p-CS). The 
baseline characteristics of all included patients are given 
in Table 1.

Associations of urinary metabolites with disease 
activity and radiographic RA progression
We next examined the inter-relationships between uri-

nary metabolites and markers of systemic inflammation 
and joint destruction. Three distinct sub-clusters of uri-
nary metabolites were identified by correlation analysis, 
and are as follows: citrate and succinate (in sub-cluster 
1); TMAO and dimethylamine (in sub-cluster 2); and 
p-CS (in sub-cluster 3) (Figure 3A). Among the distinct 
urinary metabolites, TMAO and dimethylamine (in 
sub-cluster 2) were positively correlated with hemoglo-
bin levels and negatively correlated with systemic mark-
ers of inflammation (Figure 3B). These results suggest 
that there are inter-relationships between the systemic 
and urinary metabolome profiles.
We compared urine metabolite profiles according to the 

radiographic progression to identify any metabolites as-
sociated with radiographic RA severity. Five metabolites 
could be differentiated according to radiographic severity. 
However, p-CS was the only metabolite that reached stat-
istical significance following multiple testing corrections 
(Figure 3C and 3D). RA patients with higher quartiles of 
urinary p-CS demonstrated less radiographic progression 
than did those in lower quartiles (Figure 3D).

Dietary choline reduces inflammatory arthritis 
The TMAO and inflammatory markers were negatively 

correlated. This result suggests that gut microbiota and 
specific dietary nutrients that enhance TMAO generation 
are associated with arthritis severity. To explore this pos-
sibility, we investigated whether continuous 1% choline 
diet affects arthritis severity in the mouse CIA model. 

Mice were either placed on a high choline diet (1% total 
choline) or normal chow diet (0.08% total choline). Mice 
that received the 1% choline diet developed less severe ar-
thritis than did those that ate the normal chow diet 
(Figure 4A). Histologic joint examination also demon-
strated less joint destruction in mice with 1% choline diet 
compared to that in mice that ate a normal chow diet 
(Figure 4B). 
We hypothesized that the metabolites produced by a 

continuous choline-rich diet influence the immune re-
sponse in RA. Macrophages were considered a target of 
TMAO [18]. We investigated whether a choline-rich diet 
is associated with the activation of the following two dif-
ferent macrophage stages: M1 (classical, inflammatory) 
and M2 (alternative, anti-inflammatory, tissue repair) 
[19,20]. To examine this association, we isolated BMDMs 
from the mice fed a 1% choline diet and normal chow diet 
for at least 4 weeks. The BMDMs were then polarized to 
M1 and M2 macrophages. We later compared the mRNA 
expression degrees of iNOS and Arginase 1. iNOS was 
more highly expressed in M1 macrophages from mice fed 
with a normal chow diet than it was in those fed with a 1% 
choline diet. In contrast, Arginase 1 was modestly more 
highly expressed in M2 macrophages from mice fed with 
a 1% choline diet than it was in those fed with a normal 
chow diet (Figure 4C and 4D). The IL-6 expression was 
also significantly increased in M1 macrophages from mice 
fed with a normal chow diet compared to those fed with 
the 1% choline diet (Figure 4E and 4F). 

DISCUSSION

Our data demonstrate that the urinary metabolite fin-
gerprint of patients with RA differs from those of healthy 
volunteers and patients with SLE. To the best of our 
knowledge, this study is the first to examine urine metab-
olomics in a large cohort of patients in which those with 
RA were compared to healthy individuals and patients 
with SLE. It is also the first to use an animal arthritis mod-
el to investigate the relationship between dietary choline 
and arthritis severity. TMAO and dimethylamine were 
upregulated in the urine samples from patients with RA. 
In contrast, citrate, succinate and p-CS were down-
regulated in RA patients. Our study also suggests that a 
high choline diet can modulate arthritis via macrophage 
plasticity. 
Elevated TMAO promotes foam cell production by in-

creasing the macrophage surface expression of pro-athe-
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Figure 3. Associations between urinary metabolites, inflammation and radiographic progression in rheumatoid arthritis (RA) patients.
(A) Cluster correlation analysis. The power of the correlation is represented by the color and size of the circles. (B) Correlation of urinary
metabolite levels with clinical inflammatory variables measured in RA patients. (C) Comparison of urinary metabolite levels in patients
with radiographic progression (n=49) and without progression (n=44). (D) Multivariate logistic regression analysis for predicting ra-
diographic progression using conventional risk factors plus urinary metabolites. ESR: erythrocyte sedimentation rate, DAS28: Disease
Activity Score 28, CRP: C-reactive protein, IL: interleukin, WBC: white blood cells, DMA: dimethylamine, TMAO: trimethyl-
amine-N-oxide, Hb: hemoglobin, HCQ: hydroxychloroquine, p-CS: p-cresol sulfate. *p＜0.05 and **p＜0.01.
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Figure 4. Dietary choline decreases the severity of collagen-induced arthritis in mice and inhibits macrophage activation. (A) 
Arthritis development was assessed by measuring the arthritis score. The p-value was calculated by repeated measures ANOVA us-
ing the Greenhouse-Geisser correction. (B) Quantification of histologic mouse arthritis score. (C to F) BMDMs were stimulated with
interferon (IFN)-γ (50 ng/mL) and lipopolysaccharide (LPS) (100 ng/mL) or interleukin (IL)-4 (10 ng/mL) plus IL-13 (10 ng/mL) for
24 hours. mRNA was extracted from total cell lysates and analyzed by quantitative polymerase chain reaction (qPCR) for inducible
nitric oxide synthase (iNOS) (C), Arginase 1 (Arg1, D), and IL-6 (E) expression. Supernatants were analyzed by enzyme-linked im-
munosorbent assay (ELISA) for IL-6 (F). The data are represented by means±standard errors of the mean of 10 independent 
experiments.

rogenic scavenger receptors [18]. It also induces multiple 
inflammatory proteins in human endothelial cells in vi-
tro, including IL-6, E-selectin, and inter cellular adhesion 
molecule 1 [21], suggesting a pro-inflammatory role of 

TMAO. Presently, we identified TMAO to be a metabolite 
that acts as a strong discriminator of RA from healthy 
subjects in the urine. However, the urinary TMAO level 
was negatively correlated with inflammatory markers in 
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patients with RA, which is in sharp contrast with earlier 
reports [18,21]. Trimethylamine (TMA) is derived from a 
diet rich in phosphatidylcholine (major sources including 
eggs and red meat) through intestinal microbial process-
ing; TMA is subsequently oxidized to TMAO by enzymes 
in the liver [22]. It has been demonstrated that the oral 
and gut microbiomes are perturbed in RA patients, which 
is partly normalized after treatment [23,24]. In addition, 
untreated RA patients carry high levels of Prevotella copri 
in stool [24] and the high abundance of gut Prevotella cor-
relates with TMAO levels [25]. Interestingly, the compo-
sition of gut microbiome can be changed by non-anti-
biotic drugs, including disease-modifying anti-rheumatic 
drugs [23,26]. We speculate that dysbiosis may be linked 
to elevated levels of TMAO in RA patients, and such ele-
vation can be reduced by treatment with anti-rheumatic 
drugs that normalize gut microbiomes as well as serum 
inflammatory markers. 
p-CS originates from the bacterial metabolism of ty-

rosine in the intestine [27]. An elevated p-CS level serves 
as an inflammatory marker in patients with chronic kid-
ney disease. It is also associated with increased arterial 
stiffness, inflammation, and oxidative stress [28]. Although 
the pathogenic role of p-CS in RA is not clear, its low level 
in the urine was a strong discriminator of RA patients 
from healthy volunteers and SLE patients. Urinary me-
tabolites such as p-CS can also reflect accelerated radio-
graphic progression of RA. 
Patients with RA and SLE have been found to have con-

siderably lower levels of succinate and citrate, substrates 
in the citric acid cycle, compared to those of healthy 
volunteers. The abundance of citrate in the synovial fluid 
was also lower in patients with RA than it was in those 
with non-RA [29]. These findings are consistent with a 
recent report that fibroblast-like synoviocytes display an 
altered pattern of glucose metabolism and attenuated mi-
tochondrial respiration [30]. Activated T cells convert to 
aerobic glycolysis and low flux of the citric acid cycle [31]. 
These distinct metabolic signatures of RA and SLE may 
be used to diagnose and treat these diseases. However, 
additional studies are needed to confirm the assumption 
that these urinary metabolites are in steady state concen-
trations in an individual longitudinally.
In the present study, a long-term high-choline diet atte-

nuated arthritis severity in mice with CIA. Moreover, the 
onset of arthritis was delayed in mice fed with high-chol-
ine diet (data not shown). Interestingly, BMDM from 
mice fed with a 1% choline diet demonstrated less M1 po-

larization (as measured by iNOS upregulation) than did 
those of mice fed a normal chow diet. Together, the pro-
duction of IL-6, a proinflammatory cytokine, was also re-
duced in M1 macrophages from mice fed with a 1% chol-
ine diet compared to that of mice fed a normal chow diet. 
Macrophages are abundant in the synovial tissue from RA 
patients and are associated with bone destruction [32]. 
Therefore, we suspected that a choline rich diet would af-
fect synovial macrophages and attenuate inflammation in 
RA. Our results suggest that there is an additional nutri-
tional contribution to the severity of RA that involves 
choline metabolism, intestinal microbiota and regulation 
of murine macrophage M1 and M2 polarization.
This study has several potential limitations. First, we 

were unable to exclude the possibility of the false positive 
results of urinary metabolites as a discriminator for RA 
from healthy controls by removing outliers. Second, in-
testinal microbiota are affected by habitual long-term diet 
and medications [26,33]. Therefore, a choline-rich diet 
could alter microbial composition, and produce different 
metabolites depending on the altered microbiota. 
Therefore, dietary challenges in a germ-free animal model 
with microbiome analyses will be necessary to elucidate 
the specific metabolites or microbiota that are associated 
with arthritis. It is also necessary to study the mechanism 
by which a high-choline diet affects M1 and M2 macro-
phage polarization. Third, various foods, such as red 
meat, eggs and fish, are important dietary sources of 
TMAO and its precursors (carnitine and choline) [34]. 
We did not investigate the dietary patterns of the partic-
ipants; therefore, we were unable to determine which di-
etary components influenced the levels of urinary TMAO. 
Further studies of patients’ dietary patterns are necessary 
to ultimately determine whether diet itself can be used to 
alleviate RA symptoms. 

CONCLUSION

Patients with RA had distinct urinary metabolomics pat-
terns compared to those of healthy individuals and pa-
tients with SLE. Urinary metabolites can serve as in-
dicators of inflammation or accelerated radiographic pro-
gression of RA. A choline-rich diet reduces ex-
perimentally-induced arthritis, which suggests that there 
is an interaction between diet and intestinal microbiota 
that contributes to the RA phenotype. 
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SUPPLEMENTARY DATA 

1H NMR Spectroscopy of Urine Samples 
Urine samples were prepared for NMR analysis by mixing 440 μL of urine with 220 μL of phosphate buffer (pH=7.0, 
which included 0.1% sodium azide to prevent bacterial contamination and 1 mM sodium 3-trimethylsilyl 
[2,2,3,3-2H4]-1-propionate, TSP, in D2O). The mixture was centrifuged to remove suspended particles. 550 μL of the su-
pernatant was transferred to an NMR tube. The 1H NMR spectra of the urine samples were acquired using a Bruker 500 
MHz spectrometer equipped with a cryogenic triple-resonance probe and an automatic sample changer (Bruker Biospin, 
Rheinstetten, Germany) operating at 500.13 MHz 1H frequency and 300o K. The “noesypresat” pulse sequence was used 
to suppress the water signal and to acquire the NMR spectrum. For each sample, 64 transients were collected into 32 K 
data points using a spectrum of 6,510.4 Hz with a relaxation delay of 2.0 s and a mixing time of 100 ms. A line-broadening 
function of 0.3 Hz was applied to all spectra prior to the Fourier transformation. The phase and base line of the resultant 
NMR spectra were manually corrected. The chemical shift was calibrated to δ0.00 using the signal from the TSP with 
the phosphate buffer.
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Supplementary Table 1. Sequences of the gene specific primers used for real-time PCR

Gene Forward Reverse 

IL-6 TTCCATCCAGTTGCCTTCTTG AGGTCTGTTGGGAGTGGTATC
Arg1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
Nos2 GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
GAPDH AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT

PCR: polymerase chain reaction, IL: interleukin, Arg1: arginase 1, Nos2: nitric oxide synthase 2, GAPDH: glyceraldehyde 
3-phosphate dehydrogenase.

Supplementary Figure 1. Variations in the levels of urinary TMAO and dimethylamine between healthy volunteers who were out-
liers and those who were not in the multivariate statistical analysis from Figure 1. (A), the OPLS loading plot between the two 
classes; (B), statistical analysis of urinary TMAO; (C), statistical analysis of urinary dimethylamine; (D), statistical analysis of urinary
citrate. TMAO: trimethylamine-N-oxide, OPLS: orthogonal projections to the latent structures, a.u.: arbitrary unit.


