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$EVWUDFW
2EMHFWLYH

Because genetic and environmental factors both contribute to rheumatoid arthritis (RA), metabolomics could be a very 
useful tool to elucidate the pathophysiology of RA, and to predict response to treatment. This study was carried out to 
LQYHVWLJDWH�V\QRYLDO�ÁXLG��6)��PHWDEROLF�SHUWXUEDWLRQ�LQ�5$�SDWLHQWV�DFFRUGLQJ�WR�WKH�GHJUHH�RI�GLVHDVH�DFWLYLW\�XVLQJ�

JDV�FKURPDWRJUDSK\�WLPH�RI�ÁLJKW�PDVV�VSHFWURPHWU\��*&�72)�06��

0HWKRGV
6)�VDPSOHV�ZHUH�REWDLQHG�IURP����5$�SDWLHQWV��'LVHDVH�DFWLYLW\�ZDV�DVVHVVHG�XVLQJ�'$6���(65�����6)�PHWDERORPLF�
SURÀOLQJ�ZDV�SHUIRUPHG�XVLQJ�*&�72)�06��LQ�FRQMXQFWLRQ�ZLWK�PXOWLYDULDWH�VWDWLVWLFDO�DQDO\VHV�DQG�SDWKZD\�DQDO\VHV�

5HVXOWV
6LJQLÀFDQW�GLVFULPLQDWLRQ�RI�PHWDEROLWH�SURÀOHV�EHWZHHQ�PRGHUDWH�DQG�KLJK�GLVHDVH�DFWLYLW\�JURXSV�ZDV�VKRZQ�E\�3/6�'$��
ZKLFK�SURYLGHG�HYLGHQFH�WKDW�6)�PHWDEROLF�SURÀOHV�SUHGLFWHG�GLVHDVH�DFWLYLW\��:H�IRXQG�WKH�VLJQLÀFDQW�FRUUHODWLRQ

�EHWZHHQ�'$6���(65����YDOXH�DQG�WKH�LQWHQVLWLHV�RI����PHWDEROLWHV��7KH�LQWHQVLWLHV�RI�JO\FRF\DPLQH�DQG�LQGRO���ODFWDWH�
SRVLWLYHO\�FRUUHODWHG�ZLWK�'$6���(65����YDOXH��2Q�WKH�RWKHU�KDQG��ơ�DODQLQH��DVSDUDJLQH��FLWUDWH��F\DQR�/�DODQLQH��

OHXFLQH��QLFRWLQDPLGH��FLWUXOOLQH��PHWKLRQLQH��R[RSUROLQH��DQG�VDOLF\ODOGHK\GH�QHJDWLYHO\�FRUUHODWHG�ZLWK�'$6���(65����
YDOXH��:H�IRXQG�ÀIWHHQ�SDWKZD\V�WKDW�ZHUH�VLJQLÀFDQWO\�DVVRFLDWHG�ZLWK�GLVHDVH�DFWLYLW\�LQ�5$�DQG�WKDW�WKH�KLJKHU�WKH�

disease activity, the more amino acid metabolic processes were affected.
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&RPSHWLQJ�LQWHUHVWV��QRQH�GHFODUHG�

,QWURGXFWLRQ
Rheumatoid arthritis (RA), affecting 
nearly 1% of the populations, is a chron-
ic autoimmune joint disease character-
LVHG� E\� SHUVLVWHQW� LQÁDPPDWLRQ� LQ� WKH�
synovial lining and synovial hyperplasia 
with heterogeneous course and different 
pathogenic mechanisms, which can re-
duce quality of life and increase morbid-
ity and mortality (1, 2).
6\QRYLDO�ÁXLG��6)��QRUPDOO\�IXQFWLRQV�
as a biological lubricant as well as a 
biochemical pool through which nutri-
ents and regulatory cytokines traverse. 
Because of the anatomic relationship 
of the tissue in the joint, events such 
DV�LQÁDPPDWLRQ�DQG�HQ]\PH�PHGLDWHG�
degradation within the synovium and 
FDUWLODJH�DUH�UHÁHFWHG�LQ�FKDQJHV�LQ�WKH�
cellular and chemical composition of 
6)��$OVR��6)�LV�NQRZQ�WR�EH�RQH�RI�WKH�
PRVW� LPSRUWDQW� ELRÁXLGV� WKDW� UHÁHFWV�
WKH�SDWKRORJLF�FRQGLWLRQV�RI�LQÁDPPD-
tory arthritis (3). In clinical practice, 
6)�DQDO\VLV�KDV�IRXQG�WR�EH�D�YDOXDEOH�
adjunct to conventional investigations 
and is routinely advised in most cases 
of arthritis. Evaluation of synovial 
ÁXLG� ZLOO� QRW� RQO\� SURYLGH� D� VSHFLÀF�
biomarker of diagnostic and prognostic 
utility but will also enable us to have a 
better understanding about the progres-
sion of RA (4).
Metabolomics, an omic science in sys-
tems biology, encompasses the compre-
KHQVLYH�SURÀOLQJ�RI�PHWDEROLF�FKDQJHV��
including the study of metabolic path-
ZD\V� DQG� TXDQWLÀFDWLRQ� RI� XQLTXH�
biochemical molecules, within living 
systems (5, 6). This holds huge poten-
WLDO�LQ�WKH�DQDO\VLV�RI�ELRÁXLGV�WR�FKDU-
DFWHULVH� WKH� JOREDO� PHWDEROLF� SURÀOHV�
of various pathologies. Alterations in 
biological pathways could provide in-
sight into the mechanisms that underlie 
various physiological and pathological 
conditions (6). Because RA is thought 
to be multifactorial, with genetic fac-
tors and environmental factors playing 
important roles, metabolomics could 
be a very useful tool to elucidate the 
pathophysiology of RA. Metabolomics 
in RA would be helpful in providing 
new insights into the pathogenesis of 
the disease, discriminating between 
5$� DQG� RWKHU� LQÁDPPDWRU\� DUWKULWLV��
monitoring the disease activity and 

predicting response to treatment (7-9).
0RUHRYHU�� 6)� PHWDERORPLF� DSSURDFK-
es may help to uncover an unknown 
pathogenesis of RA through an un-
GHUVWDQGLQJ� RI� WKH� FKDQJHV� LQ� 6)�PH-
WDEROLVP�LQ�5$�EHFDXVH�6)� LV� LQ�FORVH�
proximity to articular tissues primarily 
altered during joint pathology. The ex-
tent of the metabolic changes and the 
W\SHV� RI�PHWDEROLWHV� IRXQG� LQ�6)�PD\�
EH�JRRG�PDUNHUV�UHÁHFWLQJ� WKH�GLVHDVH�
activity of rheumatoid joints, which 
would provide an important new tool 
IRU� RSWLPLVLQJ� SDWLHQW� FDUH�� )HZ� PH-
tabolomic studies on rheumatoid syno-
YLDO� ÁXLG� KDYH� EHHQ� DWWHPSWHG� WR� ÀQG�
6)�PHWDEROLF�SHUWXUEDWLRQ�DQG�SRWHQWLDO�
PHWDEROLF�ELRPDUNHUV�UHÁHFWLQJ�WKH�GLV-
ease activity of RA.
+HUH��ZH�SHUIRUPHG�PHWDERORPH�SURÀO-
LQJ�RI�6)�VDPSOHV�IURP�5$�SDWLHQWV�XV-
LQJ�JDV�FKURPDWRJUDSK\�WLPH�RI�ÁLJKW�
PDVV�VSHFWURPHWU\��*&�72)�06���7KH�
aim of the present study was to investi-
gate RA disease activity-related meta-
EROLF� DOWHUDWLRQV� E\� DQDO\VLQJ� WKH� 6)�
PHWDEROLF�SURÀOLQJ�RI�5$�E\�*&�72)�
MS.

0DWHULDOV�DQG�PHWKRGV
6WXG\�SDWLHQWV�DQG�V\QRYLDO�ÁXLG�
collection
:H� FROOHFWHG� 6)� VDPSOHV� IURP� ��� SD-
WLHQWV�ZLWK�5$��DQG����SDWLHQWV�ZLWK�JRXW��
All patient samples were drawn from 
the rheumatology clinic at the Samsung 
Medical Center and Kangbuk Samsung 
+RVSLWDO� LQ�6HRXO��.RUHD��2I�WKRVH��SD-
tients with gout were not included. The 
patients with RA met all recruitment cri-
WHULD�IROORZLQJ�WKH������$PHULFDQ�&RO-
OHJH�RI�5KHXPDWRORJ\�FODVVLÀFDWLRQ�FUL-
teria for RA (10) or ACR-EULAR clas-
VLÀFDWLRQ�FULWHULD�IRU�5$�������*RXW�ZDV�
GLDJQRVHG� RQ� WKH� EDVLV� RI� �����$&5�
(8/$5�FODVVLÀFDWLRQ�FULWHULD�������
Medical records were reviewed for age, 
VH[�� DQG� ODERUDWRU\� ÀQGLQJV� VXFK� DV�
erythrocyte sedimentation rate (ESR, 
PP�KU���&�UHDFWLYH�SURWHLQ��&53���UKHX-
matoid factor, and anti-cyclic citrullinat-
HG�SHSWLGH��DQWL�&&3��DQWLERG\��'LVHDVH�
DFWLYLW\�VFRUH��'$6��LV�EDVHG�RQ�LQIRU-
PDWLRQ�RI�FOLQLFDO�ÀQGLQJV� LQ�D�FRPEL-
nation of different laboratory measures. 
In this study, the disease activity was 
HYDOXDWHG� E\� ���MRLQW� 'LVHDVH�$FWLYLW\�
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Score-Erythrocyte Sedimentation Rate 
without patient’s global assessment 
�'$6���(65������ $� UKHXPDWRORJLVW�
SHUIRUPHG�WKH�DVVHVVPHQW�RI����VZROOHQ�
and tender joint count, which was cal-
culated using the formula described in 
previous report (13). The disease activi-
W\�VWDWXV�RI�5$�ZDV�GHÀQHG�DFFRUGLQJ�WR�
'$6���(65���� VFRUH�� '$6���(65����
score <3.2, low disease activity; 3.2 
�'$6���(65���� VFRUH� ������PRGHUDWH�
GLVHDVH� DFWLYLW\�� '$6���(65���� VFRUH�
������KLJK�GLVHDVH�DFWLYLW\�
Joint effusions from patients were aspi-
rated from knee as clinically indicated 
XVLQJ� D� VWDQGDUG� VWHULOH� SURFHGXUH�� 6)�
samples were transferred to the labora-
tory for cell count analysis and exam-
LQHG�RQ�WKH�VDPH�GD\��)RU�PHWDERORPLF�
DQDO\VLV��6)� VDPSOHV�ZHUH� FHQWULIXJHG�
at 14,000g for 10 min at 4°C immedi-
DWHO\� DIWHU� FROOHFWLRQ� DQG� WKH� FODULÀHG�
supernatants were aliquoted into Ep-
SHQGRUI� WXEHV� DQG� VWRUHG� DW� ����&�EH-
fore performed the experiments. The 
experimental protocols used in this 
study were approved by the Samsung 
Medical Center (#2011-07-054-004), 
and Kangbuk Samsung Hospital insti-
WXWLRQDO� UHYLHZ� ERDUG� ���������������
and written informed consent was ob-
tained from each patient included in 
this study. This study was in compli-
DQFH�ZLWK�WKH�+HOVLQNL�'HFODUDWLRQ�

Metabolite extraction from 
V\QRYLDO�ÁXLG
Metabolite samples were prepared from 
6)�XVLQJ�D�SUHYLRXVO\�SXEOLVKHG�PHWKRG�
ZLWK�D�VOLJKW�PRGLÀFDWLRQ�������%ULHÁ\��
6)�VDPSOHV�ZHUH�FHQWULIXJHG�DW�����[�J�
DW���&�IRU���PLQ��DQG�����ƫO�RI�WKH�VX-
pernatant was collected. The supernatant 
ZDV�PL[HG�ZLWK�����ƫO�RI�SXUH�PHWKDQRO�
at -20°C, and the mixture was vortexed 
for 3 min at room temperature. The ex-
tract was centrifuged at 16,100 x g for 5 
PLQ�DW���&��DQG�����ƫO�RI�WKH�VXSHUQD-
tant was then concentrated to complete 
dryness in a vacuum concentrator (Lab-
FRQFR�� .DQVDV� &LW\�� 02��� 7KH� GULHG�
VDPSOHV�ZHUH�NHSW�DW�����&�XQWLO�GHULYD-
WLVDWLRQ�DQG�*&�72)�06�DQDO\VLV�

0HWDEROLWH�DQDO\VLV�ZLWK�*&�72)�06
)RU� PHWDEROLWH� DQDO\VLV� E\� *&�72)�
MS, dried metabolite samples were 

derivatised by methoximation and si-
O\ODWLRQ�� )LUVW�� PHWDEROLWH� VDPSOHV�
ZHUH�LQFXEDWHG�ZLWK����ƫO�RI����PJ�PO�
methoxyamine hydrochloride (Sigma-
$OGULFK��6W��/RXLV��02�� LQ�S\ULGLQH� DW�
30°C for 90 min for the methoxymation. 
Second, the samples were then incubat-
HG�ZLWK����ƫ/�RI�N-methyl-N-trimethyl-
VLO\O�WULÁXRURDFHWDPLGH� �)OXND�� %XFKV��
6ZLW]HUODQG��DW����&�IRU����PLQ�IRU�WKH�
VLO\ODWLRQ��7KHQ����ƫO�RI�D�PL[WXUH�RI�PH-
WK\O� HVWHUV� RI�&���&���&����&����&����
&���� &���� &���� &���� &���� &���� &����
and C30 fatty acids (Sigma-Aldrich) 
was added to the derivatised metabolite 
samples as retention index markers.
)RU� WKH� LGHQWLÀFDWLRQ� DQG� WKH� UHOD-
WLYH� TXDQWLÀFDWLRQ� RI� PHWDEROLWHV�� DQ�
$JLOHQW�����%�*&��$JLOHQW�7HFKQROR-
gies, Santa Clara, CA) coupled with a 
3HJDVXV�+7²72)�06� �/(&2��6W�� -R-
seph, MI) was used. An aliquot of 0.5 
ƫ/�RI� GHULYDWLVHG� VDPSOH�ZDV� LQMHFWHG�
into GC in splitless mode. The injected 
metabolites were separated on an RTX-
5Sil MS column (30 m length, 0.25 
PP� LQQHU� GLDPHWHU�� DQG� ����� ƫP�ÀOP�
WKLFNQHVV��5HVWHN��%HOOHIRQWH��3$��ZLWK�
an additional 10 m guard column. The 
initial oven temperature was set at 50°C 
for 1 min, ramped to 330°C at a rate of 
���&�PLQ��DQG�KHOG�DW�����&�IRU���PLQ��
Mass spectra were recorded in a mass 
UDQJH�RI���²����P�]�DW� DQ�DFTXLVLWLRQ�
UDWH� RI� ��� VSHFWUD�V�� 7HPSHUDWXUHV� RI�
the ion source and the transfer line of 
72)�06�ZHUH�VHW�DW�����&�DQG�����&��
respectively. The ionisation of metabo-
lites was performed by electron impact 
at 70 eV.

'DWD�SURFHVVLQJ�IRU�*&�72)�06��
TXDOLW\�FRQWURO��DQG�VWDWLVWLFDO�DQDO\VHV
)RU�WKH�GHWHFWLRQ�DQG�GHFRQYROXWLRQ�RI�
UDZ�GDWD��/(&2�&KURPD�72)�VRIWZDUH�
�&� YHUVLRQ�� /(&2��ZDV� XVHG� IRU� SUH�
SURFHVVLQJ�� 3UH�SURFHVVHG� GDWD� ZHUH�
further processed using BinBase (15). 
0HWDEROLWHV� ZHUH� LGHQWLÀHG� E\� UHIHU-
ring their mass spectra and retention 
LQGLFHV� RI� SHDNV� WR� )LHKQ�� 1,67� DQG�
in-house libraries (15-17). Compared 
to the peaks of the authentic standards, 
the peaks with mass spectral similarity 
above 700 were regarded as authentic 
metabolites. Relative quantities of iden-
WLÀHG�PHWDEROLWHV�ZHUH�UHSRUWHG�DV�SHDN�

heights of their unique ion intensity. 
To process missing values, the lowest 
background intensity was subtracted 
IURP�WKH�LQWHQVLW\�RI�WKH�TXDQWLÀHG�LRQ�
in its retention time region of ± 5 s us-
ing the MZmine software (15).
)RU�DQ�DFFXUDWH�DQDO\VLV�RI�PHWDEROLWHV�
without external interference, daily 
quality control was performed (17). 
Two blank method samples and four 
calibration curve samples consisting of 
31 pure reference compounds including 
various amino acids, organic acids, and 
sugars were derivatised by the same 
procedures. To avoid batch effects, 
samples were randomly ordered and 
then analysed all at once.
)RU�VWDWLVWLFDO�DQDO\VHV��WKH�SHDN�LQWHQ-
VLW\� RI� WKH� LGHQWLÀHG� PHWDEROLWHV� ZDV�
normalised by the median of the sum of 
WKH�SHDN�LQWHQVLWLHV�RI�DOO�LGHQWLÀHG�PH-
WDEROLWHV�LQ�HDFK�VDPSOH��)RU�6SHDUPDQ�
correlation analysis, STATISTICA (v. 
�����6WDW6RIW��7XOVD��2.��ZDV�XVHG��7KH�
multivariate analysis of the partial least 
VTXDUHV� GLVFULPLQDQW� DQDO\VLV� �3/6�
'$�� DQG� WKH� RUWKRJRQDO� SDUWLDO� OHDVW�
VTXDUHV� GLVFULPLQDQW� DQDO\VLV� �23/6�
'$��DV�ZHOO� DV� WKHLU�SHUPXWDWLRQ� WHVWV�
�OHDYHV� RXW� ���WK� RI� WKH� GDWD�� DQG� UH-
FHLYHU� RSHUDWLQJ� FKDUDFWHULVWLF� �52&��
curve analysis were all performed us-
LQJ� 6,0&$�3�� �Y�� ������8PHWULF�$%��
Umea, Sweden). The metabolite set 
enrichment analysis (MSEA) was per-
formed using the Web-based Metabo-
$QDO\VW� �KWWS���ZZZ�PHWDERDQDO\VW�FD��
������+HDW�PDS�ZDV�YLVXDOLVHG�XVLQJ�D�
MultiExperiment Viewer (19).

5HVXOWV
3DWLHQW�FKDUDFWHULVWLFV
The baseline characteristics and labo-
UDWRU\�ÀQGLQJV�RI�WKH�5$�SDWLHQWV�DW�WKH�
time of arthrocentesis are presented in 
7DEOH� ,��)RUW\�HLJKW�SDWLHQWV�ZHUH�FDW-
egorised into moderately active (n=35) 
and highly active (n=13) groups, as as-
VHVVHG�E\�'$6���(65�����7KHUH�ZHUH�
QR� VLJQLÀFDQW� GLIIHUHQFHV� LQ� GHPR-
graphics including age and medications 
except prednisolone used between RA 
patients with moderate disease activ-
ity and those with high disease activ-
ity. Acute phase reactants such as ESR 
RU� &53� DQG� ZKLWH� EORRG� FHOO� �:%&��
FRXQWV� LQ� 6)�ZHUH� KLJKHU� LQ� WKH� KLJK�
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disease activity group compared to 
moderate disease activity group.

,GHQWLÀFDWLRQ�RI�PHWDEROLWHV
6)�VDPSOHV� IURP����SDWLHQWV�ZLWK�5$�
ZHUH�DQDO\VHG�E\�*&�72)�06��$�WRWDO�
RI� ���� PHWDEROLWHV� ZHUH� LGHQWLÀHG� LQ�
WKH�6)�VDPSOHV��,GHQWLÀHG�PHWDEROLWHV�
ZHUH� FODVVLÀHG� LQWR� VHYHUDO� FKHPLFDO�
classes based on MeSH Tree, consist-
LQJ�RI�DPLQR�DFLGV��������RI�LGHQWLÀHG�
PHWDEROLWHV��� RUJDQLF� DFLGV� ���������
VXJDU�DQG�VXJDU�DOFRKROV����������IDWW\�
acids (14.4%), amines (11.2%), and 
phosphates (5.6%), and miscellaneous 
��������6XSSOHPHQWDU\�7DEOH�6���

'LVWLQFW�PHWDERORPLF�SURÀOHV�LQ�
6)�VDPSOHV�RI�5$�SDWLHQWV�DFFRUGLQJ�
to disease activity
:H� DSSOLHG� VXSHUYLVHG� 3/6�'$� WR�
capture the distinctive metabolic phe-
notypes and to maximise the discrimi-
nation between patients with moderate 
disease activity and those with high 
disease activity by means of all the 125 
LGHQWLÀHG� PHWDEROLWHV�� 7KH� 3/6�'$�
score plot showed that the cluster of 
RA patients with high disease activity 
is well separated from those with mod-
HUDWH�GLVHDVH�DFWLYLW\�LQ�W>�@��)LJ���$���
7KH� ORDGLQJ� SORW� RI� 3/6�'$� VKRZHG�
the brief overview of contribution of 
HDFK�PHWDEROLWH�WR�WKH�3/6�'$�PRGHO��
by which metabolites responsible for 
discrimination in the score plots of 
3/6�'$� FRXOG� EH� YLVXDOLVHG� �)LJ�� �%�
and Suppl. Table S2). The variation val-
XHV�RI�WKH�3/6�'$�PRGHO�DUH�������RI�
R2Y, and 0.444 of Q2, respectively, indi-
cating the high explanation and predic-
WLRQ�FDSDELOLWLHV�RI�WKH�3/6�'$�PRGHO�
7R� SUHYHQW� WKH� 3/6�'$� PRGHO� RYHU-
ÀWWLQJ�� SHUPXWDWLRQ� WHVWV� ZLWK� ����
iterations for 2 components were per-
formed. All points of permuted R2 val-
ues were located on the lower side than 
the original point, and the regression 
line of Q2 with value of -0.166 had a 
QHJDWLYH�LQWHUFHSW��)LJ���&���7KHVH�UH-
sults strongly indicated the reasonable 
YDOLGLW\�RI�WKH�3/6�'$�PRGHO�

6\QRYLDO�ÁXLG�PHWDEROLF�SHUWXUEDWLRQV�
UHÁHFWLQJ�GLVHDVH�DFWLYLW\�LQ�5$
We found 12 metabolites that were sig-
QLÀFDQWO\� DVVRFLDWHG� ZLWK� WKH� 5$� GLV-

7DEOH�,��Baseline characteristics of patients with RA.

'LVHDVH�DFWLYLW\� 0RGHUDWH��Q ���� +LJK��Q ���� p-value

'HPRJUDSKLFV� � �
0DOH����� ���������� ���������� �����
$JH��PHDQ���6'�� ������������ ������������ �����
/DERUDWRU\�ÀQGLQJV� � �
5)�SRVLWLYH� ����������� ����������� �����
$&3$�SRVLWLYH� ����������� ����������� �����
6)�:%&���PP3���Q ���� ����������������� �������������������� �����
&53��PJ�GO�� ������������ ������������ �����
(65��PP�KU�� �������������� �������������� ������
'$6���(65���� ������������ ������������ ������

Medications   
MTX user 25  (71.4) 6  (46.2) 0.173
/()�XVHU� ���������� ��������� �����
SSZ user 4  (11.4) 2  (15.4) 0.656
+&4�XVHU� ���������� ��������� �����
3G�XVHU� ����������� ���������� �����
3G�HTXLYDOHQW��PJ�� ���������� � ���������� �����
%LRORJLFV�XVHU� ���������� ��������� �����

'DWD�DUH�H[SUHVVHG�DV�PHDQ���VWDQGDUG�GHYLDWLRQ��RU�QXPEHU��SHUFHQWDJH��XQOHVV�RWKHUZLVH�LQGLFDWHG�
6'��VWDQGDUG�GHYLDWLRQ��5)��UKHXPDWRLG�IDFWRU��6)��V\QRYLDO�ÁXLG��:%&��ZKLWH�EORRG�FHOOV��&53��&�
UHDFWLYH�SURWHLQ��(65��HU\WKURF\WH�VHGLPHQWDWLRQ�UDWH��'$6���(65�����GLVHDVH�DFWLYLW\�VFRUH����MRLQWV�
ZLWK�WKUHH�YDULDEOHV��07;��PHWKRWUH[DWH��/()��/HÁXQRPLGH��66=��VXOIDVDOD]LQH��+&4��K\GUR[\FKOR-
URTXLQH��3G��SUHGQLVRORQH�

)LJ���� The score plot (A), loading plot (B), and permutation tests (C��RI�WKH�3/6�'$�XVLQJ�����PH-
tabolites. Rheumatoid arthritis (RA) patients with moderate (n=35) and high disease activity (n=13) 
were used. In the permutation tests with 100 iterations (C), the Y-axis intercepts of R2 and Q2 are 0.624 
and -0.166, respectively, indicating that the original model is valid.
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HDVH�DFWLYLW\�EDVHG�RQ�D�'$6���(65����
�)LJ����DQG�6XSSO��7DEOH�6����:H�LQGL-
FDWHG� VWDWLVWLFDO� VLJQLÀFDQW� FRUUHODWLRQ�
EHWZHHQ�'$6���(65����YDOXH�DQG�WKH�
intensities of 12 metabolites (adipate, 
asparagine. citrate, cyano-/-alanine, 
fucose, glycocyamine, indole-3-lactate, 
isothreonate, oxoproline, phenylala-
nine, tryptophan, and ơ-alanine). The 

intensities of adipate, fucose, glyco-
cyamine, indole-3-lactate, isothreonate, 
phenylalanine, and tryptophan showed 
VWDWLVWLFDOO\�VLJQLÀFDQW�SRVLWLYH�FRUUHOD-
WLRQ�ZLWK�'$6���(65����YDOXH��2Q�WKH�
other hand, asparagine, citrate, cyano-
/-alanine, oxoproline, and ơ-alanine 
VKRZHG�VWDWLVWLFDOO\�VLJQLÀFDQW�QHJDWLYH�
FRUUHODWLRQ�ZLWK�'$6���(65����YDOXH�

06($�XVLQJ����PHWDEROLWHV�ZLWK�
VLJQLÀFDQW�FKDQJHV�FRUUHVSRQGLQJ�
to disease severity
To investigate whether metabolism is 
affected by disease activity in RA, we 
performed MSEA using the 12 metabo-
OLWHV�ZKLFK�DUH�VLJQLÀFDQWO\�DVVRFLDWHG�
with RA disease activity. As shown in 
)LJXUH����ZH�IRXQG�ÀIWHHQ�XQLTXH�SDWK-
ways that were altered, corresponding 
to disease activity. We found that the 
higher the disease activity, the more 
amino acid metabolic processes were 
affected.

&RPSDULVRQ�RI�6)�PHWDEROLF�
SHUWXUEDWLRQV�DFFRUGLQJ�WR�'$6���
(65����YDOXH�DQG�6)�:%&�FRXQW�LQ�5$
%HFDXVH�WKH�6)�PHWDEROLF�SHUWXUEDWLRQ�
of RA according to the disease activity 
PD\�EH�DIIHFWHG�E\�WKH�6)�:%&�FRXQW��
ZH�LQYHVWLJDWHG�WKH�FKDQJHV�LQ�6)�PH-
WDERORPH�DFFRUGLQJ� WR�6)�:%&�FRXQW�
LQ�5$�SDWLHQWV��Q ����)LJ����DQG�6XSSO��
Table S4). Twelve metabolites were 
VLJQLÀFDQWO\� DVVRFLDWHG�ZLWK� 6)�:%&�
FRXQW��2I�WKRVH��WKHUH�DUH�RQO\�WZR�PH-
tabolites, asparagine and citrate, that are 
commonly correlated with the increase 
LQ�'$6���(65����YDOXH�DQG�6)�:%&�
FRXQW� LQ�5$�SDWLHQWV� �)LJ�� ����7KH� UH-
maining 10 metabolites show the corre-
ODWLRQ�ZLWK�6)�:%&�FRXQW��QRW�'$6���
ESR(3) value. In addition, to create a 
discrimination model for RA patients 
according to disease activity, we per-
IRUPHG�23/6�'$�XVLQJ����PHWDEROLWHV�
ZKLFK�DUH�VSHFLÀFDOO\�UHODWHG�ZLWK�5$�
VHYHULW\� �6XSSO�� )LJ�� ���� 7KH� 23/6�
'$� PRGHO� GLVWLQJXLVKHG� 5$� SDWLHQWV�
with high disease activity from those 
with moderate disease activity (Suppl. 
)LJ���$��%���$OVR��WKH�52&�FXUYH�RI�WKH�
23/6�'$�PRGHO�VKRZHG�$8&�VFRUH�RI�
�������LQGLFDWLQJ�WKDW�WKH�PRGHO�LV�VXLW-
able for the discrimination of severity of 
5$�SDWLHQWV��6XSSO��)LJ���&��
We compared metabolic differences 
between RA patients and gout patients. 
7KH�GHPRJUDSKLFV�DQG�ODERUDWRU\�ÀQG-
ings of the patients with gout at the time 
of arthrocentesis are presented in Sup-
SOHPHQWDU\�7DEOH�6���7KH�6)�PHWDEROLF�
SURÀOH�RI�5$�DVVHVVHG�E\�3/6�'$�ZDV�
GLVWLQJXLVKDEOH� IURP� WKDW� RI� WKH� 6)�
samples obtained from gout arthritis, 
which is the most common form of 

)LJ���� &RUUHODWLRQ�PDS�IRU�UHODWLRQ�EHWZHHQ����PHWDEROLWHV�DEXQGDQFH�DQG�'$6���(65����YDOXH�LQ�
patients with rheumatoid arthritis (RA).

5HSUHVHQWV�VLJQLÀFDQW�FRUUHODWLRQ�EHWZHHQ�WZR�YDULDEOHV��p<0.05).

)LJ���� 0HWDEROLWH�VHW�HQULFKPHQW�DQDO\VLV�RI����VLJQLÀFDQW�PHWDEROLWHV�WKDW�DUH�DVVRFLDWHG�ZLWK�GLV-
ease severity. Each bar represents one type of metabolism. The length of the bar represents the degree 
RI�HQULFKPHQW��7KH�FRORU�RI�WKH�EDU�UHSUHVHQWV�WKH�GHJUHH�RI�VLJQLÀFDQFH�RI�WKH�FKDQJH�

Metabolite set enrichment analysis
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LQÁDPPDWRU\� DUWKULWLV� LQ� PHQ� �6XSSO��
)LJ����DQG�6XSSO��7DEOH�6����7KLV�UHVXOW�
VKRZV� WKDW� 6)�PHWDERORPLF� SHUWXUED-
tion according to RA disease activity 
is not associated with that according to 
6)�:%&�FRXQW�DQG�LV�GLVHDVH�VSHFLÀF�
PHWDEROLF�FRQÀJXUDWLRQ�

'LVFXVVLRQ
To optimise treatment options for RA, 
it is important to accurately assess the 
disease activity in RA. Many measure-
ment tools have been developed for this 
SXUSRVH�� )HZ� VWXGLHV� KDYH� DWWHPSWHG�
to predict disease activity using me-
WDERORPLF�SURÀOH�RI�6)�LQ�5$��:H�LQ-
YHVWLJDWHG�ZKHWKHU�*&�72)�06�EDVHG�
metabolomics could detect metabolic 
alterations according to disease activ-
LW\�LQ�6)�VDPSOHV�IURP�5$�SDWLHQWV�DQG�
identify candidate metabolic biomark-
HUV� WKDW� PD\� ZHOO� UHÁHFW� WKH� GLVHDVH�
DFWLYLW\�RI�5$��7KH�6)�PHWDEROLF�SUR-
ÀOHV� RI� 5$� SDWLHQWV�ZLWK� KLJK� GLVHDVH�
DFWLYLW\� ZHUH� VLJQLÀFDQWO\� GLIIHUHQW�
from that of RA patients with moderate 
GLVHDVH� DFWLYLW\��:H� LGHQWLÀHG� D� VHW� RI�
12 metabolites responsible for the dis-
crimination of disease activity of RA, 
DV�DVVHVVHG�E\�'$6���(65�����7KLV�LV�
a meaningful study suggesting that met-
DEROLF�SHUWXUEDWLRQV�LQ�6)�VDPSOHV�IURP�
RA may provide additional information 
for monitoring disease activity and sub-

sequently evaluating the drug response 
in the future.
0HWDERORPLFV�UHÁHFWV�ERWK�SK\VLRORJL-
cal and pathological states. Any patho-
physiological mechanism caused by a 
disease in a biological system will in-
evitably lead to related changes in the 
FRQFHQWUDWLRQV� RI� VSHFLÀF�PHWDEROLWHV��
Metabolomic approach in patients with 
various rheumatic diseases may provide 
a better understanding of the disease-
DVVRFLDWHG�FKDQJHV��2Q�WKDW�EDVLV��WKHUH�
have been many recent metabolomic 
studies for evaluating clinical diagnosis 
and therapeutic response in RA (7, 20, 
21).
%LRFKHPLFDOO\�� WKH� 6)� LV� DQ� XOWUDÀO-
trate of plasma across the synovial 
membrane enriched with various com-
SRXQGV�SURGXFHG�E\�WKH�ÀEUREODVW�OLNH�
V\QRYLRF\WHV� �)/6��� ,Q� SDWKRORJLFDO�
FRQGLWLRQV�� 6)� HYDOXDWLRQ� SURYLGHV� LQ-
formation about the pathology of the 
UKHXPDWRLG� MRLQWV�� )URP� WKHVH�� LW�PD\�
be thought that the metabolomics of 
RQH� MRLQW� PD\� UHÁHFW� WKH� ZKROH� ERG\�
state. In this study, metabolomic inves-
tigations are shown to be distinctive 
PHWDEROLF� SURÀOHV� VSOLWWLQJ� LQWR� PRG-
erately active group and highly active 
group in RA. This observation indicates 
WKDW�WKH�VHYHULW\�RI�LQÁDPPDWLRQ�LQ�5$�
SDWLHQWV� LV� UHÁHFWHG� LQ� WKH� *&�72)�
MS spectra. In previous study, treat-

PHQW�RI�UKHXPDWRLG�)/6�ZLWK�FXUFXPLQ�
showed that the metabolic perturbation 
E\�71)�Ơ�LQ�UKHXPDWRLG�)/6�FRXOG�EH�
reversed to that of the normal control 
group (22). Taken together, optimal 
treatment in the highly active group 
may be changed into the metabolic pro-
ÀOH� RI� SDWLHQWV� ZLWK� UHPLVVLRQ� RU� ORZ�
disease activity, suggesting that it may 
be useful for monitoring the response of 
WKHUDS\��2I� D� WRWDO� RI� ����PHWDEROLWHV�
LGHQWLÀHG� IURP� 6)� RI� 5$� SDWLHQWV�� ���
metabolites responsible for discriminat-
ing RA with high disease activity group 
and moderate disease activity group 
were selected: amino acids (asparagine, 
ơ�DODQLQH��R[RSUROLQH��F\DQR�/-alanine, 
phenylalanine, and tryptophan), organ-
ic acids (citrate, adipate, isothrenoate, 
and indole-3-lactate), amines (glyco-
cyamine), and sugar and sugar alco-
KROV��IXFRVH���7KHVH�6)�PHWDEROLWHV�DUH�
suggested to serve as useful candidates 
for monitoring disease activity in RA. 
Their validity should have tested with 
large numbers in a multicentre setting.
6)�PHWDEROLF� SHUWXUEDWLRQ�ZDV� DVVRFL-
ated with RA pathophysiology. Activat-
HG�LPPXQH�FHOOV�DQG�)/6�LQ�5$�KDYH�DQ�
DFXWH�QHHG�WR�JHQHUDWH�VXIÀFLHQW�HQHUJ\�
and biomolecules to support growth, 
proliferation and the production of pro-
LQÁDPPDWRU\� F\WRNLQHV� ������ $PLQR�
acids play a critical role not only in 

)LJ�����&RUUHODWLRQ�PDS�IRU�UHODWLRQ�EHWZHHQ����PHWDEROLWHV�DEXQGDQFH�DQG�V\QRYLDO�ÁXLG�ZKLWH�EORRG�FHOO�FRXQW��6)�:%&��LQ�SDWLHQWV�ZLWK�UKHXPDWRLG�
arthritis (RA).

5HSUHVHQWV�VLJQLÀFDQW�FRUUHODWLRQ�EHWZHHQ�WZR�YDULDEOHV��p<0.05). 
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protein synthesis but also in regulation 
and energy metabolism. It is assumed 
WKDW�FKURQLF�LQÁDPPDWLRQ�FDQ�DOWHU�DQ\�
RI� WKH�DPLQR�DFLG�PHWDEROLVPV��3UHYL-
ously, the observed metabolic perturba-
tions between RA patients and healthy 
controls were alanine, aspartate and 
glutamate metabolism and arginine and 
proline metabolism, pentose phosphate 
pathway, and fatty acid metabolism 
(24). It was reported that the alteration 
of tryptophan metabolism could be a 
surrogate for poor immunologic toler-
DQFH�DQG�FRQVHTXHQWO\�PRUH�LQÁDPPD-
tion in the serum (25, 26). The plasma 
levels of 20 amine metabolites were 
UHSRUWHG� WR� EH� VLJQLÀFDQWO\� GHFUHDVHG�
in collagen-induced arthritis model, 
which suggest that a disordered amine 
response is linked to RA-associated 
muscle wasting and energy expenditure 
������2XU�VWXG\�DOVR�VKRZHG�FKDQJHV�LQ�
mainly amino acid metabolisms pro-
ÀOHV�XQGHU�KLJKO\�DFWLYH�GLVHDVH�VWDWXV�
LQ�5$��3XW� WRJHWKHU�� WKH�SDWKZD\V�WKDW�
were clearly affected to provide the 
VXIÀFLHQW� HQHUJ\� DQG� SURLQÁDPPDWRU\�
molecules required under chronic in-
ÁDPPDWRU\� FRQGLWLRQ� ZHUH� VXJJHVWHG�
to be amino acid metabolism.
RA synovium and synovial cavity was 
known to be hypoxic condition as a 
consequence of the increased cellular 
GHPDQG�IRU�R[\JHQ�GXULQJ� WKH� LQÁDP-
matory response. Hypoxia has been 
implicated in the pathogenesis of RA 
������ +\SR[LF� FRQGLWLRQ� LQ� 5$� MRLQWV�
leads to the stabilisation and increased 
DFWLYLW\�RI�K\SR[LD�LQGXFLEOH�IDFWRU��Ơ�
�+,)��Ơ���ZKLFK�LV�LQYROYHG�LQ�WKH�SHU-
VLVWHQFH� RI� LQÁDPPDWLRQ�� V\QRYLDO� LQ-
vasiveness and progression of neovas-
FXODULVDWLRQ� GXULQJ� 5$� ��������� 2QFH�
VWDELOLVHG�� +,)��Ơ� WUDQVDFWLYDWH� WDUJHW�
genes that support the Warburg effect 
(23). It refers to the observation that 
cancer cells tend to favour metabolism 
via aerobic glycolysis rauther than the 
PXFK�PRUH�HIÀFLHQW�R[LGDWLYH�SKRVSKR-
rylation pathway (32). Also, increased 
proliferation and rapid activation of im-
PXQH� FHOOV� GXULQJ� LQÁDPPDWLRQ� PD\�
result in a metabolic switch in favour of 
glycolysis over oxidative phosphoryla-
tion. In the MSEA, we found the War-
burg effect has a biologically meaning-
ful metabolic pathway in the context of 

RA disease activity. Taken together, the 
LQÁDPPDWLRQ�EHFRPHV�ZRUVH�DQG�DFWL-
YDWHG� LPPXQH�FHOOV� DQG�)/6�EHFRPHV�
increases under high disease activity, 
so that the hypoxia can be expected to 
worsen. The distinctive Warburg effect 
in this study may be explained due to 
hypoxic condition in RA joints during 
high disease activity period.
,W� LV� ZHOO� NQRZQ� WKDW� 6)� PHWDEROLF�
SHUWXUEDWLRQ�RI�5$�LV�VLJQLÀFDQWO\�GLI-
ferent that of osteoarthritis (33, 34). 
6)�PHWDEROLF� SHUWXUEDWLRQ� GXH� WR� GLV-
ease activity would call into question 
ZKHWKHU�LW�LV�D�QRQVSHFLÀF�FKDQJH�GXH�
WR� LQÁDPPDWRU\� DUWKULWLV� VXFK� DV� JRXW�
or increased WBC count. As shown in 
)LJXUH���DQG�6XSSOHPHQWDU\�)LJXUH����
6)�PHWDEROLF�SHUWXUEDWLRQ�DFFRUGLQJ�WR�
RA disease activity was different from 
WKRVH� DFFRUGLQJ� WR� 6)�:%&� FRXQW� RU�
E\�JRXW��ZKLFK�VXJJHVWV�VSHFLÀF�PHWD-
bolic changes according to disease ac-
tivity in RA. As shown in Supplemen-
WDU\�)LJXUH����WKH�GLVWLQFWLYH�VLJQDWXUH�
with the ten metabolites achieved the 
KLJKHVW� $8&� YDOXH� DQG� VLJQLÀFDQWO\�
increased the discrimination perfor-
mance for RA patients according to 
disease activity. We will expand the 
number of samples and analyse sam-
ples using a different data set to vali-
date the applicability and stability of 
the distinctive model in future studies.
2QH� RI� WKH� OLPLWDWLRQV� RI� RXU� VWXG\� LV�
the absence of negative control. The 
lack of group with low disease activ-
ity or remission may limit our abil-
ity to determine distinctive metabolic 
perturbation according to the disease 
activity. Most RA patients requiring 
arthrocentesis have moderate to high 
GLVHDVH�DFWLYLW\��VR�ZH�KDYH�GLIÀFXOW\�LQ�
enrolling patients with low disease ac-
tivity or remission state. This prelimi-
nary study was considered meaningful 
in that it is conducted to evaluate its 
IHDVLELOLW\�RI�6)�PHWDEROLF�SHUWXUEDWLRQ�
in monitoring RA disease activity. Sec-
RQG��ZH�XVHG�'$6���(65����DV�D�WRRO�
for RA disease activity in this study. 
7KH�RULJLQDO�'$6�ZDV�EDVHG�RQ�(65��
'$6��� EDVHG� RQ� (65�PD\� EH� FDOFX-
lated using three or four variables. Un-
OLNH� '$6���(65����� '$6���(65����
additionally includes patient global 
assessment. Moreover, even if various 

'$6�LQGLFHV�KDYH�EHHQ�H[WHQVLYHO\�GH-
veloped for RA, many rheumatologists 
DUH� FXUUHQWO\� XVLQJ� '$6���(65�����
However, patient global assessment is 
not available in all patients due to the 
limitation of this retrospective study. 
2Q�WKH�RWKHU�KDQG��LW�PD\�EH�OHVV�LQÁX-
enced by subjective patient’s mood. It 
ZDV�DOVR� UHSRUWHG� WKDW�'$6���(65����
DQG�'$6���(65����GR�QRW�KDYH�PXFK�
difference in disease activity measure-
PHQW� ����������+HQFH��'$6���(65����
PD\�VHHP�PRUH� IHDVLEOH� WKDQ�'$6���
ESR(4).
We found the metabolic alterations in 
V\QRYLDO� ÁXLGV� IURP� 5$� SDWLHQWV� DF-
FRUGLQJ� WR� GLVHDVH� DFWLYLW\� XVLQJ� *&�
72)� 06� DQG� LGHQWLÀHG� ��� FDQGLGDWH�
metabolic biomarkers that may well 
UHÁHFW� WKH� GLVHDVH� DFWLYLW\� RI� 5$�� ,W�
is suggested that synovial metabolite 
perturbations, especially perturbation 
in amino acid metabolism, are corre-
ODWHG�ZLWK�GLVHDVH�DFWLYLW\�RI�5$��*&�
72)� 06�EDVHG� PHWDEROLF� SURÀOH� RI�
6)� VDPSOHV� LQ� SDWLHQWV� ZLWK� 5$� PD\�
be a potential alternative for monitor-
ing disease activity and, subsequently, 
WKHUDSHXWLF� UHVSRQVH� LQ� 5$�� 2XU� PH-
tabolomic approach would provide 
complementary information to current 
measurement tools for the disease ac-
WLYLW\�RI�5$�VXFK�DV�'$6���(65�
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