BV v FRBEEMRE LA b b L F Y — } ORHGR 21

P<0.05

as o |
4}
sl ]
3 3
ol
8 2t
1«5 3
l 3
05 b
’ R AT R Ta AR
(15 A)
E5 RABHFEMME L AMTXOBMARIC &L 5DAS28
DES

FREBRLFIT. 7 - 2 3 FYETREREETRLL,

30 Sr
P <0.05
F3 4}
ﬁ”' &3t
b 8
gls =R
B 52'
10}
13 1r
[}

MM SAMMRR
1+ A)

EYIaMEY  EROMNG
arA)

El6 RABRFEXNME L AMTXDRFRARIC & S EMRA
B R VRN DEE
#ERERLFITH S,

BRICBWTEYMPBEERANTE—2 Y MR
W AT o 72458, AUC.I35:008 368 T23,622ug/
mL - hr. 17:00i%388¥ ©32,305ug/mL - hrT D,
5:00%3E8F & JL#E L 17:00§3 BB DAUC.. 13491.4(%
Bhalz,

6.RABE EMRE LAMTXOBREAEICL3H
)T FRHBEADKE
G HERARA1 » ARIC 3517 5 DAS28D F 19l
13299TH b, BFEEREERFDDAS28D FH{E
3367 TH -7, HEEREFABET 5 Z L TR
BIRFAET L B L. #EREDDAS28I3 A BT

B MR (jul)
RETTHTI

BRI AR RRETGIR®E
1+ A)
B7 RABRHFAX& E L AMTXOEAARIC & 3 AMER
BAnEE

FREBZ12PIT. 7 — & 3 FE RS ER TR L2,

% L7 (P<0.05; E5). %< DERIT. EREBEL
BixE HMERcH ) . ERESH TR T XTOH
BRE TRERAHAE L 7= (P<0.05; E6).

7.RABEEHRE LAMTXDBRIAKICLZE
BEMFIN DT
RTARBAEL y AR T, BREREERLE
HRLEHARI- AR EZRIBDOhE»r o7
(7).,

£ =B

AHETIZ. RAEFLEWERAWT, BES
Y4 b Hh4 VY EDOEB Y X ABRKEUMTXDR
FMEREZHORE. RURAREE R & L -5/
ERUCBEY SERRIFE £ EhE L 7.

RAE T LBICiZ. 1SN THIRN L Z RS
B & & ERARE & B < DA THRFIEH
BADOLNTVACIAYY AL HARRBRER Y <25+
ETLEWMTHAMRL/Iprv v A& ER LA, Z
hoDRABIMIIZ¥51T ATNF-o i EEDEB ) X 4
i, RAZREET 3 Z LT, BARNCHEE. s
(EEZ2RTEARLEA Y XL NBDEhi /-,
REDIEIETH 3SAARE LRAXRET B Z L
T, FICEREZTRTEA ) XA0HETLG
MTHRN: (—EKRBTF). SAAIL, C-reactive



22

protein (CRP) & [E#kiZ BHERAD ARG % F7f
T 5 BETIL1RIL6. TNF-aZk & DAEHY 1
PAAVIRESTEREhDZZIERAGR T
%, LA o>T, RADRETH 2B A SR
DO ZHIED EEDREDEB ) X AIZI1, KIE
B4 A4 VOB Y XAHVEBICEEL T
3LEIOh S, FEICEKRENZ LIZ, RAR
HEOLRERY A I A VOBV XL - B
FICBRBEE Z38BBY) X423 $", —A9IC
RABEZERETHETH D . RAET LI ETHE
THb, COLIICER) XLNREDBE. 7
LIANFIL FEIBLDETEELDEERRS
DAY Xald. e b T RETHMEE XS,
ZD=S, WRVBRRTIELEIE. e rEF -8
HTiE, MI2BEREZBZEME 0, LaL,
RASERDEEE V) X 4T, FERISEML 7=Hi48
FE PETHRBETRIIENBHAS N EE 5T,
L72=MoT, F8) XAICE58T, e &ifo
EETHEBELGEEE T 5EERS S, RAIC
BITARELEDER ) X LABRICEHB RS %
AT3D0TREVW»EELILhS, §%. RAT
TG % AT, RAREERT 2 & BHFAYIZRAR
SEFER DT 12 5 B R U EFERF OB %5
HAEMENEBREOFMT 5L T, BiML
RARGERFFOBREANTREICE B LEL LIS,
Rz, REUEH A A4 VOBAY) XL 2EE
L. MTXOHE S 4 I /D8I K 35
TFHRANDHEBIZOWTRE L7z, CIA®Y X
B OBEE S ER T 2 RFMEFTSRAET L
BT H 5 7-0, MAEDOBAEA % X 2 74t LR
L7z MTXE 5918 & 0 ERZIDB Iz kD
BEEi MBI RICERNEh, BREE%7AE
(Day 42) DBAfiZe 2 2 73, control# K 1f17:00
BREFLHB LSRN TERICBRTES T
ERBG ML 57, RIZ, MEERICRARE
EIERITEM L TWAMRL/Iprv ¥ 2 Tid, SAA
PTNF-afdff & 5 IZIZRAREDIBE L & 51gG-
RFBE+*HEL 7=, ZOKR, TNF-ofllE PlgG
RFIRE 3. controlBf & L& L 1003 B CHRE

CHWA U7, /2, L:00BREHDSAARE I3,
control ¥ R UF13:00{HH L KB L ARICEE %
AL, PEXD, MTXOHEKREZ| OB IZ &
STRERIDIZZEZZLREh B Z LN E L5
7zo Z LT, BESIRMBEY - L2, WTh
DRAEFAEIZ 5T E1H D TTNF-at g
MU 3 RERBICMTX 2 83K L - BfE# T H
Sz. LER-T, HlY ov=FEOHROME LI
B, BEIANI VS EBETHIILLEETHS
ZENnEFELLNB,

FH T, MTXOHRFKIZLEM % 1867& L T1
HE# -4, 2HEHE2ELR L $58E L Eh
T3, RABETIX, BHICZ DX RKEN
YA P AHA VBEMT A X LnHBILh
57, BMEROBERE+EHDREMICHNT 5 &,
RABETCREMIZDAMTX 2 ¥ T2 LT,
OB v FHRVABONBDOTIRE W,
tEiohl, 22T, AHETIZRARE &1
RIZHRDOBRED SMTXO 5 B P EBEREIK
EEATICIRARAI DA ZBAANICEE 4 5 K
BREERETHI LT, BERGRLBOIIH»E
PR L, BE, 2000y b =250, %
D5 H12ADHBE CTREEBREZBEBLL, A
B L 7=, BRI » AR TDAS28I3F
T0.688A L. EEREFBTAIZLTHE
{CDAS28D{E T B8 bh =, /=, BERTEHRE
HEDTPLy ATH 3123 22D 56F, 126ih4
BITERERAEMRICEE L 7=, 1+ ARG
TR RERBOETIZZHEERD b M,
AMETH/ON-T -2 L LTHEBOZEDE L
T, EREASGEAT R TOHBRECHELEZ L
BETFoh3, ERESKRSE I EEICS). B
HREDIERIZRABEDQOLA EHICH LETE 3
Zixbd, MTXOREEROFRALIIE L
ZEiohs, 7=, WARNCKET SrEMERE
VAT B I L TMTXIREEEIC X 2 BIfER D1
KafEt & hiz2, BRNELRA - HRE L
. BREIIMTXOHENERTE TS, BE
&0, MTXIZAEYMZHRA L L L ERBHE



B w2 FREBEMRELEA b L3 Y— ORI 23

. R 7 v A-FF7 9 7L LTREFEH
ATHBIMVO2FHETH 570, MTXOKME
BRICB T 3 2R, RABREIZHEWTIERIC
REEA VISV EERABEDLETES,
AEEKHRII205EMORABE 2 NG IC, B/
BRICL B3y AMORYFEARARERBLTH
D, RPEBTRHEBIERICRELRBENES
hTw3, £ REXY P -LTV3HBRE
IKHLT12y ABORRBR AT T 5 -00F
HE2EF-TV3, $8HE. SOPEROREF
fii %175 =ic, BEALERAREZEL.
RAIZI 1T SMTXOBSEEROFHEERIAL T 5.
AMETIE. RATFALG % AT, B
WEETTHD ) XLNRAERICEET S L
EFHOMNIULE, £/, ZhoDBEAY X 4%
RIHYV > FEMTXORE S 1 IV V2 WE

THILT, KDBORYVIFUHRABE IS
ZEEBSAIZLA, ELT, ThEDOERHE
EN—-ZZ, ABOMTXIC X 3 ¥+ 5%
L. WA OAMTX A BT 2 eMBHE £
BRL., BRHE+EHEL T3, BE. BPE
BTRDEN, REERBBDT»1rATES
225 T. BRLTRADERIENED S
hTwnsd, BlELD, RABRIZEWT, MTXD
BB ARCBRED—DOTH5LEibNh
3,

I

EMRERITTBICH D, BIERBEBR -
ZOREE ARR R A REME - e L
iFEd,



24

X

1) van Boekel MA, Vossenaar ER, van den Hoogen FH, et
al. Autoantibody systems in rheumatoid arthritis:
specificity, sensitivity and diagnostic value. Arthritis
Res 2002; 4: 87-93.

2) Kowanko IC, Pownall R, Knapp MS, et al. Time of
day of prednisolone administration in rheumatoid
arthritis. Ann Rheum Dis 1982; 41: 447- 52.

3)Cohen S, Cannon GW, Schiff M, et al. Two-year,
blinded, randomized, controlled trial of treatment of
active rheumatoid arthritis with leflunomide com-
pared with methotrexate. Utilization of Leflunomide
in the Treatment of Rheumatoid Arthritis Trial
Investigator Group. Arth Rheum 2001; 44: 1984- 92.

4) Olsen NJ and Stein CM. New drugs for rheumatoid
arthritis. N. Engl. J. Med. 2004; 350: 2167- 79.

5)Klareskog L, van der Heijde D, de Jager JP, et al.
Therapeutic effect of the combination of etanercept
and methotrexate compared with each treatment
alone in patients with rheumatoid arthritis: double-
blind randomised controlled trial. The Lancet 2004;

3

363: 675-81.

6) Bellamy N, Sothern RB, Campbell J, et al. Rhythmic
variations in pain, stiffness, and manual dexterity in
hand osteoarthritis. Ann Rheum Dis 2002; 61: 1075
80.

7)Straub RH and Cutolo M. Circadian rhythms in
rheumatoid arthritis: implications for pathophy-
siology and therapeutic management. Arth Rheum
2007; 56: 399- 408.

8) Nandakumar KS, Svensson L, Holmdahl R Collagen
type II-specific monoclonal antibody-induced arthritis in
mice: description of the disease and the influence of
age, sex, and genes. Am J Pathol 2003; 163: 1827-37.

9)To H., Irie S., Tomonari M., et al. Therapeutic index of
methotrexate depends on circadian cycling of tumor
necrosis factor-a in collagen-induced arthritis rats
and mice. / Pharm Pharmacol 2009; 61: 1333-8.

10) BEA. 1Y) v v FEOBRBRANORY. AL
B 2009; 15: 339.



Chronobiology international, 28(3): 267274, (201%) .
Copyright © Informa Heaithcare USA, inc. informa
ISSN 0742-0528 print/1525-6073 online healthcare

DOk 10.3109/07420528.2011.553017

Methotrexate Chronotherapy is Effective Against Rheumatoid Arthritis
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Methotrexate (MTX} is the most important drug for treating rheumatoid arthritis {RA). It has been stated that cytokines
play an important role in the pathogenesis of RA, and that cytokine levels increase and show 24-h rhythms in RA
patients. Previously, we found that arthritis was relieved after the administration of MTX at specific times in
synchronization with the 24-h rhythm of tumor necrosis factor (TNF)-a in collagen-induced arthritis (CIA) animals.
Based on our findings in an earlier study of the dosing time-dependent effects of MTX in MRL/lpr mice, which
develop autoimmune disorders that share similarities with human RA, we examined here the utility of MTX
chronotherapy in Japanese RA patients. In an initial animal modeling study, we collected blood from MRL/Ipr mice
at different times (2, 6, 10, 14, 18, or 22 hours after the light was tumed on [HALO)), and we measured TNF-c mRNA
expression in- leukocytes. MTX was administered to the mice at two different dosing times {6 or 18 HALO), and
various blood parameters were measured to estimate arthritis activity,. TNF-o mRNA levels showed a clear 24-h
rhythm with a peak at 22 HALO and a trough at 18 HALO after RA had developed. in these MRL/lpr mice,
inflammation and TNF-« were markedly reduced when the MTX dosing time was matched to the time (18 HALO)
when the TNF- level began to increase. We then applied these findings to Japanese RA patients by switching them
from the standard MTX three times/wk (day 1: after breakfast and supper; day 2: after breakfast schedule), to
chronotherapy, in which the dose and number of doses/wk were not changed but MTX was administered once-a-
day at bedtime. Disease Activity Score (DAS)28, modified health assessment questionnaire (MHAQ), and adverse
effects were assessed, With MTX chronotherapy, DAS28, which is commonly used to quantitatively assess RA
symptoms, was significantly improved at all follow-up clinical visit times compared with the baseline (vs. 1 mo: p
=.0197, 2 mos: p=.0107, 3 mos: p=.0087). Significant symptom recovery was observed in 41.2% of patients, and
23.5% of patients achieved clinical remission during the 3 mos of follow-up. Functional capacity of RA patients, as
indicated by the MHAQ, was markedly improved by chronotherapy. There were no severe adverse effects, Thus, we
demonstrated (i) inflammation and plasma TNF-a concentrations were significantly reduced in MRL/pr mice treated
with MTX at 18 HALO, the time when TNF-x mRNA fevel began to increase; and (ii) MTX bedtime chronotherapy
was safe, markedly reduced disease activity, and improved the functional capacity of RA patients. The findings on
RA patients show that bedtime MTX chronotherapy can improve RA symptoms compared to the current standard
dosing methods. (Author correspondence: hide-to@umin.net)

Keywords: Chronotherapy, Human trials, Methotrexate, Rheumatoid arthritis, Rodent models, Ig-GRF, Serum
Amyloid A, TNF-a

INTRODUCTION joint inflammation (Kremer et al., 1992; Weinblatt et al.,
Methotrexate (MTX) is one of the most commonly used 1992), and conveys marked survival benefit (Choi et al.,
disease-modifying antirheumatic medications, and it 2002) in rheumatoid arthritis (RA) patients. However,
induces a high American College of Rheumatology im- MTX also causes adverse effects, such as myelosuppres-
provement response rate (Cohen et al., 2001), inhibits sion and interstitial pneurnonitis, because it is an
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anticancer agent. Therefore, it is necessary to design a
safe and effective dosing protocol for MTX treatment.

Chronotherapy, the dosing of medications with refer-
ence to critical 24-h rhythms of disease activity and the
pharmacokinetics and pharmacodynamics of medi-
cations, has been applied for the treatment of various
medical conditions, for example, asthma, hyperlipide-
mia, and hypertension (D’Alonzo et al.,, 1995; Hermida
et al, 2010; Haus, 2007; Saito et al., 1991; Smolensky
et al., 2007). Moreover, it has been shown to decrease
the adverse effects of anticancer drugs in basic and clini-
cal studies (Kodama et al., 2009; Lévi et al., 1997; Tabuchi
et al,, 2005). In previous studies, MTX showed greater
therapeutic effects against childhood leukemia when ad-
ministered in the evening than in the morning (Rivard
et al, 1993; Schmiegelow et al., 1997). MTX also was
found to show dosing time-dependent toxicity in mice
(Ohdo et al., 1997).

RA is an autoimmune disorder of unknown etiology,
and morning stiffness is a well-known characteristic
(Arnett et al., 1988). It was reported in recent years that
chronotherapy using modified-release prednisone was
more effective against RA than standard immediate-
release prednisone (Buttgereit et al., 2008). However,
chronotherapy involving MTX, which is the first-line
disease-modifying antirheumatic drug (DMARD) treat-
ment against RA, has not been examined. In recent
years, it has been found that cytokines play an important
role in the pathogenesis of RA (Chu et al., 1991) and that
the levels of proinflammatory cytokines are increased in
RA patients. Blood cytokines show 24-h rhythms in RA
patients (Arvidson et al., 1997; Sulli et al., 2002), and
these rhythms correspond to morning stiffness. We,
therefore, considered that RA therapy associated with cy-
tokine 24-h rhythms might be more effective than the RA
therapy protocol currently used in clinical practice. It was
previously reported that collagen-induced arthritis (CIA)
mice, which show a similar pathology, immunology, and
genetics to RA patients, also showed similarly augmented
cytokine levels (Marinova-Mutafchieva et al., 1997;
Mussener et al., 1997). We previously studied whether
MTX exhibited a dosing time-dependent efficacy and
toxicity using CIA model animals. We found a daily vari-
ation in plasma tumor necrosis factor (TNF)-o concen-
tration in the CIA model after RA had developed and
that arthritis was relieved after the administration of
MTX when synchronized to the 24-h rhythm of TNF-o
(To et al., 2009). Thus, we expected the clinical
application of MTX chronotherapy to improve its anti-
rheumatic effect. Here, we assessed the dosing time-
dependent effects of MTX in MRL/Ipr mice, which
develop autoimmune disorders that share similarities
with human RA (Abe et al, 1980; Koopman & Gay,
1988). Then, based on our findings of the animal
studies and the 24-h TNF-a rhythms of RA patients, we
changed the dosing schedules of RA patients from the
standard MTX schedule, in which MTX is administered
three times/wk (day 1: after breakfast and supper; day

2: after breakfast only), to a chronotherapy schedule, in
which the dose and number of doses/wk were not
changed, but MTX was administered once-a-day at
bedtime, to examine whether a dosing-time dependency
of the therapeutic effects of MTX treatment could be de-
tected in the RA patients.

METHODS

Animals

Male MRL/Mp]-Tnfrsf6"""/Crlj (MRL/lpr) mice were pur-
chased from Charles River Japan (Japan). They were
housed 6-10/cage under standardized light-dark cycle
conditions (lights-on and lights-off at 07:00 and 19:00 h,
respectively) at a room temperature of 24°C+1°C
(range) and relative humidity of 60%+10% (range) and
were allowed free access to food and water.

Patients

Participants were enrolled at Sasebo Chuo Hospital in
Japan from July to September 2009. All were outpatients,
aged 20 yrs or older, had a diagnosis of adult-onset RA, a
disease duration of >3 mos, and Disease Activity Score
(DAS)28 of >3.2, and were not using biological drugs.
The patients had to have received MTX for 23 mos
before the study and to have received a stable dose for
22 mos before the screening. Exclusion criteria included
treatment with unstable doses of DMARD within 3 mos of
screening, prior treatment with tacrolimus or mizoribine,
current use of 210.1 mg/day of prednisolone, and begin-
ning prednisolone treatment within 1 mo of screening.
Individuals with important concurrent medical diseases,
who had undergone surgery within 6 mos, or pregnant
were not excluded.

Ethics

All experiments were conducted ethically (Portaluppi et al.,
2010). Animal experiments were performed after formal
approval had been received from the Institutional Ethical
Committee for Research on Animals of Nagasaki University,
and human trials were conducted after all participants
gave their written informed consent before the screening.
The study protocol was approved by the ethics committees
for each site and was registered with the UMIN Clinical
Trials Registry under number UMIN0G0000928.

Preparation of MTX in MRL/Ipr Mice

MTX was dissolved in 7% sodium bicarbonate, prepared
at a suitable concentration, and intraperitoneally (i.p.)
administered at 0.01 mL/g.

Twenty-Four-Hour Rhythm of TNF-o. mRNA Expression in
MRL/Ipr Mice

Blood was taken from the hearts of 10- and 15-wk-old
MRL/Ipr mice (n=5-7) at different times (2, 6, 10, 14,
18, or 22 hours after the light had been turned on
[HALOQ]), and leukocytes were obtained. Total RNA was
extracted from the leukocytes using TRIzol reagent
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(Invitrogen), and cDNA was synthesized and amplified
using an ExScriptTM RT Reagent Kit. Quantification of
TNF-o mRNA was performed by real-time polymerase
chain reaction (PCR) detection, using an ABI PRISM
7000 sequence detection system (Applied Biosystems)
and SYBR Green detection of the amplification products.
The copy numbers of the transcripts were measured
against copy-number standard curves for the cloned
target templates consisting of 10-fold serial dilution
points. The amplification mixtures contained 10 uL of
2x SYBR Premix Ex TaqTM, 1 ul. of cDNA synthesis
mixture, 4 pmol each of the forward and reverse
primers, and distilled water in a total volume of 20 pL.
The mTNF-o primers used were as follows: forward:
5'-ACAAGGCTGCCCCGACTAC-3' and reverse: 5'-
TTTCTCCTGGTATGAGATAGCAAATC-3'. Al mRNA
expression levels were normalized to the levels of B-actin.

MTX Dosing Time-Dependent Change in Serum Amyloid A
(SAA), Immunoglobulin G-Rheumatoid Factor (IgG-RF), and
TNF-o Concentrations in MRL/lpr Mice

Based on the 24-h rhythm of TNF-oz mRNA level (see
Figure 1), MTX (10 mg/kg) was administered to 10-wk-
old MRL/Ipr mice (n = 8) three times/wk for 2 wks (total
of 60 mg/kg of MTX) at 6 or 18 HALO when the TNF-a
level begins to decrease or increase. Sodium bicarbonate
(7%) was administered to the control group (n = 14 or 15).
On day 14, blood was taken at 2 HALQ, and the samples
were immediately centrifuged at 3,000 rpm for 15 min.
Plasma was stored at -~80°C until analyzed.

Measurement of SAA, IgG-RF, and TNF-a Levels in Blood

SAA and IgG-RF were measured using a Mouse SAA
ELISA (enzyme-linked immunosorbent assay) kit (SW
type) and a Mouse IgG Rheumatoid Factor ELISA kit
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FIGURE1. Twenty-four-hour thythms of TNF-o. mRNA in 10- ()
and 15- (¢#) wk-old MRL/lpr mice. The relative expression levels of
TNF-¢ mRNA compared to those of B-actin are shown. Each value
represents the mean and SD of five to seven mice. *p < .05 and **p

<.01 compared to the 10-wk-old group. TNF-& mRNA levels in
leukocytes showed a clear 24-h rhythm with higher levels at 22
HALO and lower levels at 18 HALO in the 15-wk-old group (F
from ANOVA = 3.55, p <.05; p from cosinor = .06).
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(Shibayagi, Japan). Multianalyte profiling was performed
using the Luminex-100 system (Luminex). The acquired
fluorescence data were analyzed using MasterPlex QT
software (Ver. 1.2; MiraiBio). Plasma TNF-o. concen-
trations were determined using the Mouse Inflammatory
Cytokine 4-Plex kit (Biosource). All analyses were per-
formed according to the manufacturers’ protocols.

Clinical Trial

The clinical trial was a prospective, single-arm study to
assess the effects and safety of MTX chronotherapy in RA
patients. In the chronotherapy, the dose and number of
doses/wk were not changed from the original MTX
dosing schedule of each patient, but MTX was orally admi-
nistered once-a-day, always at bedtime. Patients were
scheduled for routine follow-up clinic visits in wks 4, 8,
and 12 of chronotherapy, and efficacy and safety-related as-
sessments were performed. The primary endpoints were
changes in the DAS28 and leukocyte count from the base-
line (wk 0) to 3 mos of chronotherapy. The secondary end-
points included tender and swollen joint counts, the
patients’ assessment of their overall disease activity, modi-
fied health assessment questionnaire (MHAQ), and the C-
reactive protein (CRP), SAA, matrix metalloproteinase
(MMP)-3, RF, TNF-¢, and interleukin (IL)-6 levels in serum.

DAS28 is a composite score based on tender and
swollen joint counts (28 joints), the patient’s global as-
sessment of their disease activity (100 mm Visual
Analog Scale [VAS]: O0=no activity, 100=extreme
activity). DAS28 values were calculated as follows:

DAS28  (CRP)=0.56 x y(TJC28) + 0.28 x y(SJC28) +
0.014x GH+036xIn(CRP+1)+0.96, where TjC=
tender joint count, SJC=swollen joint count, GH=
general health, and CRP = C-reactive protein in mg/dL. A
score of 25.1 indicates high disease activity, a score > 3.2
and <5.1 indicates moderate disease activity, a score <
3.2 indicates low disease activity, and a score <2.6 indi-
cates disease remission (van Gestel et al., 1996). The Euro-
pean league against rheumatism (EULAR) response states
were classified as follows: good responders were patients
displaying an improvement of > 1.2 and a present score
of £3.2; moderate responders were patients displaying an
improvement of >0.6 and <1.2 and a present score of
<5.1, or an improvement of > 1.2 and a present score of
>3.2; and nonresponders were any patients displaying
an improvement of <0.6, or patients displaying an im-
provement of > 0.6 and <1.2 and a present score of >5.1
(Fransen & van Riel, 2005).

Myelosuppression was evaluated according to the
Common Toxicity Criteria for Adverse Events version
3.0 (CTCAE 3.0). Leukocyte counts were graded as: 1
(3500-3000 cells/mm?®), 2 (2999-2000 cells/mm?®), 3
(1999-1000 cells/mm?3), or 4 ( < 1000 cells/mm?®).

MHAQ assesses the ability of patients to perform daily
activities using eight questions. The final MHAQ score is
the mean score of the eight questions and ranges from 0
to 3, with higher levels reflecting greater disability
(Pincus et al., 1983).
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CRP concentrations were determined at Sasebo Chuo
Hospital, and SAA, MMP-3, and RF levels were analyzed
by a central laboratory. TNF-o and IL-6 levels were deter-
mined using the Bio-Plex kit. All analyses were performed
according to the manufacturers’ protocols.

Statistical Analysis

The data are presented as the meantstandard deviation
(SD), except for the data regarding the TNF-o. mRNA,
TNF-a, SAA, and IgG-RF levels of the mice and the
DAS28 and DAS28-related parameters of the RA patients.
Groups were compared by one-way analysis of variance
(ANOVA) and repeated-measures ANOVA, and differ-
ences between groups were determined using Scheffe’s
or Fisher’s protected least significant difference test. We
defined 24-h rhythmicity as significant when both
cosinor analysis and one-way ANOVA were significant.
Cosinor analysis is a natural way of modeling cyclic be-
havior, and is performed by a single 24-h cosine curve
fitting using software (Time Series Analysis Seriel
Cosinor 6.3).

The MHAQ results are shown as box plots. For each
box plot, the median value is represented by the
central, horizontal line; the upper and lower quartiles
(75 and 25 percentiles) are represented by the upper
and lower borders of the box; and the upper and lower
extents of the vertical lines extending from the boxes rep-
resent the values of the 90th and 10th percentiles,
respectively. Leukopenia is shown as each patient’s
score. Among-group comparisons of MHAQ, RA-related
parameters, and leukopenia were made using the Fried-
man test. Intragroup post hoc testing was performed
using the Wilcoxon signed-rank test with Bonferroni's
correction after the Friedman test. A probability level of
less than .05 was considered to be significant.

RESULTS

Twenty-Four-Hour Rhythms of TNF-o. mRNA Expression in
Leukocytes of MRL/lpr Mice

TNF-o mRNA levels were detected after total RNA had
been extracted from the leukocytes of MRL/Ipr mice.
There was no significant 24-h rhythm in TNF-a& mRNA
levels at 10 wks by ANOVA and cosinor analysis.
However, at 15 wks, the TNF-a mRNA levels showed a
clear 24-h rhythm with higher levels seen at 22 HALO
and lower levels observed at 18 HALO (F from ANOVA
=3.55, p<.05; p from cosinor = .06; Figure 1).

Influence of MTX Dosing Time on SAA, IgG-RF, and TNF-a
Levels in MRL/lpr Mice

MTX was administered three times/wk at 6 or 18 HALO
based on the 24-h rhythm of the TNF-o. mRNA level
(Figure 1). The plasma TNF-o levels did not differ
between the control and 6 HALO groups, although they
were significantly lower in the 18 HALO group than in
the control group (p <.05; Figure 2). The SAA concen-
tration in the 18 HALO group was significantly lower
than that in the control and 6 HALO groups (vs.
control: p<.01; vs. 6 HALO: p<.05; Figure 2). The
groups treated with MTX showed a markedly decreased
IgG-RF index compared with the control group (vs. 18
HALO: p < .05; Figure 2).

Baseline Characteristics of the Japanese RA Patients

Twenty-two rheumatoid arthritis patients between 41
and 78 yrs of age were enrolled and (77%) received
MTX chronotherapy for the entire 3 mos of the study.
Their demographic and baseline characteristics are de-
scribed in Table 1. One of the 17 patients had a DAS28
of >5.1, indicating high disease activity, and the other
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FIGURE 2. Influence of MTX dosing time on the plasma SAA concentration, IgG-RF index, and TNF-a concentration in MRL/Ipr mice.
MTX (10 mg/kg) was administered three times/wk for 2 wks (total of 60 mg/kg of MTX) at 6 and 18 HALO. Each value represents the
mean and SD of 8 to 15 mice. The TNF-a level was significantly lower in the 18 HALO group than in the control group ( p <.05). The
SAA and IgG-RF levels were significantly decreased in the 18 HALO group compared with the control group (p<.01 and p <.05).

Chronobiology International



TABLE 1 Demographic and baseline characteristics of the
Japanese RA patients

Number of patients 17
Age (yrs) 61 (41-78)°
Sex 5/12°
Body weight (kg) 50.2 (29.8-72.0)*
Duration of RA (yrs) 11.8 (2-33)°
MTX dose {mg/wk) 6 (4-8)F
Disease Activity Score 28 3.83 (3.25-5.30)°
Stage

1

11 0

m 4

v 5

8

Class

I 1
I 16

“Mean (minimum-maximum).
bMale/female.
‘Median (minimum-maximum).

patients had a DAS28 of between 3.2 and 5.1, indicating
moderate disease activity.

Influence of MTX Chronotherapy on DAS28, MHAQ, and
Adverse Effects in Japanese RA Patients

Table 2 shows the four factors involved in the calculation
of the DAS28. The tender joint count decreased slightly
after chronotherapy. On the other hand, the swollen
joint count decreased markedly from 1.18 at baseline (0
mos) to 0.29 at 3 mos. The CRP level continued to
improve throughout the 3-mo study period, and im-
proved by 64.2% after the chronotherapy compared
with baseline. VAS, which represents the patient’s
global assessment of his/her own disease activity,
hardly changed despite the patients recognizing the
change in the MTX administration method.

The mean DAS28, which is the most commonly used
indicator for quantitatively estimating RA symptoms,
was 3.65 at 2 mos before chronotherapy and 3.83 at
the start of chronotherapy (p=.279), and the condition
of the RA patients was maintained between moderate
and high disease activity. DAS28 was significantly im-
proved after MTX chronotherapy throughout the three
clinic visits compared with the baseline (vs. 1 mo: p
=.0197; 2 mos: p=.0107; 3 mos: p=.0087 of follow-up;
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Figure 3A). On the basis of the EULAR definitions of
the treatinent response according to DAS28 at 3 mos,
seven (41.2%) patients achieved a moderate response,
and four (23.5%) patients attained clinical remission
(DAS28 < 2.6).

MHAQ, an indicator of functional capacity of RA
patients, was markedly decreased by 3 mos of chron-
otherapy ( p=.0529; Figure. 3B).

In this study, there were no severe adverse effects.

Influence of MTX Chronotherapy on RA-Related Factors in
Japanese RA Patients

Secondary efficacy variables are shown in Table 3.
The SAA concentrations gradually decreased over the 3
mos of the chronotherapy, and had improved by 60.6%
after the chronotherapy compared with baseline. The
other RA-related factors did not change throughout the
study.

DISCUSSION

Pain and stiffness show 24-h rhythms with a peak in the
early morning in many RA patients (Bellamy et al., 1991,
2002; Kowanko et al., 1982), and the 24-h rhythm of pain
and stiffness may play a role in local and systemic inflam-
matory responses. Herold and Giinther (1987) reported
that plasma CRP levels, an indicator of inflammatory
responses, showed a 24-h rhythm with a peak in the
early morning and a trough in the evening in RA patients,
which matches the rhythm of pain and stiffness. Proin-
flammatory cytokines, such as TNF-a and interleukin
(IL)-6, are secreted from activated monocytes, and
macrophages promote CRP levels in hepatocytes. There
were clear 24-h rhythms in the blood concentrations of
these cytokines, with higher levels seen in the early
morning in RA patients (Crofford et al,, 1997; Perry
et al.,, 2009). Since the 24-h rhythms of CRP and cytokines
are similar, it is considered that cytokine rhythms con-
tribute to the rhythm of CRP. In our preliminary study
using CIA model mice, a significant 24-h rthythm was de-
monstrated for the concentration of SAA, a marker of the
inflammatory response induced by cytokines, and SAA
levels were higher at 2 HALO and lower at 22 HALO in
mice (data not shown). The plasma TNF-« concentration
also showed a 24-h rhythm with a peak at 2 HALO (To
et al,, 2009). In the current study, we examined TNF-a

TABLE 2 Changes in Japanese RA patients between before and after treatment with MTX chronotherapy

Time (Mos) before and after MTX chronotherapy

-2 0 1 2 3 p value
Tender joint count 9.77+8.71 10.35 % 7.55 8.77 £8.07 8.7718.20 8.88+7.78 N.S.
Swollen joint count 0.65+1.58 1.18 1 1.51 0.18+£0.73 0.4111.46 0.29+0.99 N.S.
CRP (mg/dL) 0.60+0.94 0.67+1.29 0.67£1.11 0.54+0.94 0.43+0.71 N.S.
VAS (mm) 41.18:+23.69 35.47 £ 25.65 32,94 +£23.26 32.06 +21.94 32.94+22.01 N.S.

Data are presented as the mean + SD.
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baseline (vs. 1 mo: p=.0197; 2 mos: p=.0107; 3 mos: p =.0087).

TABLE 3 Changes in Japanese RA patients after 3 months of treatment with MTX chronotherapy

Time after MTX chronotherapy (mos)

0 1 2 3 p-value
SAA (pg/mL) 13.2 [7.35-24.2] 7.0 [4.6-27.9) 9.5 [4.4-29.1] 8.0 [4.0-31.1) N.S.
MMP-3 (ng/mL) 81.3 [50.1-151.0] 89.4 [50.5-162.3) 79.9 [54.9-139.3) 83.8 [51.1-163.8] N.S.
RF (IU/mL) 57.0 [3.5-161.3) 58.0 [2.0-127.0) 54.0 [1.3-202.8] 52.0 [2.3-192.5] N.S.
TNF-o pg/mL) 6.44 [2.72-19.8] 6.4 [4.56-61.2) 4.56 [1.13-86.4] 6.44 [3.18-41.0] N.S.
IL-6 (pg/mL) 7.37 [3.55-33.1] 16.0 [3.47-43.6) 8.40 [4.35-41.1] 9.09 [6.10-29.1] N.S.

Data are presented as median values [25 percentile-75 percentile].

mRNA expression in MRL/Ipr mice. A clear 24-h rhythm,
involving higher levels during the late dark phase, was
observed for TNF-a mRNA expression. Plasma SAA and
TNF-a concentrations also showed 24-h rhythms with
peaks at 2 HALO in MRL/lpr mice (data not shown).
Therefore, changes in TNF-o concentration may affect
the 24-h rhythm of SAA.

In a previous study, our findings with CIA model mice
suggested that choosing an optimal dosing time that is
associated with the 24-h cycle of TNF-a would lead to
the more effective treatment of RA with MTX (To et al.,
2009). In this study, in which we used MRL/lpr mice,
the 18 HALO group showed significantly reduced
plasma SAA levels compared to the control and 6 HALO
groups and displayed significantly reduced TNF-u levels
compared to the control group. MTX inhibits the pro-
duction of cytokines by suppressing lymphocyte prolifer-
ation (Williams et al., 2001) and TNF-« transcriptional
activity (Becker et al., 1998). However, neither the 6 nor
18 HALO group showed a significant decrease in their
leukocyte counts compared with the control group
(data not shown). Thus, MTX may reduce plasma TNF-

o level by suppressing transcriptional activity rather
than suppressing lymphocyte proliferation. In this
study, the dosing time-dependent change in the SAA
level corresponded to an identical change in TNF-o
level. It is likely that the level of SAA is also reduced
due to a decrease in TNF-a concentration after MTX
administration at 18 HALO. In addition, arthritis and
inflammation were reduced in the dark phase (activity
span of mice), when plasma TNF-a concentration
began to increase, in both the CIA model and MRL/lpr
mice. These findings reveal that the therapeutic effects
of MTX treatment can be improved by administering
MTX when the TNF-a level begins to increase in the
blood.

From our studies using RA model animals and the 24-
h rhythms of RA patients, we anticipated that higher
therapeutic effects compared with those of the current,
conventional, treatment schedule could be achieved
with chronotherapy in which MTX was administered
before bedtime and the dose and number of doses/wk
remained the same. Bedtime MTX chronotherapy im-
proved the DAS28 in 14 of 17 patients (82.4%), and the
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mean DAS28 value was significantly decreased by 0.460
at 1 mo, 0.506 at 2 mos, and 0.521 at 3 mos after the
start of chronotherapy. In particular, despite the dose
and number of doses remaining the same, 23.5% of
patients achieved clinical remission, and a significant
therapeutic effect was observed in 41.2% of patients. In-
terestingly, four (80%) male and three (25%) female par-
ticipants achieved a moderate response, with men
showing a greater therapeutic effect compared with the
women. Although the number of patients was not suffi-
cient in this study, sex differences may lead to variations
in the efficacy of the chronotherapy regimen.

DAS28 is calculated from the following four par-
ameters: tender and swollen joint counts, patient’s
global assessment of his/her disease activity, and CRP
concentration. The tender joint count and CRP level
changed little throughout this study. On the other
hand, the swollen joint count was markedly decreased
in all patients after 3 mos of chronotherapy. The patients’
global assessments of their disease activity were suscep-
tible to bias because each patient evaluated their own
degree of illness. In this study, the patients understood
that the method of MTX administration had changed;
however, the patients’ global assessments of their
disease activity did not show significant changes, even
though a placebo effect of the chronotherapy was antici-
pated. Therefore, it was considered that the placebo effect
did not contribute to the observed significant decrease
in DAS28. It was revealed that MTX chronotherapy
improved the functional capacity of RA patients, although
we could not clarify the factors responsible for the
improvement in MHAQ from the data obtained in this
study. Almost all patients had mild leukopenia, although
the incidence of leukopenia higher than Grade 1
increased from 11.8% to 23.5% throughout the study.
Moreover, there were no severe adverse effects in the
17 patients who completed the trial. From these results,
it was demonstrated that MTX chronotherapy is safe
and markedly improved disease activity and the func-
tional capacity of RA patients.

Daily variations in the pharmacokinetics of MTX may
be involved in the higher therapeutic effect in RA patients
brought about by administering MTX at night in the
present study. Although the pharmacokinetics of MTX
were not determined in this study, it was reported in pre-
vious studies that there were no dosing time-dependent
changes in MTX pharmacokinetics in patients with
cancer (Balis et al., 1989; Robinson et al., 1989). More-
over, no difference was noted in MTX pharmacokinetics
according to the clock hour of injection when MTX was
administered intramuscularly at 10:00 or 18:00 h to RA
patients (Carpentier et al., 1998). In our previous study,
CIA mice administered MTX in the rest phase showed a
larger area under the plasma concentration-time curve
of MTX than mice administered MTX in the active
phase (To et al., 2009). However, the daily variations in
the pharmacokinetics of MTX were not related to the
dosing-time dependency of MTX efficacy. From the

@ Informa Healthcare USA, Inc.
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results of our studies and the 24-h cycles of cytokines
in RA patients (Crofford et al.,, 1997; Perry et al., 2009),
it is thought that MTX has a significant dosing time-de-
pendent anti-inflammatory action and that this effect
may be due to the 24-h rhythms of cytokine levels
rather than the pharmacokinetics of MTX.

CONCLUSIONS

The present study, using MRL/Ipr mice, revealed that ad-
ministering MTX at specific times in accordance with the
24-h rhythm of TNF-o leads to decreased inflammatory
responses to RA. It was demonstrated in RA patients
that disease activity and the patients’ functional capacity
were improved while safety was maintained when MTX
was given once-a-day at bedtime based on our results
of the animal study and the 24-h rhythm of TNF-a in
RA patients. Choosing an optimal dosing time that is
associated with the 24-h rhythms of RA symptoms is,
therefore, expected to lead to more effective MTX
therapy for RA. We consider that MTX chronotherapy,
which showed strong therapeutic effects compared with
the current standard treatment in this study, has potential
as an RA therapy. To confirm our findings, we are now
performing a double-blind, randomized, controlled trial.
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% AN

o interleukin6 (IL-6) ® TNF-a % XD HREMES 1 M A 4
vOMPBRERX BPICRBEERTEVIBRAY LL8H
BoHoha® 7., REALPHCREKETHI2H44
BIEOBRETIIIL6OEA ) X2 13BH LB WD,
DL BAY XAZRABEREOBRRTHLILEL
SR ULEED, CHhIEYORERFEIZA LD O THE
HH4 A4 ORAY XAHEE LTV AOTREVD
EEZLONTVS. BE, X3 GHEY XAHBROH
HRTFBITIEATEY, SEOMEOERICHFFL v,
3. ThETO RA BRRICH T IRMEDME

RAKBUIAZIHLIEVEOERAI XLOFEREL D
FiMmonTwid, 0k &b Rk
(R ESAE:) XF L A LTTbITwiv, Arvidson 5
i, ERBIRHEBASVEVETHATV F=Var%2:
0047:30121 B 1 EIRIEL, BRHERG® CIHRRStE
FMLA ZoOE 2:0HEECEAOIbLITY 2 LIS
BWT7:30&KEHLEML CTHEICERTEISCE:
SMLEY. LaL, BEk LICHED RA O¥EDE
BB TIORMGERIZECABHSWBICRE-, T,
v, F0RBLELTR, ABEREDLALSTL =Y
Or%2:00 ICHRATAC &A% BIRIICIZHEBRENTH -
gz ond,

LA L. 2008 4£{Z Buttgereit 5icL > TRA KT A
RSB OT 7= e B D 2 Lancet (& S h 7. KR
BRix7L b=V o8 L 284 TH Y, RER
MArEBIhELE22: 00 DRAFHHANC L > T
ol HEROEATHCPRESINE 7 V—T LR
BERSEHVCTEANCREINI /I V—-TO2RICS
Foh, —HEREERBRMER SR TR B
BRI FEEAR L AR L THERICTHOIbIED %
BRTELLAELGN LR ST

PED X3, RAICBIT A RENMLRIZOVTIL,
AF 94 FORHEDREOF AN EHIhTH5.
4. MTX IEH T2 BARPRCEOR A

CRECII/EMHIICOWTIR, A794 FIZX5HM
EWRENORNI L ShTWwAD, BIEDO RAEBROLE
=y blRoTwiRERFTOUEZHAD L LI
DMARD 420 58A 2 5§ & L2-BHEDREICH
TAHHERGIREIISE LY. F2C, Beld, #ATR
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L VSR TYv:5 DMARD @ MTX #HWT. RA 7NV
5 & U RA BE T A RICEERSEWED k% W3t
L7

M OMEIC RA BROMNRERBTAIMa5—5 >~
e (CIA) =7 AZRRIC, RBIES L UBRIERICBT
A M4 TNF-a BEZME L &%, CIABTIX, R
BB LWThORERSTD TNFaREFAREIC
EFL, 9:00 IR, 21 : 00 BB RTAELE
B XLAHEHLA (Fig. 1). KiZ, COHEAYXL%2%E
BLT, TNF-aiEXHMMLHEDS5:00b LIZETL
T3 17:00 12 MTX %245 L T, RERZOEWVIZLS
PSS MBI R FMUL. ZOER. 5: 00 FEHITBY
T, control HEB L V17 : Q0 XER LB L THEICHM
ROWMEXWFTEZ PP E o720,

VEDRA FNVEMIC L DEBRERL RA BEORIE
B4 bH4>ORA) XAhs, MTXOHEEY L I~
FER#EETHE, MTX 280 () ICRETHZL
T, L DHROLERBEFBONL ZENTFRINL.
22T, RABEAHRICMTX ORMEWRELITS =
LT DERDEFRFE L B LERDHROM LB & UBIE
B OEREATHENBPIZOW TR L 7.

Fig.2 1213, MTX ORMERREIZL > THROMAR
RO LERDEREE %R L7, RA OEEEED1-5T
&5 DAS28 13, WM tEMEBRETT & LB L, R RRBA G
BEMLVETL, BVBRHRFBOON. S6I2
FRERESETIL, 17 AO#ERE (BES M, itk 12 1) »¢
3 AR ORI G % $28k L. DAS28 (F39f) 13, B
BARETT & B LSRG RETR 3 # A THERBICRA L.,
23.5%DHEBEIVBEMTERICEE L. 3612, 41.2%
DHERE T EULAR BB EEDPEFERISH R b,
7., RBRMMPESLRAFERIZDOhE o7k,

5. &8

RAICIX, RBRFRMNLHEB) XA2ALTEY, Ch
SDOHBRFOBAICE T, BRI VHRWEEEZD
BRI BEMfFShD. 512, ez, BIDER
BLUBEERFREICT. MTX OR%EDREOEREZH
SMzL. BE EELUM_EERIERBRZERL
THEY, LOREMEICT VADPHETESLZ L2
LTw3, Bl &% W2 DRFBEIES b DD,
BN EETH A MTX 2 VR EDREZ, X%
7% RA BYREORRIWREL ), EHREBOHIRIC
LbBBWIIHETERLEELIOLNS.
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