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Lipopolysaccharide (LPS) is a highly bioactive substance that can cause local and systemic damages to various organs
in both humans and animals, even at very low doses. Deoxyribonucleic acid (DNA) from bacteria or viruses has been
reported as one of the pathogen-associated molecular patterns (PAMPs) that can induce endotoxemia-like inflammation
in animals. We have reported that digoxin pharmacokinetics was changed by the administration of LPS or bacterial
DNA containing unmethylated CpG motifs (CpG-DNA) in rats. However, there has been no report concerning the
effects of LPS or CpG-DNA administration on the difference in digoxin pharmacokinetics. In this study, we compared
the pharmacokinetics of digoxin as a probe ligand for a two-compartment model in a transient inflammatory model
induced either by LPS or CpG-DNA. We also examined the changes in digoxin pharmacokinetics in rats after LPS or
CpG-DNA administration. In addition, plasma concentrations of tumor necrosis factor-a. (TNF-o), interleukin-1f (IL-
1B), and nitrite/nitrate (NOx) were determined after LPS or CpG-DNA administration (5 mg/kg, ip). The area under
the plasma concentration-time curve (AUCDO) of digoxin increased significantly on Days 1-3 after LPS and CpG-DNA
administration (P < 0.05). On Day 5 after LPS and CpG-DNA administration, there were no significant differences
in either AUC  or clearance compared with the control group. The elimination rate constant remained relatively
unchanged throughout the experiment. The changes in digoxin pharmacokinetics in rats were similar for both LPS and
CpG-DNA administration, but the amounts of plasma TNF-a, IL-1p, and NOx production were significantly higher
with LPS administration than with CpG-DNA administration. These findings suggest that a transient inflammatory
condition is stronger when induced by LPS (5 mg/kg) than when induced by CpG-DNA (5 mg/kg), but the changes in
digoxin pharmacokinetics in rats are influenced by both in a similar way.
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1. EU®IC factor-a (TNF-a) 3 & U interleukin-1p (IL-1p) 7%
EDTA MAAOEAR, EHEHCBS L, IR,

Lipopolysaccharide (LPS) X% ¥4, HeE, V>~ FEE, R, KR EORIERISZ S REs
B 5755 75 LIEMER ORI A D 32 ERE ROK KUORE MO ZRRERE A G2 AT %
7T, METHERICE T EamEZEIE —J5, NTTUTEET ANV AHKD DNA &
HYEEOSWIIETH %12) LPS (& tumor necrosis pathogen-associated molecular patterns (PAMPs)
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D1DTHH, TV R FFVURRORIEZ AT
BT UMEEENTNG, ZOMTELTE, T
Y RYA b= R K OHIRMICEALUTZIEAXAF
W vy - UV - TV EF—T 2B
DNA (CpG-DNA) MEHITY RV —L/ VY Y —
L5 1Z T Toll-like receptor (TLR) 9 Ic & O 38K &
1 nuclear factor kappa B (NF-xB) ODif (kAN
0, ZNUCKORIENT A Mo U EEEI N
BLEALNTNG.

B Clc & 1X, LPS 33X U CpG-DNA #5
IC XD BRI NTZRIERICBWNT, HEYANEIRE
WETT B T L AEHE LTSN, BIOREIC
PIANQTTE=R g nd Y EORONGE = = A A QAYAN
V.

Z T T, v MICLPS # X U CpG-DNA # 5
21T\, digoxin fA N B REIC KX LPS 5 & U
CpG-DNA DEBIc OV THRE 5 H%ETT v b
ZRWHEME Uiz, £z, RIEMET A M1
(INF-o B XU IL-1f) B KU NOx DZEHjIc DWW
TEMEt L7z,

2. BB LVAE

2-1. HHE KT

LPS (Escherichia coli, Lot No. 064K4010, Sigma-
Aldrich Co., MO, USA), CpG-DNA (Escherichia
coli, Lot No. 084K4008, Sigma-Aldrich Co., MO,
USA) ¥ & U digoxin (Sigma-Aldrich Co., MO,
USA) ZH\Wz. T OMOAREIIRilkin 2 Tz,

2-2. LR

WS B O NI H b Wistar ST R M 1
Zw b ({KFE: 300 g 89 i, Japan SLC
Inc., Hamamatsu, Japan) 7% W7z, B iE e
24 £ 1°C, /% 55 £ 10%, HAEARER] 6:00 ~
18:00 DEREE N T, /KK K UEFEE (NMF,
Oriental Yeast Co., Ltd., Tokyo, Japan) 7% H I

HIvE Y, 1 HEBEMYEPHEE 27>, £2TD
bR, KR RZEFYIRERRAEH AT A RS A1 >
Wit TiTHo 1=,

2-3. Digoxin #¢1 1% 5-9¢5%
2-3-1. /REFERDAR

Digoxin 7 A # B HWRICTAR L, 0.1 mg/mL /A
WaRsl L, R8N 01 mgkg bixb XS
L7z, LPSIZDWTIE, ERAEKZ T 25
mg/mL &7 % KSR L, G 8D 5 mg/kg
5B K51 U7z, CpG-DNAICDWTIE, 4AME
Sz VT 1.25, 25, 5mg/mL &7%&5 K51
PHRIL, 58N 25, 5, 10 mg/kg £x5 K5
IZ L7z,

2-3-2. FirEB KURRREGE

—Weke B L7z F v k% diethyl ether IZ & > T
JBRRE L 7212, FINEICEMEE L, SEIRIC 100
U/mL O~ AER AR Zm LI RY T
F L ~F 2 — 7 (PE50, Becton, Dickinson and
Company, NJ, USA) ZHWCh=al— a7k
Wi L7z, IfkiEEE 2k d 5728, 1—=a—L &
» 100 U/mL O~ AR EER Z 0.1 mL ¥
AL, ZLYATIESDT. LPSHEEHHICHB N T,
LPS (5 mg/kg) ZMEENKEG L, &5 1, 2, 3,
5 Hi&lC, ar ba—)UEELRIERD /7% T digoxin
DR EEIT> Tz, ar ba— VBRI EHR
g (2.5 mL/kg) ZMEENREG L, &5 1 H%
IR > TR W T digoxin (0.1 mg/kg) Df%
MG 7ziro 7z, R, KRR Oz b
Jih e 52T CHE LTz, CpG-DNA 5 EHC I
Tl&, CpG-DNA (25, 5, 10 mg/kg) 7ZHEHEN
B5 L, #5 1 H%ic, oY ka—)VaEtL FEkED
731% T digoxin OfR A& G 217> 7. F7z, CpG-
DNA (5 mg/kg) IcBW\TIX, #5 2, 3, 5 H%
I, a ¥ bo—)UBEEFRBRD T digoxin D
RORG 217> 7.
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2-3-3. i

BREECRMATH? S 15 KM B e L
7o, BRI digoxin & G E wl, &E5®% 1, 2,
4, 6, 8, 12, 24 FFICHHERK O BRIL7Z1T >
oo BRIMICEEL TR, SfiRAT=2—-—1L X0 ¥
i i & U T4y 0.3 mL Z 4§ L 7=1%, A
Pifn & U Cil#y 0.5 mL Z 81 U7z, Pk
Il CR7zMkiE, Sk =2 —-—LHh5T5v b
ICIRL, E5IC100 U/mL N A4 PR
#10.1 mLAEFALTCHZ a—L &z Uz,
U7z iigld, THNR) VUL 7ZRY 5
LyFa—TkFiEe<BL, @O (himac
CF16RX, Hitachi Ltd., Tokyo, Japan) 7\ T
D BEE TN (500 X g, 10 min), 5Nz
4% 250 pL Z 8 U TR e Y > 7
bl O el

2-4. Digoxin I DHE

25Nz R R 200 pL I bR &% > 28 7 Al
(Abbott, IL, USA) 200 uL Z¥#shnL, BRI X+
T —T 30 WIHHE%, 500 X g T 5 77 fHEO
SEERITV, B 250 pl &2 O CHED R
HlzEi%: (FPIA i : TDx Digoxin®, Abbott, IL, USA)
IC & D digoxin DEERZIT> 2. 7%, 5 ng/mL
DL EDOREICDOVTIE, WHEICKD 150 ng/
mL X CTHIEZIT> 7o, AMEHC IS 5 HIEHPH
&, 0.5-150 ng/mL THbH, HNZFBXITH
MZ#E)E 5% LINTH - 72

2-5. I#Erh TNF-a, IL-183 & U NOx Dl

LPS (5 mg/kg), CpG-DNA (5 mg/kg) ¥ K
ARt G, #51%3, 6, 9, 12K
I, diethyl ether IC X % il N C, $HFIRK D
il (0.5 mL), BRZ>/371%%, BRWEORIE
Wt U7z,

£if U 7z i 52508 2 VW C, INF-a B8 KT
IL-1p % ELISA % (Quantikine® TNFa/IL-1f,

R&D Systems, MN, USA), NOx (& Nitric Oxide
Assay kit (Fluorometric, Calibiochem, CA, USA)
ZHWTHIEL 72

2-6. 7 — Rk
Digoxin oD Ifit 4% ffrife e RF il Hh R iiAs (AUC,,)
BIELREIC TRE L. Digoxin OFI127 Y
75 Y A(CL/B)IZ DWW TidiR G5 / AUC, I & D,
THISHEEE (K BIHRMHOEE SR L.

2-7. Miatih
AT LEE 1 Dunnett 25 2 U, 1l {16 B %2
5% Afi (P<0.05) ZHEELZDO LHELE.

3. &R

3-1. Digoxin ##I 1% 5-925%

LPS (5 mg/kg) # X U CpG-DNA (5 mg/kg)
51, 2, SHEBTCIRaY ha— LR LT,
AUC,, DHEFHMARS 5N iz, LPS &G 1, 2,
3H#%B XU CpG-DNA 5 1, 2 H#% Tid CL/F
DHEEZRADNRD SN, LPS BX T CpG-DNA
#5455 HZICBW T AUC,,, CL/F &b HREGE
Bl oniahote. —7, KylicBL T, av
ha—)UREE L LT, CpG-DNA &5 EHC VT

BaETRD SN -7 (Figure 1, Figure 2,
Table 1, Table 2).

CpG-DNA (2.5, 5, 10 mg/kg) #'5 1 H#%T
Far boa—)VRrE L T, CpG-DNA10 mg/
kg H5HHC BT, Cmax OFEEEINNED 5
N7zhY, CpG-DNA #HGRE T3 A a2 R
HoNEMoTe. AUC,ICDVWTIE, arvha—
JUBEE L U T CpG-DNA 58I BV, AR
T RIAERE S NT=A, CpG-DNA &4 5-EH Tl

B3RS 5N o7 (Figure 3).
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Figure 1. Plasma digoxin concentrations in rats treated with (e) or without (~) LPS (5 mg/kg). LPS was administered
to rats intraperitoneally, and digoxin (0.1 mg/kg) was then administered orally on Day 1-3, and Day 5.

LPS, lipopolysaccharide. Each bar indicates the standard deviation (mean + SD, n = 4-5). "P < 0.05,
compared with the control group.
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Figure 2. Plasma digoxin concentrations in rats treated with (e) or without (-) CpG-DNA (5 mg/kg). CpG-DNA
was administered to rats intraperitoneally, and digoxin (0.1 mg/kg) was then administered orally on Day
1-3, and Day 7. CpG-DNA, bacterial DNA containing unmethylated CpG motifs. Each bar indicates the
standard deviation (mean + SD, n = 4-5). "P < 0.05, compared with the control group.
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Table 1. Pharmacokinetic parameters of digoxin in LPS-treated rats

LPS (5 mg/kg, ip)
Control Day 1 Day 2 Day 3 Day 5
AVCH,  S07E153  888+19.6" 941:194° 854%367 43.9+632
Enliffmn) 505+141  284%62.6™ 252+40.4™ 283+110™ 581%80.1

Kel (o) 0.10£0.06 0.13x0.05 020+0.12 0.18+0.11 0.07+0.02

Digoxin was orally administered on Day 1-3, and Day 5 after LPS administration. Control is no LPS
treated group.

LPS, lipopolysaccharide; ip, intraperitoneal adminstration; AUC, area under the plasma concentration-
time curve; CL, total clearance, F, bioavailability; Kel, elimination rate constant.

Data are means + SD (n = 4-5). Statistical analysis was performed with the use of the Dunnett's test.
P < 0.05, “P < 0.01, compared with Control.

Table 2. Pharmacokinetic parameters of digoxin in CpG-DNA-treated rats

CpG-DNA (5 mg/kg, ip)

Control
Day 1 Day 2 Day 3 Day 5

AUC,,

(ng-h/mL) 41.3+£5.0 75.7%+16.8 70.3%+4.1" 68.1 +18.9" 53.7+x17.7

CL/F (L/b) 0.60£0.06 0.38+0.10" 0.36+0.03" 043+£0.11 0.59£0.20

Kel (b)) 0.17+0.04 0.18+0.05 0.16 £0.01 0.15+0.02 0.16 +0.07

Digoxin was orally administered on Day 1-3, and Day 7 after CpG-DNA administration. Control is no
CpG-DNA treated group.

CpG-DNA, bacterial DNA containing unmethylated CpG motifs; ip, intraperitoneal adminstration;
AUC, area under the plasma concentration-time curve; CL, total clearance, F, bioavailability; Kel,
elimination rate constant.

Data are means + SD (n = 4-5). Statistical analysis was performed with the use of the Dunnett's test.
“P < 0.05, compared with Control.
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Figure 3. Effects of CpG-DNA (2.5, 5, and 10 mg/kg) on AUC,,, and CL/F of digoxin.

CpG-DNA or endotoxin-free distilled water was administered to rats intraperitoneally, and
digoxin (0.1 mg/kg) was then administered orally on Day 1. No significant differences were
observed among the CpG-DNA (2.5, 5, and 10 mg/kg) groups in AUC,, and CL/F. AUC, area
under the plasma concentration-time curve; CL, total clearance; F, bioavailability; CpG-DNA,
bacterial DNA containing unmethylated CpG motifs. Data are means + SD (n = 4-5). Statistical
analysis was performed with the use of the Tukey test. "P< 0.05 and ~P< 0.01, compared with
the control group (without CpG-DNA administration).

3-2. I TNF-«, IL-18 35 & U NOx S
3-2-1. LPS & 5.8

IfAEH TNF-o J4E51E, > b a—)UEEClEimE
HTNF-o i3 S iz o 7zoicxf L, LPS &5
BECIZ LPS ¥ 54% 3, 6 HlcA=IC FA L (P
<0.05). £z, ZTOEHDONTIELPS H51% 3
RFMRRICIRAMEISE L, 7 ORIEREFMIC D U
7z (Figure 4a). I IL-1p &R, a2 ha—
JUBE T IL- 18 fHId M T Miah - 7z DI
xf L, LPS &5 RETIZLPS % 51% 3, 6, 9 R
WCHRICER L (P<0.05). E£/z, ZOZEHEIC
DV LPS 54 6 KeflIiC e RIEICEL, Z0
BT LTz, LPS 514 12 B2 T
Fayhu—LE e DRICERGEZZED b NIX
Mo 7z (Figure 4b). IfAEH NOx iB#id, a2k
oO—)VREE HER LT, LPS 58T LPS %54

6,9, 1I2FfIICAERIC ER L (P<0.05). %z,
LPS ¥ 5. 12 Fffil £ TOMEHT BV TIX, NOx 2
JEIX LPS &5 12 K MR K TdH - 7z (Figure
4¢).

3-2-2. CpG-DNA i858

fAErh TNF-a #2EE, 3> ho— VL LEig L
T CpG-DNA (5 mg/kg) #4553 RflfzICHRIC I
HU, TOBIIERFMMEDL 6, 12, 24 K
BICFHERZAITFED S NIEh > Tz (Figure 5a).
M IL-1p MR, T ho—)UBEE HIRL T
CpG-DNA # 5 6 Bl IcHREIC LR L, Tk
ERREEIICIRA L 9, 12, 24 REfIRICIF AR
AFRD S NG o7 (Figure 5b). 1fiAEH NOx
IR, oY ho—)UfE ik LT CpG-DNA #
512 REZICERIC ER L, ZORIGIEIIC
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Figure 4 (a) Plasma TNF-a concentrations in rats treated with (e) or without (o) LPS (5 mg/kg). Data are
means = SD (n = 6-10). (b) Plasma IL1-f concentrations in rats treated with (e) or without (©) LPS
(5 mg/kg). Data are means + SD (n = 4-6). (c) Plasma NOx concentrations in rats treated with (e) or
without (©) LPS (5 mg/kg). Data are means + SD (n = 4-7). LPS, lipopolysaccharide; TNF-c, tumor
necrosis factor-a; IL-1p, interleukin-18; NOX, nitrite/nitrate. *P< 0.05, compared with the control
group (without LPS administration) at each time point.
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Figure 5 (a) Plasma TNF-a concentrations in rats treated with (e) or without (0) CpG-DNA (5 mg/kg). Data
are means + SD (n = 6-10). (b) Plasma IL1-f concentrations in rats treated with (e) or without ()
CpG-DNA (5 mg/kg). Data are means + SD (n = 4-6). (c) Plasma NOx concentrations in rats treated
with (e) or without (o) CpG-DNA (5 mg/kg). Data are means + SD (n = 4-7). CpG-DNA, bacterial
DNA containing unmethylated CpG motifs; TNF-a, tumor necrosis factor-a; IL-1f, interleukin-14;
NOX, nitrite/nitrate. P < 0.05, compared with the control group (without CpG-DNA administration)
at each time point.
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U 24 BRICIZa Y ho—LEtE ORICH
BEEZRDNGEh>Tcb0D0ay bu—)LU
O EmMEZR L7 (Figure 5¢0).

4. ER

4-1. i f)DOERM hH,R 7 T= A + OUP-16

LPS (5 mg/kg) ZH&EG LT v MlcB VT
digoxin fANBIREIC DWW THEET 21T - 7. Digoxin
ROKRGOHEN S, LPSHS 1, 2, 3 HEZICE
W AUC, DHEA LADRD BN, F7e, LPS
K51, 2, SHE TR CL/ENHFRICHD LT
(Table ). LM L,LPSHE5H®%TIEaY Fu—
IVEHC R L TEEGZERD NG -T2 &b
5 LPS # 5.1 & % digoxin (A NEHREIC K~ % F2 4
&, LPS#5. 1, 2, 3HEBAREVWEEZ SN,
Fe, Ky B—E oo LB, AUC, A LA
U 72 R digoxin DY E DGR U 7z AT REMEDY
R E Nz (Table 1).

i<, CpG-DNA (5 mg/kg) Z#%5L77zT v
IZBW T digoxin ANEIREIC DV THEET 21T - 7.
CpG-DNA#5-1, 2, 3H®%TIEaY bu—)L it
LT, AUC, WERICHEmML, 7z, CpG-
DNA#:51, 2 H#% T3 CL/F WEREICHA L
7z (Table 2). CpG-DNA#5 7 HiZICHBW T
AUC,, 5 & T CL/F & & H AR 5 NEh 5
Teo Ky ICBAL T, o> bu—)b BEE iU T,
CpG-DNA # 5B BV THER Z RO 5Nk
Mmote. TNHOREEMNS, CpG-DNA 5 1, 2,
3 H#ICFBW T digoxin D AUC,, 5 & U CL/F 134
BL, 7O CpC-DNA S 1, 2, 3 HEH
FHCKZEWT EMHS MM &R 57z, CpG-DNA 5.
BHCBWT, av bua—)UBEL iR L T Cmax &
10mg/kg 5 THE G LAMNRD ENTH, #
REEHETRIARGLZIHIZEDENEN > T
AUC IZDWTIda Yy hu—)VREE Hik L TR 5
HETHRRENNRD 5N, S5 R
TRAERBRGREZHIRD NG >Tz. LEEh- T,

5| L RNEIREDZFIC BEPEDN NS nWT &
IR ENT.

LPS#& 5T v McBWT, RIEWY A A1 >
(TNF-0 BE T IL-1p) KT NOx DFEEIEINAEE
boNiz (Figure 4). YA M A4 VORI L
LT3 LPS AV TLR 4 12 & D 727# & 1L NF-»B DI
MRS D, ZNUC KO RIEEY A A
BEENDEEZBNT NS, CpG-DNA (5 mg/
kg) 55 v MBS IMEH TNF-o, IL-18 %5
KU NOXIZDWTE, AREEFREANRDEN
7z (Figure 5). [M4EH1 D TNF-a, IL-1B, BXT
NOx #J# 14 Z 1L 21 CpG-DNA #2 5.4 3, 6, 12
REEC—@MEIC R U, Z OB LTz,
YA AL VORBEKFE LT, T FYA
F— 3 ZUT & D HIFIPAIC 2 A L 72 CpG-DNA hfs
WY RY—L/VYVY—LICTTIR 9IC KD
ik & NF-»B OIEMEEDEEC D, ZHUC X D RIE
VA R A VB END L EA BTG,

LPS % & U CpG-DNA #2 G-I, TNF-o & HLiE L
TIL-1B 5 & U NOx D FeE R AN 7= il &
LCld, NF-xB OiEMILIC & O TNF-a OFEA: DS
BX N, ZTHICHIEHOTIL-1B B X T NOx A
CpG-DNA Hijfi ¥ 7z 1& TNF-a Z /T L TS I Nz
tDEEZ LN

Z v MZBWT, digoxin 1 CYP3A2 TIUH 5
XU P-gp THIMZZI B2 L MG SN TS,
F7z, RIEWICH T, CYP3A2 BX U P-gp D
FRUBBXICEENMET T2 EMHEETNT
W5, ZORNELTIE, REMEYA MLV
(TNF-a BXUIL-1p 7% E) > NOx DB 5HE 2
ENTWS. LEH-T,LPS 5L T CpG-DNA (5
mg/kg) #5IC K5 digoxin (A NEIREZE) X, —
WPEDIIEIREENGF R I Nz 2Iic kD, RIEM
YA R HA R NOX DFEEMIALT-C LIck D
LDLEZ LN

LPS % & U CpG-DNA (5 mg/kg) # 5 B @
digoxin (0.1 mg/kg) ¥254%DEIANTIE 3>
A—27ztigs s &, FAEOZEH) Z/R L7z (Table
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1, Table 2). —75, LPS (5 mg/kg) G & Lt
i L C, CpG-DNA (5 mg/kg) % 5 WD TNF-a,
IL-18 BX U NOx DFEARIGDIZNT EMHS D
&7 o5 fz. TNF-a, IL-18 B XU NOx DL &%
RIEDFEE DI L U517, CpG-DNA (5 mg/
kg) #ERFDIZ S HLPS (5 mg/kg) #H5HEE L
NTC, RIEOEEIFFHNEFEZ BN

DLE, A#FZE 5 CpG-DNA O#5-& & digoxin
RN BREZ BN IEBE D T W T EAH S e
72 o fz. %7z, CpG-DNA (5 mg/kg) # 5 KD
&5 W LPS (5 mg/kg) &G & HEANT, RIED
MEZHVWEE X S5NH, digoxin (0.1 mg/
kg) BEBHDOIFEYMANENRE T X — 22 LT %
L, FARROEHZ/RT T EMNHSN K>, L
Te > T, digoxin (RNENEEIE 4 B 1 D RIED K
TEOHE (BR) TiE%RL, HEOHMK (T
DNFEYENRRIC B e RF S AT REMEAV R E Nz,

5. =]

CpG-DNA D55 & digoxin ANBIREZ HIC X
BEMEN RN EWH SN RS Tz £z, CpG-
DNA (5 mg/kg) #&5KiDIE S5 M LPS (5 mg/kg)
REREHNRT, RIEOREIIHVEEZEZ DN
7, digoxin (0.1 mg/kg) 51 DIEY A NS HE
INTG A=zt 2L, FAROEHZRT L
MWLM E RS T,
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