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hNHE2 and hNCXI were se1ecd in the presence Of 250 IW2PO.  1 1 mM CaC1, I mM MgCI21 10 mM HPES, 
g/m1 Z=M (In\’itrogen). pH 7.4) for IC) min at c.. Acid loading was performed 

by washing cells with solution A. Then 47.5 Al of solution 

2,6. Meauremeitt fNa /H4 excIzaige =fi0yfollowed 
A and 2.5 t1 of test compounds were added to the cells, 

by incubation for 5 miii. orescence was mea 

Na/I{ exchargt activity was determined using the 
nembrane-permeable acetoxyniethyl (AM) ester form of 
the pH-sensitive fluorescent indicator 27’-bis(2.carboxy-
y0-ooescm (BCCF) to rnea=6 theA Nadependent recovery of pHi from i4C1 prejuIse 

acidification (Nakanjslii et aL, 2991). Aliquots of 5 X 10’ 1.1 

cells were seeded in WhiteClini Plates (white 96-we1. I 
plates, Labsystems1 Pinland) and cultured under, 59,D CO2 at 370C ovenngbt. After rexnovnl of the medluia, the cells - were loaded with 5 M BCC14.M (Wako, Japan) for 30 : in at 3M Cells were washed with Na sointion (140 mM NaCL 5 mM KCI, 1 mM CaCl2, 1 mM M%-SO 10 mM glucose 10 mM 1PES, pH 7M, followed by incu- . bation in Na* slu1ion containing 25 mM NH40 for 10 inin at 37C. Acid loading was performed by washing ceiIi 0 20 4a 60 -80 100 12D . with Na-1ree solution (140 mM N-mthyl-D(-g1uca- Tho fe) mine, 5 mM KC-4 1 mM CaCl2 1 mM MgSO4 20 mM glucose, 10 mM HEP pH 7.4) Then, 47.5 nI of B hNHE2 Na-frce solution and 23 1A of test compounds Were,- add4to the, ce1ls.foflewedbyination for 5min. luoresceace was measured by using the fluorescence 4ru screening system FDSS-2000 (Hamamatsu Photonics, Yapan), Aliquots 

Of 200 Na CM O .tl of solution were added to the cells and the fluorescence ratio (45(/490 mu) was motthored. The initial velocity of pHI recovery via NIlE was calculated using linear regression of the initial data poirits(lOs for Nl,4OsforNilE2 and NHE3).An Š inhibitory effect 

Of NIlE irrhib1to was evaluated by a reduction of the velocity in the presence of the test coai-0 30 
50 90 10 iSO 150 210 240 270 300 pound. For calculation of the inlnitition, pHi recovery with DMSO in cells expressing C With 100% activity, and pHi recovery with DMSO in bN}jE3 NHBdelleient cells was equated with 0% activlty, 1.0 2.7. Meo.mremeitt Na4:HCO8 cavirport activity Fr Na+/*RCOS COt ranSpOrt sctiwity was determined using OS BCBCF-AM to measure the 7a’-dependerit recovery of pHi from NIl4CI epuise acidification 03urnh5m 

at at, 1997). Cells were seeded at 5X 14 cells in WhiteClirti - - (white 96-well Lahsystems) and cultured 0 $o oo 90 12ii 150 i 210 240 270 300 18aPlates under 5% OO at 37C overnighL After removal of the Tuna (s) medium, cells were loaded with 5 p.M CEC-AM (WaltO) 2. cells atebly for 30 mitt at 37t’C. Cells were washed with solution A ezprestiisg burnai t isofrds. t -deficient CHO-KI cells were (140 mM tetraniethyl w=othum chloride, 25 mM KIlCO, uwufected with human NI4E isolatut nression #unwds and stable 0. MM’ IC2HPO, 02 MM KHPO, 1 mM CaCI, I mM ennans were ixlatod. tells were Inaded with aceCF.AM and MgCl2, 10 niM IIEPES, pH 7.4) and then incubated then anidifed by NH4C1 remlse. Recevaty ef pHI was initiated by the solution B (100 aiM tetraiuethyl ammonium chloride, 40 addition of etemaL Na at the time indIcated by the atrow. The resole abown are fbr cells exptcsthng bNIIE isofouns (C>) and uontensfecttd mM NFI4CI, 25 aiM KHC0.8 mMX2H?O4 02 MM ce1). Each data pcis the s.(n.=3). 
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Table I Na+/HCOj Ootransporter (hNBC1) and the human car-
Thitar !!h lia Na/Ca24 exanger (bNCx respectively. 

Comawd IC
 

values CnM) The N/COj otransport activity was measured by 
aonitoiing Na dependent pH recoves’ frem NB4C pr-

Łr162559s() 0.96 450 1100D pulse acidification in the pisetice of flCOj. Afttr the 
T-162561 R (+) 35 3W >30M,addition of external Na4, a significant increase in pHi was 
Caiporide 30 4303 >100003 observed in cells expressing hNBC1, whereas PQflraBS-

fed N decient CHO-KI cells showed only a slight 
increase in pXl (Fig. 4A. In this assay system t.-152559 
did not signicaiitly nect the initial velocity of pHI 

showed a rapid recovery of pHI from N4Cl prepuise recovery via bNC1 at 1O pM (Fig. 4A) 
acidification as compared with hNI2 and hNHE3-ex-
pressing cells (Fig. 2). This result supports the 

conclusion 

that NH1 is the 
major ISOIOrm involved in the recovery 

of pHI and the entry of Na4 during cellular acidosis. A 
Na:HCO cotransporter 

32 SiectWe inhibition of hNIi1 isoform by cra-4porid4 enfparide, and T452559 0.95 We investigated the selectivity of NBE inhlbirnra, cati poride and eniporide, for human NH Isoforms. In theCL Na’-dcpendent pHI rovary assay, cariporide and em poride inhibited hNBEI in a co ritradon-dependent man- Ł ner (Fig. 31 The IC.50 values of CarIpOIidC and, eulpotide Š for hNIEI were 30 and 43 nM respectively (Table 1). Catiporide and enipotide inhibited hNHE2 with low an-0.55 M ity (iC values of 43 and 2.0 1W, respectively). In 180 240 300- 360 addition, these compounds did not inhibit bNHE3 at 100 PIK Ł Pthemnore, we evaluated the potency of a novel s)’n-B Na4ICa24 exchanger thetic NM_ inhibitor, the aminoguanidine derivativO T-l6255 ((5E,75)47-(5-fluoro-2-methylphenyl)4-methyj- I Ł 79-dthydro-5(6 Fl )-quinolinyldenesniinoguauidine Grarnicidin dirnethanesulfonate). 

on human NlB isofornis. In the Ł Na4ependent pM recovery assay, T42559 initnd hNI3l in a don-dependent manner (. 3). The Ł IC50 value of T-162559 for hNI1 wa0.96 aM, which os was about 30 and 4.7-fold lower than those of cariporide and eniporide (Table i) T-162559 showed only weak 13.44 inhibitory effects on bNH2 and bNHS3 (IC50 values of 0 120 240 360 450 03 720 543 Ł 430 and Ii l.M, respectively). Tho-IC50 values of this . ompund for hNBBZ and hNHB3 were about 450 and Fig. 4. of t’-162559 on buman Na/Boo cospouer (A) Ł 11,000-fold higher than that of 1INI1, respectively (Ta- and bimnc d1ae Ns/Ca ezehaager (B). (A) -deficlua CHO-bin l) In addition, we alan evaluated the potency or 1(1 cells were raurfeted with IINBCI izirueslon piannid and a stable T-l62561 the R enantlomer of T-162559 (?Ig. transfannant was ioIated. Celia were loaded with BCCF.AM and N14c1 by kauba4oa with 100 pm inhibitory effect of T-162561 on hNHEI was about 6-fold T-162559 or DM30 for S mm. Recevemy of pHI was iflitjttd by the lets potent than thatOI the antiomer,T-162559(IC aenefxtemalNa4 at the ndicxofby the amrewinthe value of T-162561 for hNHE1 was 35 aM), whereas the of iCO. The results shown u for cells exessing hNBCI in IC value of T-162561 for hNBE2 was similar to that of the prasence of 100 m.M T62 (C)) or DM30 control (A) arid for T-l6255 (Tahle 0. osfeerofcellz () (B) CHC)4i cefls w anasfected with hNCX1 expression pmId and a =blc transforaunt was isulateL CM were 1oadet wM FUFaPES-AM. follOWed by incebation with 100 ,ad i’-l5259 3.3. Effects of T-162559 on the other bit porters, orDMSO for 5 mimi. The reverse-mode of Na/Ca endmenge wasŁ hWRCI and hATCXI activated by the addition at VwW6din at the time indicated by the asrow and the Increase In 

im acellalar C& was monitOred for IS ruin. The To Investigate the effects of T-162559 on d16 other ionT-162559 results shown era for cells etpressin3 hNCXI in the Iresm= of I CO taM (0) or DM30 control W. and for noutransfected cells (*). Ł transporters, we isolated cells stably expressing the human Ealch data pint repmem the fn=– S.B, (n 3) Ł .Ł. 
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Na’/CaO exchange activity of hNCXI expressed in should contribute to the development of novel drugs for 
CHO-Ki cells was quantified as Ca24 influx driven by the limiting myocardial injury induced by iscbemia and reper-
increase in intracellular Na’ in the presence of the Na’ fesiot 
innophore gramicidin. After the reverse-mode activation of We clarified the selectivity of cariporide and eniporide 
hNCXI by the increase in intracellular Na a slow and for human NIlE isofonus in the Na’-dependent pHi recov-
sustained increase in intracellular Ca s observed in cry assay. These compounds showed selective irthibition of 
cells transfeeted with hNCXI, whereas nontransfected the human NILEI isoform. The IC_,,values obtained for 
CHO-KI cells showed no change in intracellular Ca human NIlE isoforms were similar to those previously 
(Fig. 4B). In this assay system, T-162559 did not affect reported for the rat NIlE isoforms (Scholz et aL, 1995; 
hNCXI at 100 M, as shown in Fig. 4B. Gumina et aL, 1998). These results are consistent with the 

Observation that aniiloxide binding domain in the fourth 
transmembrane segment of NIlE isoforms is conserved 

4. Discussion between human and rat sequences (Wakabayashi at al., 
1997; Cc,unillon et al., 1993b, 1997). 

Na/H4 exchange plays an important role in the dc- Furthermore, we found that a novel synthetic NIlE 
veloproent of irreversible cellular damage during inhibitor, the arthnoguaiildine derivative T-162559, 

is 

a 
ischemia-reperfusion. The primary mechanism of myocar- selective inhibitor of hNHE1 with a greater potency than 

I dial protection by NIIEI inhibitors in ischerrda-reperfusion caripomide and eniporide (1C.0 value of 0,96 nM). We have 
is likely to be a delay In the progression of iscbemie not measured inhibitory activities against bNHEI of other 
Injury, resulting in decreased infarct size even after reia recent NIlE inhibitors, such as S3226 (Schwark at aL, 
tively long periods (>4 h) of ischemia (Avkiran, 1999). 1998), SL 59.1227 (Lorrain et aL, 2000),Y-12533 (Aihara 

0 
Therefore, a number of NIlE inhibitors have been under at aL, 2000) and SM-20550 (Yamamoto at al., 2000), in 
development for therapeutic use in the treatment of is- our assay system. The reported IC values of these corn-
chemia-reperfusion injury (Scholz et al, 1995: Gumina at pounds for N}1E1 are 36 p.M (S3226), 3.3 nM (SL 
al., 1998; Cointiflon et al., 1993n, Yamarnoto et aL, 2000). 59,1227), 17 nM (TY-12533), and approximately 10 tiM 
Recent NHE inhibitors, cariporide and eniporide, which (SM-20550). Therefore, T-162559 may be a most potent 
show cardiopmotective effects in several isthernia-reperfu- NHEI inhibitor.. The inhibitory effect of the R enantiomer 
sion models, have been reported to be potent and selective T-162561 on hN}IEJ was about 36-fold less potent than 
inhibitors of the NIIEI isoform (Schulz et aL, 1995; that of the S enantiomer, T-162559, whereas the 1C 50 
Gumina at aL, 1998; Linz et aL, 1998). Cariporide is the value of the R enantiomer for hNHE2 was similar to that 
first NIlE inhibitor that has been subjected to clinical triaL of the S enantiorner (Table 1). This result suggests that the 
Clinical study with cariporide showed cardioprotective ef- configuration of the asymmetric carbon of 

T-162559 is fects in patients with acute anterior myocardial infarction important for potent binding to hNTHE1. Previously re-treated with direct percutaneous transluminal coronary an- ported NIlE inhibitors, including amioride, cariporide, and gioplasty (Rnpprecht et aL, 2000). The guard during is- eniporide, are mostly acylguanidinc derivatives. In this chemia against necrosis (GUARDJAN) clinical trial with study, we found that the aminoguanidine derivative T-cariporide documented the safety of the drug and sag- 162559 is a potent non-acylguanidine type NBE1 inhibitor. gested that a high degree of inhibition of NIlE could As shown in Fig 2, NIfEI-expressing cells showed prevent cell necrosis in the setting of ischernia-reperfusion rapid recovery from cellular acidosis as compared with (Theroux et aL, 2000). Enipoxide is also currently under hNIlE2- and hNHE3-expressing cells. In addition, NEEI clinical development for use in patients with acute myocar- is the dominant isoform in cardiac tissue and its mRNA dial infarction caused by angioplasty or thrombolysis expression is elevated in response to cardiac injury (Kaunazyn. 2000). (iHumnphreys 

at tiL, 1999; Dyck et aL, 1995; Gan at 
aL, In this study, we isolated cells stably expressing hNHE 1999; Piper 

at aL. 1996). The sarcoleminal NIlE activity of isoforms (hNI1, hNBE2, and hNHE3), hNBC1 and human ventricular rnyocytes is due to the NHEI isoform hNCXI, and established an assay system for measuring and is inhibited by cariporide (Yokoyama et at, 2000). their activities by monitoring fluorescence alterations in Sarcolemrnal NIlE activity is significantly greater in recip-cells cultured in 96-well plates. We also confirmed the ient hearts with chronic end-stage heart failure than it is in inhibition of Na/HC(D cotransport by 1 mM 4,4’-diiso- unused donor hearts (Yokoysma ci aL, 2000). The other thiocyantostilbene-2,2’-disuifonic acid (DIDS) (Burnham human NIlE isoforms at the plasma membrane exhibit et al., 1997) and the inhibiton of Na4/Ca24 exchange by tissue-specific expression. hNHE2 is expressed in skeletal 10 M KB-R7943 (Iwamoto et aL, 1996) in this assay muscle, colon, and kidney (Malakooti et aL, 1999). hNHE3 system (data notshown). This system is very useful for the is expressed in kidney, testis, and small intestine (Brant 

at 
rapid screening of inhibitors of ion transporters such as at, 1995). The recently cloned hNHE5 is predominantly NIlE, NBC, and NCX, which are an important therapeutic expressed in brain (Baird et at, 1999). The expression of target for the treatment of iscbemia-reperfusion injury and hNHE2, hNHE3, and hN14E5 has not been detected in 
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heart by Northern b10  Tlieztfbm, elective inhibition of D LR.. Maddafcr& Tfl.. Pierce, C-N., ?liegel, L, 1995. wuction of 
the N2 isoforrn may offer an effective approach f th XPSSiO of the a yd*gen exchanger in t myocnrdinm. 

Cardinvaac. Rae. 29, 203-208. tratrnent of cardiac injuiy during ischeiniareperfuaion. 
r?an& Y, Cnd M.. Reover, LP 199& Rguindon of Na/Ca A.miloxide and its deiivaifves are nonspecifc N’HE in- exchange actM by cytesolic Ca in trangfcted Chinese banete 

hibitors because these compormds hzve been shown toovwy cans. Am. J. PhysinL 215, C50-055. 
inhibit the Ca current, Na current, K current and Fliegal, L., t)yc, LR.. Wang, H., Feng, C., Haworth. R..S., 
Na/Ca2 exchange (Pierce et aX., 19.93; Lai et aX., 1994). Cloning and analysts of the human myncardi1 Na-/H exchanger. 

Na/HCOj cotransport and Na/Ca2 exchange are Mal. CelL Bim 125, 17-143. 
Can, Xi’., Chnkrabati, S. Karmazyn, M., 1999. Mndulaiinu of NaH 

also thought to be important inechantstns involved in the n isolated rat huerts. Am. .1. 
pahysiological process of ischemareperfsion injury PhySiol. 277, 995-H998 
(acLeo& 199 Uzdnnski et at, 1985; Gnnrrüri, 1987; Genhe T., 197. lritrnteuular sod’nim-calcinni dissociation in andy 
Wier, 1990 Schafer et al, 2000). T-162559 did not affect in hypoxia rei papifley muscle. L PtysioL 388, 

Na4/HC0 cotranspoet and Na/Ca exchange at 100 449-46:5.-
Grunbia, Ri,, Mlzmmira, T., B*r, N., Schelling, P., $thtdxz, II,, Grass, 

j.M (Fig, 4). These results indicate that -162559 is a 
highly potent

 and
speci& inhibitor of b1BB1. In a rat limits lataret size in dW when administered before or after anrcnnry 

model of myocdia1 infarction induced by coronary occJu artery oecinthom. L PharroacoL E That. 2Z, 175-163. 
aion and reperfusion, intravenous adinithstration of T- lPhreYS. LA., Ralat. J.V., Chakrabaril, L. Fang. Q, Arnold, J.M.. 

162559 resulted in a significant reduction in infarct size KflZYI M 1999. Ond2Y ndroanstend NHEI anhibitar 00406de 
redoors acute responses to ccrary crthsitst and repatfusibn. Am. 3. 

which was more potent than caripoÆde and enipoxide Phy? 276, H749-91M 
(Igata et at, 2001). Therefore, this compound might be a Igata, H,, Iinjwaxa, S., Kaneko, M. Abe, A., Kusumoto, K., Fuimmoto, 
potential drug fot’ the treatment of isohemia-reperfesion S., hiraihi, U., Wannabe, T.. 2001. Potent and lcng4astiag cardlo-
injury and Oth4f =Iin din (x rmazyn et aX. 1999). protective effbets of t..162559, a new Na--H exehange iablbftar, in 

rats. Ipo. I. Pharroacci. 65 (SupL 0. 78. 
Twanoto, T,, Watao, T., Shigakawa, M. 3996 A novel leothinirrea 

dodvarive selectively inldbitr the reveen mode of Na/Ca ex-
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