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The Effect of the Histidine-Tryptophan-Ketoglutarate (HTK) Solution on
Myocardial Protection in Isolated Rat Heart

Won Your;igfsbng, M.D.*, Bong Hyun Chang, M.D.**, Kyu Tae Kim, M.D.**

phm—Ketogtutafate (HTK) soluton has been shown to provide the excellent
legia. The HTK solution has relatively low potassium as an arresting agent of
myocardium, and low sodium conftent and high concentration of histidine biological buffer which confer a buffering
capacity superior to that of blood. Since HTK solution has an excellent myocardial protective ability, it is reported
to protect myocardium from ischemia for a considerable time (120 minutes) with the single infusion of HTK solution
as a cardioplegia. The purpose of this study is to evaluate the cardioprotective effect of HTK solution on
myocardium when the ischemia is exceeding 120 minutes at two different temperature (10 to 12°C, 22 to 24°C)
using the Langendorff apparatus. Material and Method: Hearts from Sprague-Dawley rat, weighing 300 to 340 g,
were perfused with Krebs~Henseielt solution at a perfusion pressure of 100 cm H;O. After the stabilization, the
heart rate, left ventricular developed pressure (LVDP), and coronary flow were measured. Single dose of HTK
solution was infused into the' asceﬂdmg aorta of isolated rat heart and hearts were preserved at four different
conditions. In group 1 (n=10), hearts were preserved at deep hypothermia (10~12°C) for 2 hours, in group 2
(n=10), hearts were preserved at moderate hypothermia (22~24°C) for 2 hours, in group 3 (n=10), hearts were
preserved at deep hypothermia for 3 hours, and in group 4 (n=10), hearts were preserved at moderate
hypothermia for 3 hours. After the completion of the preservation, the heart rate, left ventricular developed
pressure, and coronary flow were measured at 15 minutes, 30 minutes, and 45 minutes after the initiation of
reperfusion to assess the cardiac function. Biopsies were also done and mitochondrial scores were counted in two
cases of each group for ultrastructural assessment. Resulf: The present study showed that the change of heart
rate was not different between group 1 and group 2, and group 1 and group 3. The heart rate was significantly
decreased at 15 minutes in group 4 compared to that of group 1 (p<<0.05 by ANCOVA). The heart rate was
recovered at 30 minutes and 45 minutes in group 4 with no significant difference compared to that of group 1.
The decrease of LVDP was significant at 15 minutes, 30 minutes and 45 minutes in group 4 compared to that of
group 1 (p<0.001 by ANCOVA). Coronary flow was significantly decreased at 15 minutes, 30 minutes, and 45
minutes in group 4 compared to that of group 1 (p<0.001 by ANCOVA). In ulirastructural assessment, the mean
myocardial mitochondrial scores'm group 1, group 2, group 3, and group 4 were 1.02+0.29, 1.52+0.26, 1.56+
0.45, 2.22+0.44 respactively. leus:on The HTK solution provided excellent myocardial protection regardiess of
myocardial temperature for 2 hours. But, when ischemic time exceeded 2 hours, the myocardial hemodynamic
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function and ultrastructural changes were  significantly deteriorated at moderate hypotherma (22~24°C). This
indicates that it is recommended to decrease myocardial temperature when myocardial ischemic time exceeds 2

hours with single infusion of HTK solution as a cardioplegia.

(Korean J Thorac Cardiovasc Surg 2004;37:632-643)
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Fig. 1. Diagram of the isolated heart perfusion circuit. The
heart is perfused at a constant perfusion pressure of 100 cm

H,O with oxygenated Krebs-Henseleit buffer soluton. LV=Left
ventricle.
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Table 1. Composition of Krebs-Henseleit buffer solution

Component mM/L
NaCl 118.0
KCl 4.70
CaCl, 252
KH,PO;4 1.18
MgS0, 1.66
NaHCO; 24.88
Glucose 5.55
pH (S vol % CO») 74
Na-pyruvate 2.0

Table 2. Composition of HTK solution

Component mM/L
NaCl 15
KCl 9
MgCl, 4
a-Ketoglutarate
Tryptophan 2
L-Histidine 180
L-Histidine-HCl 18
Mannitol 30
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Fig. 2. Experimental design.
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24°C, Group 3, stored for 3 hours at 10~12°C, Group 4, stored for 3 hours at 22~ 24°C,

ok 100 mmHg®] ¢H o8 F9l3le] AR Z
b, Al §FEE 40~50 mmHgE 3ol b}ﬂvl
kg o 6%l A 7Y oP°ib} HTK §4& 13]3h ¥of
9tk HTK £ F94& £

L=
LI KAl
k

—

o

S ©°
& o

d &3S AT

10~12°C9] o3 &-AFal(ice box)el|A] 2417} EoF HE AT
2 AL222~-24°Coll A 2A7F HE, A3EE 10~12°CY
A543 A ice box)ollA] A7 BE, A2 A-2(22~24°C)

A 347 HESGY. BES Ty AZAAL oA
Langendorff #+577FX]ol] 17 A]#A Krebs-Henseleit -3¢

o7 ABFE Aztelel, 77t 1SE F, 0% ¥, 4558 F

ok _l::

of B71% HEAE TE W 2L wos A

S AUES % HEY 55 S 4G T A
e A BFAA A Bl ohe, AR H44 9
B2 et ARG Yo nATE WHE

BAsl gl ch(Fig. 2).

Bel 9FA9 A5 e BrhekA skl 94 3,
o AMMES B BEE AUAUL 52 SHeE

% RRFE Bminacrd, 439 U Py
ez FAsg L, 342 polygraph(Model 7 series,
GRASS Instruments, Quincy. Mass., USAYE %3l 7]&%
w3714 ol7Igkel Aol EAshglch
Ao AN AA nATE BRE 2 FolA @
N P

ARG AR 2919 A4D A2 e ol Soile. AT

A2 ZA] 2.5% glutaraldehyde-8-1(0.1 M phosphate buf-
fer, pH 7.4, 4°C)l] 247+ E9F ATLABT, 1% 0,0, H
(0.1M phosphate buffer, pH 7.4, A-&)ol] 247} =¢F 314
slich o] & Al ethanolel] E<F, propylene oxide® %] 3}
g ¥, Luft WHoll 93 eponET a2 Fofslsic) Emix
2ZZA L | ym FA 2 A1, alkaline toluidine blue® 3
dstol $4 BRI Areto] BE HYE HA
3l %, MT-2B Porter Blum ultramicrotome 2 & diatome
knifeZ AH-&slod F7 40~60 nmz ZubAslo], ZubAH
& uranyl acetate®} lead citrate® o]F ZFzxjod Mg I
Hitachi H-7000 A x}&u)7 0.2 714 ek 75 KVol|4] 2zt
ek AEEY A 1 Flameng G510l &3k 7155 A
23l 3 Akl Wl zA g ate) oete] FHFE AUt
Az B9l 10,0008 A]okol| 4] AL A (mitochondria)g-7}
204 £ 1 ol o] & BT ez 5 B8] ol 4
Aoto] Fdelsich AgAlY ulAlTR2HE A S
W o2 Al YA Wsd Lol wa} SEFo 2 1}
reltel, 3472t 04, v Padel 4 nEsl
J o} el (granule)o] 249 v 14, o] glo
4 718e] 3B clarification I P01} HFE HEL 4
A 28 73 274, 71389 A8 3kst cristaes 77t
j_x H29 Ar 7} Algt 7420z 34, cristac?) A}
ool shalrl Gl Aol 4de) HHE Holalsd
AT 1000 AA A5E DAY F, HEA
Fsfe] o[ 2 7+ A7e AYA A%(mitochondrial

score) 2 s} o).

krﬂ ;O r

O

_Tu

-!1‘-

e 1.1(“ g‘l

— 635 —



HEQIX
2004;37:632-643

Table 3. Changes of heart rate

Reperfusion
Group Pre-ischemia
15 min 30 min 45 min
1 (n=10) 251.50+13.25 24450+13.83 236.00+13.33 23550+13.93
2 (n=10)* 309.00+3.79 291.00+5.67 286.00+6.00 284.00+9.57
3 (n=10)* 310.00+9.89 274.00+14.08 271.00+9.00 275.00+8.33
4 (n=10) 309.00+11.00 242.00+10.317 261.00+12.24 262.00+£10.52
*=p-value <0.05 by repeated measures ANOVA; T=p-value <0.001 by ANCOVA.
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Fig. 3. Changes of heart rate.
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Table 4. Changes of left ventricular developed pressure

0F
fio

fop 02
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HTK &ie] AR

Reperfusion
Group Pre-ischemia
15 min 30 min 45 min
1 n=10) 146.00+3.56 132.00+2.81 125.00£2.98 117.50£3.27
2 (n=10) 162.00+6.38 134.00+5.31 131.00 £4.88 124.50+4.86
3 (n=10)* 169.00+4.64 144.50+4.80 130.00+5.77 122.50+6.47
4 (n=10)* 141.00+6.70 68.00+4.23" 71.00+£3.48" 62.00+3.89"
*=p-value <0.05 by repeated measures ANOVA; t =p-value <0.001 by ANCOVA.
Table 5. Changes of coronary flow
Reperfusion
Group Pre-ischemia
15 min 30 min 45 min
I (n=10) 20.60+1.13 17.50+0.78 15.90+0.84 14.60+0.90
2 (n=10) 24.00+1.13 18.10+0.57 16.60+0.76 15.30+0.86
3 (n=10) 24.40+1.09 17.90+1.31 15.70+1.20 14.30+1.02
4 (n=10)* 22.90+123 11.80+0.55" 11.30+0.79" 9.60+0.62"

*=p-value <0.01 by repeated measures ANOVA; T=p-value <0.001 by ANCOVA.
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Fig. 4. Changes of left ventricular developed pressure.
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Fig. 5. Changes of coronary flow.
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Fig. 6. Electron micrograph of rat myocardium, preserved at
10~12°C for 2 hours (group 1). Most of mitochondria reveals
well preserved architecture and scored 0 to 1.

Fig. 8. Electron micrograph of rat myocardium, preserved at
10~12°C for 3 hours (group 3). Low amplitude swelling, clear-
ing of matrix and loss of granules are noted and most of them
are scored 2.

Fig. 7. Electron micrograph of rat myocardium, preserved at
22~24°C for 2 hours {(group 2). Most of mitochondria reveals
well preserved architecture and scored 0 to 1.
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Fig. 9. Electron micrograph of rat myocardium, preserved at
22~24°C for 3 hours (group 4). High amplitude swelliing,
clearing of matrix, destruction of cristae are noted. A few reveals
destruction of mitochondrial membrane and scored 3 to 4.
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FU9 ARA R nFE ZdFo o8 AEY ule] 7k
ZE55 Aol7l HojA oz A AEZI} GEFH A,
A3 Alxete] o] 2P EZE o] &3l d e ovA &
2ot Zrasls Aol oy nEyxe ZES ALTH
ol 2 E4e € 7 o, g Aer 2ES F
2he AHAE eAe W A4E 2T Mankad
E[11] 15~30 mEgLe] 2§ %57} Ao stge.
), 2 o]ge] FEAE WIAEN &4 5 gdn
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el digtol s A5 ASedAe 2o MAF £

&, & stone hearts} o] Sl wlgte], v Ao}
AZAAE AL W ZAgeko] Hol ATFEHE WA
A E2] Zggoll oEMof ek ghet. 28)u) Robinsond}
Harwoodf12]+ 7]£¢] St. Thomas’ Hospital -£-o8¢] Z-4¢
E5+ 12 mmol/LeE), % creatine phosphate’} St.
Thomas® Hospital -&9Hol| 4] Z=7}2Q AZH S FTHE A
T3t olrv 2 ZeEAt Ao ohrhi A, st
Thomas’ Hospital 42} Z<r5 %+ 0.6 mmol/L7} 7}&+
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Wakabayashi 5[14]2 AR A Rl wl2d5 160 mEqLE
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o Bllég 50 mM o)4 AAFE A%, TAF oJat
AR 24 T Ao, vld) BT f2
< HEgd 3 9. & Kronon 5161 U}ilﬂh’a%l 2
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ATP dA s A2 +#24& FPAHGT slodc
Buckberg[7]1+ glutamate®} aspartateE 7}l il, g%
T URm, o8 F 429 24 A% B3AS A
£ 285 ADFAE HEYoA AL 5 43
T3, oA vlEF 714 RS &

i, g *ﬂ-‘:j— W ool 5& FEAA ATF £4

i

O
o
N e
2

o

A gl F2 AdEE AAA-C
ALoz Folshe Wt n2E
A AAR N BAA AR
A7 2| -2 Buckberg[22)7} -2
H g4 AZANRe| 4 b
T& A LE 3EAT 2, I
93, g0 glow, Gelo) 3
AGEE Y 5 3, WA
(endogenous oxygen free radical scavenger) 2 Ar-g-slof 33
FEAE HANY + ok AW 2EdT Faie
ok @A AFANL QA A wol AdEE AAA Y

o A
iz
rlo
kel
i)
il

>
D)
Az
o,
=
o,
i

Lt
-4
e
L)
‘Lr

o

o

4

ot

o
xR

off B 4

B X o o
52
o
(&

b
12

e

Eoox Py [ &

b o
G

> >
dr Ropet i ok ox X ol

rﬂh

_l?; sy

o

S En
)

£

fo
ot

— 640 —



[«4

AR oA = o] 3 EEo HETEHEN st
o] 9lt}. Ascione £[23]12 Wl wagixto

=& o2 whet]
s ARt ShAtell QoA Wd AR A o] 28 AA
2Bl vlsle] AZHE TIU} FQhrlsr 31931, Baretti

5241 4 YT EHEQ0~25%)NA AZLEE A7
b E3, 22 YL EHEM@0~45%) 237 MET
a ol S|sHok dheka sheiek

196413 Bretschneider[3]= £ H Na+5=5 A2
AZA W) Nav 550 2] okt = S35 Bag
£ 2.7 9] (excitation potential)Z ] A gt} o] Boll LA}
of Na+3 K+9 F%7 9, 7"“501 §lem, procaing
FRohs A2 AAAAE A, 196535 ol
Bretschneider 4% ] o4& ‘%J/E}Oﬂxﬂ AFHgeg dg A4
¥|9lt}h. Bretschneideri= A& Q] ¢t Heb-g F3lo]
Hale] HTK §A-g MAslict. o] HTK &4 Al
o Beae, FA4Re B4e AT SERT e
UEE, 4E, 2w 59 AMAL dhste] Az 24
3} »}7‘4 S A3}, histidine¥} histidine hydrochlorlde g
tryptophang 37bsle] goliiet 58 SF5e AT
1], ketoglutarate:= &3 g AI-F Aol T4 A 7]
A2 Ageo] ATP BFE Felx AE o) A45E A
A7), £ AE REE AAst7] Ykl mannitolE
@5oha ek 7129 A4 A3} HIK gole) Z2A
Aol A2 ABALE 93l ¥ % ZES ALHA &
= Zo|th

Von Oppell £[25]2 AR A Mel HTK §33} St Tho-
mas’ Hospital No. 2 &8, Azka} 712 A A-8-1¢] modi-
fied Collins §-H#} UW (University of Wisconsin) &<} 2]
WPAE £4 BES vl Frhesed, WelA o) 7}
A HEA o X HTK §Ho|9 1, HTK §H2] &4
3 Wg B 3E g+ histidine, tryptophan £-2] e} o
& dayael AUUeE dsish Teln HIK $94e
ATHS g7 Holu 13] FYo 25 A7 AEE
& B3} 4G22 GAel HLE 2] A4 2
2 AAAN Foll whE HAZZE AY T I, wet
4 ERAAALE £U e Hek Hachide 5
261 AstAl EAE Aol A 2008 o449 HPoAE
HTK gMo] AZHF Fapr} Sl 31932, Sakata
22718 HTK £98S A8319S ul, 94 32+5 AR A
ag Agee duch ABF F AL o5 o)
RIE7 dxls] Egvha vk 22y HTK &9 <
He AHA $E Aol wnH ngeke BHAAC Bk

T

0p
[

o gl
HTK &H9] AZH23% &3

WA HRA AlolE
M3 " F ANA

rlr
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ﬁ
rO
9 o
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Wk S
12 ot

XME = AT ?é*l{b)r HELZEo g HTK &Y
o] ATHZ aRE Hrhsls] Aste] o AdE AW
ok Ao AgelA é“%%?t ATE5o) 4iglo] 3
A4 HY Follx FANOE o3 wi3tE HolA &
Stet. ot HEA4UE AVLM AE HES 3 Aldgol
A AR F 158l FAE AETTE AL vlsked
FostAl Y dehrt 302 9 458 Folle HEEo] Fodt
H3LE Holx] okgkedl, ool tigk )AL WA Rt
HAGE, Sakata 5{27]9] H.iollA HZol Mt 3 A
z—l A]HLE&,/]EV] _?_./;:H_\,]. J,]-Edo] 9\11_ 74 o= xgﬂ-gh;]._
ATEZ oA 7t T=27E 23U AIF10~
12°C, 2A17F BHE)lA= AbEarl 251.50413.25004
23550+ 139302 3d A 7o oF 93.6%% SASHYL,
7h ekz71 o)W AldT(22~24°C AL, 37 HE)ollA
L 309.00+11.000] 4] 262.00+10.522 &8 A ko] 84.8%
Z ok gasg o FAHLE folsAe $3 2
AAeFe A1l A ATF Z 1550 146.00%3.5601 A]
1175043272 " A Z4x)9) 805%F FAIsto] EA|
Ao fo3 ZAE HolA o2 vhHel, AldTolAs
141.00+6.700|14] 62.00£3.89% &8 A ZHx|9] MR
Aastel BAIF R FostAl AasAcHp<0.001).
FESGe AIFAAE ABF T 1586 20.60+1.1300 4]
146009005 &8 A ZAx)2] 709%% FAs}o] <]
sk 7k g_ HolA] gkgkor} AldgoliAe 2290+1230ﬂ/<1
9.60+0.62% 318 A ZAHX 9 41.9%F 7HAste] EAA
o2 fostAl ZH4zstdvk(p <0.01).
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15640452 wjmd ok3s 2ALS Belon), AUFL
2224044% A4ToNAE HI7FAA W9l 1] FET
cristac®] 27} e AHA A 3 AHA =] st
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HiZ: HTK g4 43t AZH3 435 Jehdle Aoz <2 gub HTIK £4L vjaF 4
TR ZEoE AAAE fESA, AR YEEFS &3, BB} 78 A58 Al
= A=A AFAQ histidine s oheF sl Ao] EAo|rh HTK 89 ALHE adhe 49
o] 13] Yoz 4ge A7H1208) FEEEE ALS Boditia Hasgich o] dite F 71K
thE AT EE(10~12°C, 22~24°C)stoll A At s Po| 12088 2313 uf HTK £H9 ALHS &
HE Hrpet sk WY X EE: AlF 300~340 g9 Sprague-DawleyA] 315 €] A& A &}o]
Krebs-Henseleit 3-8 2. & 100 cm H,09] ¢tH o g #-FA|7c). otk &of] Ak A4 Wt 3
HFEe F48000 Alusde E3lel HTK &85 13] 9 ¥ 4% AAE Z47] o& 4714
W o g st AllFEn0=100 10~12°Ce A ollA 247k A2FEn=10) 22~24°C2] = -0l
A 221 7E, A3F0=10)- 10~12°Ce} Aol 3A 7}, A4 n=10) 22~24°CE] Aol 3A7F BE
sodch BHES B F A% AAs ok B Axlol dAste] ABF & 158, 308, 458 7+ 7+
Ay, A4S 3 FFHE S vjAFE HELE ksl f3te] A4S Qs
AgA AFE FAGSY. Bk AEaE Al 27, AT 379 v)szellA Xel7h gidch
Aagoll A AAF & 158 AbEeyt Aol dlsle] FofsAl AP etk (p<0.05 by
ANCOVA), 304, 45504 vty 355 dx AL fae Aozt giddch A4k Al
44 AMTF T 158, 3082, 45504 A1l vlsl] $-2slA 743t rHp <0.001 by ANCOVA).
T BFFS AdFolA ATF T 15E, 308, 45504 A1l vl FJslA 74} vhp <0.001
by ANCOVA). u] A F= #izle] Hrto|a] Ao HF ALA AdE AIF 1.02+£029, A2F 152+
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Soll #AIGlo] e ATEI T35 Vel S8 bo] 2478 23sbi 439] dgEE 7]
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