
with nonhistone pro te ins  and newly synthesized RNA. On the other  hand, DNA repl ica t ion evidently begins with 
act ive  genes [7], but DNA rep l ica t ion  in fact  begins in the chromat in  f rac t ion  f i rmly  bound to the ma t r i x  [2, 5], 
which is r ich  in unique sequences  [2]. Compar i son  of the p r e sen t  r esu l t s  with the facts  descr ibed  above sug- 
ges t s  that the chromat in  f rac t ion  f i rm l y  bound to the ma t r ix  is enr iched with ac t ive ly  t r ansc r ibab le  genes.  
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U R E A  S Y N T H E S I S  I N  H E A R T  M U S C L E  
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Urea  fo rma t ion  by the isolated r a t  hea r t  was studied during per fus ion  with NH4C1 (10 raM), mix-  
tu res  of NH4C1 (10 raM)and L - a s p a r t i c  acid (10 mM) and L-orn i th ine  (2.5 raM)with L-a rg in ine  
(10 mM), L-g lu tamine  (10 raM), L-a lan ine  (10 mM), L- leuc ine  (5 raM), andpyruva te  (5 mM). The mos t  
effect ive ac t iva to r  of u r e a  synthes is  is NHtC1 and L-arg in ine ;  L- leucine  and pyruvate  have an 
inhibi tory act ion,  t t  was shown with the aid of the isotope I~N that  ammonia  fixation can t akep lace  
in the hea r t  t i s sue  through the fo rmat ion  of urea .  The quantity of 15N incorpora ted  into u rea  in- 
c r e a s e s  with an i nc rea se  in the concentra t ion of ammonium-15N ace ta te  in the per fus ion  fluid 
f r o m  1.6 to 3.4 mM. I sopro te reno l  nec ros i s  of hea r t  musc le  leads to a significant  i nc rease  in 
15 N incorpora t ion  into urea .  

KEY WORDS: urea;  synthesis ;  ammonia ,  amino acids .  

In format ion  in the r ecen t  l i t e r a tu r e  on the concentra t ion of u r e a  in the hea r t  musc le  and on its role  in 
ca rd iac  ac t iv i ty  is ex t r eme ly  l imited.  Most conclusions of the u rea  balance  in the hea r t  have been based on 
the study of the coronary  a r t e r iovenous  di f ference  [2-4, 10]. The following rule was obse rved  in this case :  
In the p r e s e n c e  of high concentra t ions  of u r ea  in co rona ry  blood (> 1 raM) it  was a s s imi la t ed  by the heart ,  
whereas  in the p r e s ence  of low concentra t ions  it was el iminated.  Hence it can be concluded that the exchange 
of u r ea  between the blood and hea r t  is de te rmined  by gradient .  

On the other  hand, there  is evidence that u r ea  can be fo rmed  in the hear t  i t se l f  [4, 13]; act ivi ty of en-  
zymes  of the ornithine cycle (arginase,  orthi thine c a r b a m o y l t r a n s f e r a s e ,  a rg in ine - succ inase )  has been found 
in homogenates  of the hear t  of man and an imals  [1, 2, 14, 15]. 

The connection of u rea  with m e t a b o l i s m  of other  ni t rogen-containing compounds in the hea r t  has been 
studied in [4, 5]. Invest igat ion of ni t rogen m e t a b o l i s m  in a group of pat ients  with i schemic  hea r t  d i sease  showed 
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TABLE 1. Effect of Medium on Urea Concentration (in #g /g  t issue)  in Perfusion Fluid and 
Tissue  of Rat Heart (M• 

Per fusion medium 

KHS 
KH8 --NH4Ct (I0 mM) 

/ NH4C'I (10mM)~ 
KHS ~- [ L-ortninine (2.5 raM) 

{ NH4CI (10mM), 
KHS ~ L-orthinine (2.5 raM) 

L-aspartic acid (10 rnM) 
NH4CI (10raM) . . . . . .  KHS -=- { L-aspartic a~Cla ( lu  mM) 

KHS -- L-alanine (10 raM) 
KHS + L-arginine (I0 raM) 
KHS + L-glutamine (10 mM) 
KH8 ~-L-[eucine (5 raM) 
KHS --Pyruvate (5 raM) 

'L'  

63,4.+7.3 
70,4.+8,4 
68,3.+5,4 

72,4.+10,0 

70,6.+7,5 
65,5.+5,5 
78,2+_7,4* 
62,4_+6,3 
58,3• 
56,4.+6,3 

Legend. KHS) K r e b s - H e n s e l e i t  solution.  

*P < 0.05. 

#g/g 

80 4 b 

60 ~ ~  
+o 

25 a 

80 

50 
~0 

20 

Perfusion time, rain 

64.6.+4,5 
82.6.+8,5* 
73,8.+10,0 

87,4.+6,5" 

76,8"+6,3* 
67,8.+8,0 
87,4.+9, O* 
66,0.+5,4 
62,0.+6,3 
63,8.+6,0 

t2  

65,8-+6,5 
100,5.+10,0' 
95,6.+ 14,3' 

92,5-+6,5* 

83,4--+9,3* 
70,5-+6,7 
91,0-+6,2" 
72,0-+8,3 
64,0• 
59,4-+7,8 

24 

71,0• 1" 
116,7__+6,2" 
93,4.+7,4* 

90.5+9,6" 

87,5_+8 3* 
78.3 ~ 8.7 

100.8 + 8.9 
84 ~ 9.0 

69.4 ~ 8.2 
48.8 # 11.4 

36 

74,2• I ~ 
119,8• 
86.4• 

86,5___9.8 * 

98,0+.6,5 ~ 
83,7__+12.5" 

1 t5,8.+7,3" 
86,5• ~ 
69,8--+4,3 
62.3~8.0 
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Fig. 1. Urea concentration in t issue of rat heart (a) and medium (b) 
as a function of perfusion time. Perfusion medium: 1) K r e b s - H e n -  
se le i t  solution; 2-6) K r e b s - H e n s e l e i t  solution with NH4C1 (10 mM), 
NH4C1 (10 mM +L-ornithine (2.5 mM), Ntt4C1 (10 mM)+L-aspar t t c  
acid (10 raM), L-arginine (10 mM), and pyruvate (5 raM) respect ive ly .  
Filled c irc les  denote urea concentration in rinsed heart. Abscissa,  
perfusion time (in min); ordinate, urea concentration (in #g/g t issue) .  

that  the a m m o n i a  of the m y o e a r d i u m  is  f ixed and excre ted  into the blood s t r e a m  through the f o r m a t i o n  of g lu t a -  
mine ,  urea,  and alanine.  Urea formation in the heart  m a y  pe r ha ps  be an  add i t iona l  pathway for  a m m o n i a  f ixa-  
t ion  [II]. 

The objec t  of this invest igat ion was to study the poss i b i l i t y  of u r e a  syn t he s i s  f r o m  a m m o n i a  and va r ious  
amino  ac ids  by the isolated h e a r t .  C o m p a r i s o n  of u r e a  f o r m a t i o n  f r o m  a m m o n i a  in the normal  heart  and in  
exper imenta l  n e c r o s i s  al'so appea red  interest ing .  

EXPERIMENTAL METHOD 

Experiments were carried out on male Wistar rats weighing 250 g. The heart was removed from the 
anesthetized animals and performed by Langendorff's method with reeirculatton under a pressure  of 60 mm 
Hg. Krebs--Henselei t  solution containing NI-I4C1 (10 raM) or  a mixture of it with L-ornithine (2.5 raM) and L- 
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TABLE 2. Incorporat ion of 15N into Urea after 
Perfusion of Rat Heart  for 30 Min with Ammo-  
nium-15N Acetate* (M~m) 

Concentration [Heart with Number 
of ammonium-lsN intact bear~ jexperimen~aI experiments~ 
fluid,aCetatemMin perfusion [neerosi.s 

1,6 
2,2 
2,8 
3,4 

0,0624-0,005 
0,0784-0,005 
0,098--+0,006 
0,123-+0,005 

2,080• 
0, I26• 
0,128+0,007 
0,154• 

Legend. *Excess  atomic percentage of 15N- 
differences between atomic percentage of iS N 
in sample and in standard (0.365). 

TABLE 3. Urea Concentration (in/zg/g t i s -  
sue) in Tissue of Rat Heart  and Perfusion 
Fluid after  Perfusion for  30 Min with Ammo- 
nium Acetate (M ~m) 

Concentration 
of ammonium 
acetate in 
per fusionfluid, 
mM 

0 
1,6 
2,2 
2,8 
3,4 

Intact heart 

74,5+5, 1 
83,5+4, t 
86,5• 
92,3• 
95,5--+5,0 

Heart with Number of 
experimental 
necrosis !experim eros 

I 

83,5+--4,0 
89,74-4,2 
95,5• 

101,0___6,4 
104,5~3,8 

10 
4 
5 
3 
4 

aspar t ic  acid (10 raM), or  with L-arginine  (10 raM), L-alanine (10 raM), L-glutamine (10 mM), L-leucine (5 
raM), and pyruvate (5 raM) served as the perfusion medium. The urea concentrat ion in pro te in- f ree  tissue 
extract  and in the perfusion fluid was determined photometr ical ly  by the react ion with thiosemicarbazide [8]. 

Urea synthesis  f rom ammonia-lSN was studied in the intact ra t  hear t  and in the heart  with isoproterenol-  
induced nec ros i s .  The hear t  was perfused with K r e b s - H e n s e l e i t  solution containing ammoniumJSN acetate 
in concentrat ions of 1.6, 2.2, 2.8, and 3.4 raM. Urea was isolated f rom the pro te in- f ree  t issue extract  and 
perfusion fluid on a column (2.5 x 60 cm) with Amberli te CG-120 III res in  on a Beckman M-121 amino acid 
analyzer .  Elution with l i th ium-ci t ra te  buffer (pH 2.8) took place at the rate of 260 ml /h  at 40~ The urea  
f ract ion was purified f rom components of the buffer by passage success ive ly  through the cationic exchange 
res in  M-72 and the anionic exchange res in  Dowex 2 • 8. The eluate was evaporated to dryness  in vacuo at 
40~ The CHN analyzer  was used for  prepara t ive  isolation of urea nitrogen. The isotope composition of the 
n i t rogen  was determined on the MI-1305 mass  spec t romete r ,  

EXPERIMENTAL R E S U L T S  

The f i r s t  step was to determine the urea  concentrat ion in the rat  hear t  before perfusion with K r e b s -  
Henseleit  solution. It was 60.5 ~:6.3 #g/g  wet weight of t issue.  

During perfusion of the hear t  with K r e b s - H e n s e l e i t  solution without additives, or  with ammonium chlo- 
ride, amino acids, mixtures  of amino acids, and pyruvate the changes in the urea  concentration were s imi lar  
in cha rac te r  (Fig. 1): accumulat ion in the medium and a decrease  in its concentration in the hear t  t issue with 
the course  of t ime.  Evidently the small  size and the e lectr ical  neutral i ty of the urea  molecule under physiologi- 
cal conditions facil i tate its ready diffusion through cell membranes  and its outflow along the concentration 
gradient.  As Fig. la  shows, perfusion led to the establ ishment  of a "s ta t ionary ,  urea  concentrat ion in the 
muscle t issue af ter  about equal t imes.  Its level was relat ively independent of the nature of the medium and 
amounted to 10-15 pg/g t issue.  The presence  of pyruvate and of Lqeuc ine  in the medium reduced the urea  
concentrat ion in the perfusion fluid (Fig. 1: 610). 

The g rea tes t  st imulation of urea  synthesis was found when NH4C1 and L-arginine were used as nitrogen 
donors (Table 1). Addition of L-alanine,  L-glutamine,  and mixtures  of ammonium chloride with aspar t ic  acid 
and L-orni thine to the perfusion fluid was less effective. L-leucine inhibited urea  synthesis and pyruvate com- 
pletely blocked the formation of this substance.  Similar resul ts  were obtained during perfusion of the liver, 
and in experiments  on t issue sl ices,  isolated mitochondria,  and suspensions of l iver  cell [6, 7, 9, 12]. 

Urea formation in the heart  t issue was confirmed by t r ans fe r  of lSN f rom its p r e c u r s o r  (ammonium-~SN 
acetate) (Table 2). An increase  in the degree of enr ichment  of the urea, both in the intact and the infarcted 
hear t ,  and with the 15N isotope was observed with an increase  in the ammonium-15N acetate concentration in 
the perfusion fluid. 

In isoproterenol  necros i s  the quantity of urea  formed by the hear t  during perfusion increased on average 
by 107o (Table 3). Using the data on enr ichment  of urea  with the I~N isotope and its concentrat ions in the hear t  
and perfusion fluid, the total quantity of 15N incorporated into urea  during perfusion with ammonium-iSN acetate 
was calculated (Fig. 2). The quantity of inn incorporated into urea increased with an increase  in the ammonium- 
I~N acetate concentrat ion in the perfusion medium. Experimental  necrosis  led to a significant increase  in 15N 
incorporat ion (by 30-90%) compared with normal .  
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Fig. 2. Content of 15N in u rea  of intact ra t  hea r t  (1) and 
hear t  with exper imenta l  nec ros i s  (2). Absc issa ,  concen- 
t ra t ion  of ammonium-tSN aceta te  in per fus ion  fluid (in 
raM); ordinate ,  15N content (in t~g-atoms l~N/g t i s sue  • 102). 

The s imi l a r i ty  of slope of the curves  r ep resen t ing  the concentra t ion of ammonium-15N aceta te  in the p e r -  
fusion fluid and incorpora t ion  of 15N into u rea  is in good a g r e e m e n t  with the e a r l i e r  hypothesis  [1] that u rea  
synthesis  in hea r t  musc le  is a r e sponse  to e levat ion of its ammonia  level .  The impor tan t  point is that u rea  
synthes is  is act ivated in a hea r t  with exper imenta l  nec ros i s .  

it can be concluded f r o m  the exper imen ta l  r e su l t s  descr ibed  above that reac t ions  of u r ea  synthesis  take 
place in hear t  musc le .  This is shown by the fo rmat ion  of l a rge  quantit ies of u rea  during perfus ion of the i so-  
lated hea r t  with ammonia  and amino acids ,  s ignif icant ly  higher  than the u rea  concentra t ion in the m y o c a r d i u m  
before  the exper iment ,  and also by the enr ichment  of u rea  with heavy ni t rogen of the p r e c u r s o r s  - a m m o n i a -  
15N. Urea  synthes is  is used by the hea r t  to fix excess ive  quanti t ies  of ammonia ,  as is shown by the s imi l a r i t y  
of slope of the curves  ref lect ing the quantity of u rea  synthesized and the concentra t ion of ammonia- tSN in t ro-  
duced. The role  of u rea  synthes is  as a m e c h a n i s m  of regulat ion of the t i ssue  ammonia  concentra t ion a s s u m e s  
g r e a t e r  impor tance  during nec ros i s  of the hea r t  musc le .  
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