
Urol Res (1989) 17:371-376 Urological Research 
© Springer-Verlag 1989 

Intraischemic metabolic effects of different disaccharides 
on protected canine kidneys* 

G. Kehrer 1, M. Blech 2, M. Kallerhoff 2, H. Kleinert 1, and H.-J. Bretschneider 1 

Departments of IPhysiology and Pathophysiology and 2Urology, University of G6ttingen, G6ttingen, Federal Republic of Germany 

Accepted: February 1, 1989 

Summary. The addition of the dissaccharides maltose 
(10, 20, 30 mM) and sucrose (30, 60 mM) to Bretschnei- 
der's organ protective HTK solution was evaluated to 
improve renal protection by an enhanced glycolytic 
energy supply. Canine kidneys were perfused for 8 min 
with either HTK solution or HTK solution containing 
additional disaccharides. After nephrectomy the kid- 
neys were incubated at 25 °C and metabolic parameters 
were determined at regular intervals. Maltose and 
sucrose are slowly cleaved during renal ischemia but 
maltose distinctly faster than sucrose. Maltose increa- 
ses intraischemic ATP supply. However, 30 mM malto- 
se was no better than 10 raM. 60 mM sucrose was about 
as effective for glycolysis as 10 mM maltose. However, 
possibly due to fructose release there was an accelera- 
ted decrease of adenine nucleotides with sucrose. 
Although fructose enters glycolysis it seems to have 
negative side-effects. Hence, probably neither sucrose 
nor fructose are appropriate for renal substrate supply 
during ischemia. 
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ischemic energy provision [13]. In contrast to anoxia, 
substrate provision must occur in the preischemic 
phase either by infusion prior to the protective perfu- 
sion or as an additive to the protective solution. Renal 
loading with glycolytic substrates by glucose infusions 
is limited by the tolerance limit to plasma glucose levels 
and by the washout effect of the subsequent protective 
perfusion. Glucose addition to a buffered protective 
solution allows a higher substrate supply. An ample 
provision of readily usable glucose, however, possibly 
leads to a disadvantageous metabolic stress by an 
excessive cellular substrate load [6, 15, 16]. 

Disaccharides must be cleaved before reabsorption 
which delays the cellular uptake of their components. 
As additives to the buffered HTK-solution they may 
allow a plentiful renal endowment with glycolytical 
substrates during ischemia without an immoderate 
increase in metabolic stress. Hence, we investigated the 
effects of maltose and sucrose on renal intraischemic 
energy metabolism when these saccharides were added 
to Bretschneider's HTK solution used for canine renal 
protection. In control groups HTK solution with a 
glucose or fructose additive or unmodified HTK 
solution were used. 

Introduction 

The transition from aerobic to anaerobic conditions at 
the onset ofischemia leads not only to a decrease of the 
total metabolic rate but also to a shift in the individual 
metabolic pathways. For example, glycolysis becomes 
the only relevant pathway for energy supply during 
ischemia. 

Since the kidney normally contains little glucose 
and glycogen, renal glycolysis is limited by the substra- 
te reserves. However, it can be increased by an 
exogenous glucose supply in order to improve intra- 
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Material and methods 

Mongrel dogs weighing 31 kg on the average were allowed free access 
to water up to the induction of anaesthesia but feeding (Nagut 
Vipromix, Dr. Mtiller KG, Lage/Lippe, FRG) was stopped 24h 
before. After premedication with 90mg piritramide (Dipidolor®, 
Janssen GmbH, DiJsseldorf, FRG) and 0.5 mg atropine (Atropinsul- 
fat Braun, B. Braun Melsungen AG, Melsungen, FRG) anaesthesia 
was induced with 5-10 mg/kg thiopental sodium (Trapanal ®, Byk 
Gulden, Konstanz, FRG) and maintained with halothane (Halothan 
Hoechst, Hoechst, Frankfurt, FRG) in combination with a 3:1 N20/ 
oxygen ventilation and small doses of fentanyl as necessary (Fenta- 
nyl, Janssen GmbH, Diisseldorf, FRG). 

After median laparotomy the kidneys were exposed. During the 
preparation about 500 ml/h Tutofusin® for volume maintenance 
(Pfrimmer & Co, Erlangen, FRG) and as a standard 500ml 5% 
glucose (25 g) (Glucose 5, B. Braun Melsungen AG, Melsungen, 
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Fig. 1. Free glucose content (X) in canine kidneys during 240 min of 
ischemia at 25°C. Groups according to the composition of the 
protective solution: (X) HTK-solution (n = 21); (*) HTK-solution 
and increased (50-75g) glucose premedication (n=7); (q) HTK- 
solution with 10 mM glucose (n = 5); (O) HTK-solution with 10 mM 
maltose (n=4); (A) HTK-solution with 60mM sucrose without 
mannitol (n = 2); (A) HTK-solution with 30 mM fructose without 
mannitol (n = 1) 

FRG) were infused [13]. In some experiments, however, the dogs 
received 1,000-1,500 ml (50-75 g) glucose. Then 1,250 I.U. heparin 
(Heparin-Natrium Braun, B. Braun Melsungen AG, Melsungen, 
FRG) and 0.1mg/kg furosemide (Lasix®, Hoechst, Frankfurt, 
FRG) were injected. Fifteen minutes later the kidneys were perfused 
for eight minutes with a chilled (5-8°C) protective solution. For 
details of the perfusion technique see [14]. 

As protective solutions either the original HTK solution (Kardio- 
plegische L6sung HTK nach Bretschneider, K6hler-Pharma, Als- 
bach-H~ihnlein, FRG) or HTK solutions modified by sugar additon 
(vide infra) were used. The composition of Bretschneider's HTK 
solution is as follows: NaC1 15mM, KC1 9mM, MgC1 4mM, 
histidine 180 mM, histidine-HC1 18 mM, K+-ct-ketoglutarate 1 mM, 
tryptophan 2 raM, mannitol 30 raM. The calculated osmolarity is 
310 mOsm/liter. 

The kidneys were removed after perfusion and incubated at 25 °C 
in the respective protective solution. At regular intervals during 
ischemia specimens (cortex/medulla ratio 2:1) were taken for 
biochemical analyses. After homogeneisation and deproteinisation 
with 3.5% perchloric acid, lactate [9], glucose [3] and adenine 
nucleotides (Adenosine triphosphate (ATP): Testkombination ATP, 
Boehringer Mannheim GmbH, Mannheim; adenosine di/mono- 

phosphate (ADP/AMP): Testkombination ADP/AMP, Boehringer 
Mannheim GmbH, Mannheim, FRG) were determined in the 
neutralised supernatant. Alternatively, intrarenal pH in the outer 
medulla was measured via stick-in electrodes (LOT 403-M3, Dr. 
Ingold KG, Frankfurt) and a pH-meter (Digital pH/Millivolt-Meter 
611, Orion Research, Cambridge). 

For statistical analysis the Wilcoxon, Mann and Whitney U-test 
was used. Data are given as mean values and standard errors of the 
mean. 

Experimental groups 

According to the saccharides added to the HTK solution five groups 
were classified: 

• HTK-group with standard glucose premedication: 21 kidneys 
were used for biochemical analyses, 10 kidneys for pH measure- 
ments. 
• HTK with higher glucose premedication (50-75 g): 7 kidneys were 
used for biochemical analyses. 
• HTK + maltose addition (standard glucose premeditation): In 
case of 10 mM maltose in the HTK solution 4 kidneys were examined 
biochemically and 4 kidneys were used for pH measurement. With 
20 mM maltose 2 kidneys served for metabolite determinations. 
When 30 mM were added, a HTK solution was prepared in which 
mannitol was omited to prevent too high an increase in osmolality. 2 
kidneys were used for analyses, 2 for pH. 

• HTK + sucrose addition (standard glucose premedication): Either 
30 or 60mM sucrose were added to a HTK solution in which 
mannitol was omited. With both concentrations 2 kidneys were 
examined biochemieally. In addition, in 2 kidneys pH was measured 
after perfusion with the 60 mM sucrose solution. 

• HTK + fruetose addition (standard glucose premedication): 
30 mM fructose was added to a HTK solution without mannitol with 
which one kidney was perfused and examined biochemically. 

R e s u l t s  

Renal intraischemic glucose content 

W h e n  d i s a c c h a r i d e s  h a d  b e e n  a d d e d  to  t he  p r o t e c t i v e  

s o l u t i o n  the  c o u r s e  o f  the  r ena l  g lucose  c o n t e n t  d i f f e red  

in p r i n c i p l e  f r o m  the  s i t u a t i o n  in w h i c h  g lucose  was  the  

m a i n  subs t ra te .  W h e r e a s  a r ena l  subs t r a t e  l o a d  wi th  

g lucose  r e su l t ed  in an  e x p o n e n t i a l  g lucose  dec rease  

f r o m  in i t i a l ly  h igh  va lues ,  w i th  d i s a c c h a r i d e s  g lucose  
rose  d u r i n g  i s c h e m i a  up  to  a m a x i m u m  un t i l  i t  d e c l i n e d  

aga in  w i t h  l o n g e r  i s c h e m i a  t imes  (Fig.  1). W i t h  10 m M  

m a l t o s e  the  h ighes t  g lucose  va lue  (26 gmol /gdw)  was  

a l r e a d y  r e a c h e d  a f te r  15 min ,  w i th  3 0 m M  m a l t o s e  a 

m a x i m a l  c o n c e n t r a t i o n  o f  44 gmo1/gdw g lucose  was  
m e a s u r e d  a f te r  60 m i n  o f  i s chemia .  W i t h  30 m M  s u c r o -  
se the re  was  an  in i t ia l  o n e  h o u r  p l a t e a u  at  a b o u t  

14 ~tmol/gdw af te r  w h i c h  g lucose  levels  dec l ined .  W i t h  
the  a d d i t i o n  o f  6 0 m M  suc rose  to  the  p r o t e c t i v e  

s o l u t i o n  a m a x i m a l  r ena l  g lucose  c o n t e n t  o f  36 l a m o l /  

gdw was  f o u n d  a f te r  120 min .  F r u c t o s e  a d d i t i o n ,  o n  the  
o t h e r  h a n d ,  led to a r a p i d  d i s a p p e a r a n c e  o f  g lucose  in 

t he  rena l  t i ssue (Fig.  1). 
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Renal ATP and SAN 

All saccharides retarded the intraischemic ATP decay 
but only with distinctly higher concentrations disaccha- 
rides were about as effective as a 10 mM glucose solution 
additive (Figs. 3-5). After 120 min ofischemia the renal 
ATP content was significantly (P < 0.005) higher with 
10 mM maltose than after perfusion with unmodified 
HTK solution. With rising maltose concentrations ATP 
became lower (Fig. 3). With fructose the ATP concen- 
tration at 30 rain of ischemia (4.5 gmol/gdw) was the 
highest ofaU groups. After 120 min, however, ATP was 
hardly elevated compared to kidneys protected without 
saccharide addition to the protective solution (Fig. 3). 
The renal ATP content was linearly dependent on the 
anaerobic lactate production (Fig. 4). 

Disaccharides, contrary to glucose, did not show 
unequivocal improvements in the renal SAN 
(ATP ÷ ADP + AMP) content. With 60 mM sucrose 
the adenine nucleotides were even somewhat lower than 
after the application of the pure HTK solution. The 
lowest SAN contents were found with fructose; at about 
60 min of ischemia SAN was less than half the corre- 
spondent value after HTK protection (4.1 vs. 10.2 gmol/ 
gdw) (Fig. 5). 

Fig. 2. Lactate content (X) in canine kidneys during 240min of 
ischemia at 25°C. Groups according to the composition of the 
protective solution: (X) HTK-solution ( = 21); (*) HTK-solution and 
increased (50-75 g) glucose premedication (n = 7); (v) HTK-solution 
with 10 mM glucose (n = 5); ( t )  HTK-solution with 10 mM maltose 
(n =4) ;  (A) HTK-solution with 60 mM sucrose without mannitol 
(n = 2); (A) HTK-solution with 30 mM fructose without mannitol 
(n =1) 

Lactate production during ischemia 

The rise in renal substrate reserves resulted in an 
increased intraischemic lactate production. The addi- 
tion of 10 mM glucose to the protective solution was 
distinctly more efficient with respect to lactate increase, 
especially between 60 and 240 min of ischemia, than a 
10 mM maltose additive in spite of double the amount of 
glucose molecules. Only after 4h of ischemia did the 
renal lactate content of both groups approach each 
other (Fig. 2). However, against the pure HTK solution 
10 mM maltose had significantly (P< 0.005) increased 
the renallactate content at 120 min ofischemia. Only the 
higher sucrose concentration (60 mM) clearly increased 
lactate production against the rate in kidneys protected 
with the unmodified HTK solution. Fructose (30 mM) 
stimulated lactate formation in about the same measure 
as a higher (50-75 g) glucose premedication (Fig. 2). 
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Fig. 3. Renal ATP content (~± SEM) after 120 min of ischemia at 
25°C under different additives to the protective solution 
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Fig. 4. Interrelation between renal ATP and lactate content after 
o 120 min ofischemia at 25 C. Protection: (X) HTK-solution (n = 21); 

(*) HTK-solution after increased (50-75 g) glucose premedication 
(n = 7); (v) HTK-solution with 10 mM glucose (n = 5); (@) HTK- 
solution with 10 mM maltose (n = 4); (qD) HTK-solution with 20 mM 
maltose (n = 2); (O) HTK-solution with 30 mM maltose (n = 2); (~x) 
HTK-solution with 30 mM sucrose without mannitol (n = 2); (A) 
HTK-solution with 60 mM sucrose without mannitol (n = 2); (at) 
HTK-solution with 30 mM fructose without mannitol (n = 1). Corre- 
lation line for the HTK-protected kidneys with both standard and 
elevated glucose premedication (n =28): X; *): y = 0.016 + 0.015 X; 
r=0.785 

p H  in the outer medulla 

The renal pH in the outer medulla decreased during 
ischemia starting from values of about 7.3 in all groups. 
With glucose and perhaps to some extent endogenous 
glycogen as the main substrate a plateau was reached 
consistently in the course of ischemia although on 
different levels depending on the nature and amount  of 
the prevailing substrate. Up to 120 min the pH with the 
addition of 10 mM glucose was comparable to the pH 
with 30mM maltose. Whereas the pH with glucose 
hardly changed afterwards, it further decreased with 
30 mM maltose. On the other hand the pH with 10 mM 
maltose fell slower than with 30 mM maltose or 10 mM 
glucose. Despite a higher lactate production, however, 
the pH after renal perfusion with H T K + 6 0 m M  
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Fig. 5. Renal SAN content (~_+ SEM) after 120 min of ischemia at 
25 °C under different additives to the protective solution 

sucrose was comparable to corresponding values after 
H TK  protection (Fig. 6). 

Discussion 

Recently it has been shown that a low content of 
glucose and glycogen in kidneys protected with a 
substrate free solution limits intraischemic glycolysis 
[15]. Although addition of glucose to the protective 
solution does increase glycolysis (Figs. 2, 4), a substrate 
such as glycogen, apart from its higher glycolytic 
energy yield, would be perhaps more favourable due to 
its slow cleavage avoiding a metabolic stress as a 
consequence of too high a load with easily usable 
substrate at the onset of ischemia [16]. Disaccharides 
must be cleaved before their components can reach the 
intracellular space which delays the intracellular sub- 
strate accumulation as seen in the course of the renal 
glucose concentrations during ischemia (Fig. 1). Since 
maltase is present in the kidney [19] the metabolic 
utilisation of an external disaccharide would be easier 
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Fig. 6. Renal pH (x) in the outer medulla of canine kidneys during 
240min of ischemia at 25°C under different additives to the 
protective solution: (X) HTK-solution (n = 10); (v) HTK-solution 
with 10 mM glucose (n = 5); (O) HTK-solution with 10 mM maltose 
(n = 4); (O) HTK-solution with 30 mM maltose (n = 2); (A) HTK- 
solution with 60 mM sucrose without mannitol (n =2) 

for maltose than for sucrose. Because of its very slow 
cleavage in the kidney sucrose has been added to 
protective solutions as an osmotic agent [1, 8]. Never- 
theless, in osmotically relevant concentrations sucrose 
obviously has also metabolic effects. 

Sucrose in a 30 mM concentration increased both 
ATP and SAN content. However, an additional increa- 
se from 30 to 60 mM further enhanced only ATP but 
not SAN. SAN became even lower than in HTK 
protected kidneys. The reason for this phenomenon 
may lie in a phosphate trapping due to fructose 
metabolism. 

Fructose given parenterally in high dosage to rats 
results in large accumulations of phosphorylated car- 
bohydrate metabolites in the renal proximal tubule 
where fructokinase and fructose-1-P aldolase activities 
have been found [7]. The straight segment has the 
highest fructokinase but a lower fructose-l-P aldolase 

than the proximal convoluted parL Hence, with a 
fructose load fructose-l-P rises most in the straight 
part of the proximal tubule which also suffers the 
greatest changes. Nevertheless, a considerable amount 
of fructose-1-P accumulates in the proximal convolu- 
ted segments, as well [7]. So much phosphate is thereby 
sequestered as to cause a drastic fall in phosphate and, 
as a consequence of a phosphate dependence of 
oxidative metabolism [4] and glycolysis [21], a decrease 
of ATP [7]. As ATP inhibits 5'-nucleotidase, and as 
phosphate inhibits AMP deaminase, AMP arising in 
the tissue is liable to undergo enhanced dephosphory- 
lation and deamination under the conditions occuring 
after fructose loading [24]. 

It is conceivable that similar reactions in the 
proximal tubule occured under the ischemic conditions 
of our experiments. Since the two enzymes peculiar to 
fructose metabolism, fructokinase, and fructose-l-P 
aldolase are confined to the proximal tubule [7], in 
more distal nephron parts fructose was probably 
degraded directly via glycolysis. Hence, in our overall 
tissue specimens the higher intraischemic ATP supply 
in distal nephron parts due to glycolytic degradation of 
the sucrose components fructose and glucose [15] may 
have superposed on the effects of fructose metabolism 
in the proximal tubule. With a fructose additive to the 
HTK solution the contribution of the glucose portion 
of sucrose on glycolytic ATP supply was absent. 
Hence, the unfavourable disinhibition of AMP degra- 
dation by fructose metabolism could take effect in a 
drastic SAN decrease at only a slight ATP elevation in 
the overall tissue specimens. 

The fructose effects on glycogenolysis cannot be 
examined with sucrose due to the simultaneous glucose 
release. With only a fructose additive, however, a sharp 
decline of the renal glucose content was observed 
(Fig. 1). Since phosphorylation of the glycogen phos- 
phorylase is necessary for glycogen degradation, an 
inhibition of glycogenolysis by phosphate trapping in 
the proximal tubule may have contributed to the rapid 
glucose disappearance with fructose. On the other 
hand, the glycogen content is lower in the proximal 
tubule than in more distal segments [2]. Since glucose 
disappeared completely, fructose probably also affec- 
ted glucose and glycogen metabolism in the distal 
nephron parts. Fructose is reported to increase pho- 
sphorylase a in the liver [11, 17, 20, 22]. Thus, fructose 
possibly stimulates glycogenolysis in the ischemic 
distal nephron thereby depleting endogenous substrate 
reserves even during early ischemia. In addition, a 
direct stimulation of glycolysis is likely to occur, not 
only due to the substrate effect of fructose but also by 
virtue of fructose 2,6-bisphosphate accumulation, a 
potent stimulator of glycolysis [ 10]. This interpretation 
is supported by the steep lactate increase in the first 
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hour  of ischemia (Fig. 2) and  a temporar i ly  even slower 
ATP  decrease at the onset  of  ischemia with 3 0 m M  
fructose than  with an  10 m M  glucose solut ion additive. 
Later on,  however,  dist inct  ATP  concen t ra t ion  diffe- 
rences existed in favour  of the glucose group (Fig. 3). 

In  spite of higher lactate p roduc t ion  the pH with 
60 m M  sucrose was no t  lower than  p H  values in H T K  
protected kidneys (Fig. 6). It is ra ther  improbab le  that  
sucrose would  not  have increased glycolysis only  in the 
outer  medul la r  region where the pH measurements  were 
done if it had enhanced  glycolysis in other  renal  sites. 
Hence,  sucrose had possibly reduced the H + extrus ion 
out  of the cells which is un favourab le  in the presence of a 
buffer in the extracellular space [5, 12, 18]. 

Cor respond ing  to a lower lactate p roduc t ion ,  mal to-  
se in a 10 m M  concen t ra t ion  was slightly less effective on  
glycolytic ATP supply than  10 m M  glucose (Figs. 2-4). 
The decrease in p H  was re tarded in relat ion to glucose 
(Fig. 6). The results with higher concent ra t ions  sugge- 
sted that  an  augmen ta t i on  of the maltose conten t  in the 
H T K  solu t ion  beyond  10 m M  would  no t  be advantage-  
ous. The f indings do not  al low a final decision whether  
glucose or mal tose is superior.  If, however,  the cellular 
energy content  mus t  not  fall below a crucial l imit to 
m a i n t a i n  viabil i ty [15, 23], a modera te  substrate  addi-  
t ion  in form of maltose or glucose to the protective 
solut ion could become a means  to further  improve  renal  
ischemia tolerance provided that  such an addi t ion  is not  
associated with intolerable  negative side-effects, for 
instance on  cellular membranes  or vo lume regulat ion.  
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