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from organs and on the capacity of urea synthesis in rats 
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Summary. Rats with experimental streptozotocin-induced 
diabetes (75 mg/kg) were divided into two groups. One 
group was free fed (n = 8), the other group (n = 7) pair fed to 
a group of control animals (n = 8). The nitrogen and energy 
balances of the control rats were positive. In the free-fed dia- 
betic rats the nitrogen balance was neutral and the energy 
balance higher than in controls. In the pair-fed diabetic rats 
the nitrogen balance was negative and the energy balance re- 
duced. After 4 weeks the capacity of urea-nitrogen synthesis 
was: 8.1 ___0.6 p, mol/(min 100 g body weight) (mean___ SEM) 
in controls and 22.2_+2.2 [zmol/(min 100 g body weight) in 
both groups of diabetic rats. Initially, the whole body nitro- 
gen content was 453_+9 retool. Four weeks later it was 
536_ 19 mmol in controls, 410 -+ 21 mmol in the free-fed dia- 

betic rats, and 315 _+ 6 mmol in the pair-fed diabetic rats. The 
largest changes occurred in the muscles, initially containing 
278 + 6 retool, 4 weeks later 328 + 8 mmol, compared to 
234+19 in the free-fed diabetic rats and 166+18 mmol in 
the pair-fed diabetic rats. In conclusion uncontrolled diabe- 
tes is characterised by loss of nitrogen from muscles and 
most other organs. The losses from some organs are prevent- 
able by increased food intake. Irrespective of food intake the 
hepatic dynamics of amino nitrogen conversion is changed in 
a way that favours protein catabolism. 
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Uncontrol led or poor ly  controlled diabetes patients 
loose protein [1]. It  is supposed that hypoinsul inaemia 
leads to increased release of  amino acids f rom protein 
stores, predominant ly  muscles. There may  be losses 
f rom other organs, i.e. intestines, liver, kidneys, etc., 
but  it has not been investigated quantitatively. The im- 
portance of  dietary changes is unknown.  

The amino acids released f rom the organs are taken 
up by  the liver and used for protein synthesis or me- 
tabolised to glucose and urea. The glucose product ion 
and urea  excretion are increased in diabetes [2]. This is 
thought  to be secondary to increased supply of  sub- 
strates to the liver. It  has been  shown, however, that  the 
capacity of  urea  synthesis is increased in diabetic rats 
[3], suggesting that changes in the liver may  play a pri- 
mary  role in the abnormal  protein loss of  diabetes. 

The purpose  of  the present  study was to measure  
the protein contents o f  various organs and the capacity 
of  urea synthesis in rats with uncontrol led diabetes free 
fed or pair  fed to controls. 

Materials and methods 

Animals and diets 

After an overnight fast diabetes was induced in female Wistar rats 
weighing 220 g by intravenous injection of streptozotoein (Zanosar, 

Upjohn Co, Kalamazoo, Mich, USA), 75 mg/kg body weight (BW) 
dissolved in isotonic saline at pH 4.5. The control rats received the 
vehicle. 

The rats were kept single in metabolic cages for 5 weeks in a ther- 
mostated room with a 12-h light-dark cycle. They had free access to 
water and were fed with pulverized diet (Altromin Werke, Lage, 
FRG) from the same batch. 

On the last 2 days of every week the following were determined: 
Nitrogen (N) balance (retool/24 h) = food amount (g) x food N- 

concentration (retool/g) - (urine N + feces N) 
Energy balance (KJ/24h)=food (g) x caloric value (13 KJ/ 

g)-glucose lost in urine (mmol) x caloric value (2.9 KJ/g) 

Protocols 
On day 9 the animals were randomly allocated to either: 
I Controls: animals given saline and fed free (n =8), or 
II Diabetes free fed: animals given streptozotocin and free fed 
(n = 8), or 
III Diabetes pair fed: animals given streptozotocin and pair fed, i.e. 
every day only allowed the same amount of food as the average of 
that taken by the controls (n = 7). 

Nitrogen contents in organs 
Following determination of the capacity of urea-N synthesis 
(CUNS), the animals were dissected into: kidneys, liver, heart, intes- 
tines, skin, and carcass (comprising muscles, bones and nervous sys- 
tem). Intestines and carcass were homogenized and samples were 
frozen. Samples of the skin were bydrolysed in boiling 50% KOH 
and samples were frozen. The kidneys, livers, and hearts were frozen 
in toto. 
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Table 1. The total nitrogen (N) content and nitrogen contents of carcass, heart, intestines, liver, kidneys, and skin from rats at start of experi- 
ment (start), and after 4 weeks in metabolic cages in control rats (control), free fed diabetic rats (diabetes free fed) and diabetic rats pair fed to 
the control rats for 4 weeks (diabetes pair fed) 

Start Control Diabetes free Diabetes pair 
(n = 9) (n = 8) fed (n = 7) fed (n = 7) 

Total N (mmol) 453 + 9  536 +19 a 410 +21 315 _+ 6 c'd 
Carcass N (mmol) 278 + 6  328 _+ 8 ~ 234 _+I9 166 +18 ~ 
Heart N(mmol)  1.30_+0.03 1.31+ 0.04 1.14_+ 0.05 e 0.99+ 0.04 c,d 
Intestine N (mmol) 26.1 +1.0 28.1 -+ 1.1 39.7 -+ 2.6 b 29.6 _+ 3.1 
Liver N(mmol)  14.6 +0.6 16.7 + 0.6 a 17.6 -+ 0.9 b 15.0 + 0.7 
Kidney N (mmol) 2.65 +0.07 3.55_+ 0.18 a 3.45___ 0.19 b 2.96_+ 0.16 
Skin N (mmol) 130 -+7 149 +_15 a 113 -+ 4 b 108 -+ 6 c 

Results are mean_+ SEM, a Control higher than start: p < 0.01; b Diabetes free fed higher than start: p < 0.01; c Diabetes pair feed lower than 
start: p < 0.01 ; d Diabetes pair fed lower than Diabetes free fed: p < 0.01 ; e Diabetes free fed lower than start: p < 0.01 

Table 2. Insulin and glucagon concentrations before starting and at 
the end of alanine infusion in control rats, free fed diabetic rats (dia- 
betes free fed) and diabetic rats pair fed to the control rats for 
4 weeks (diabetes pair fed) 

Control Diabetes free Diabetes pair 
rats fed fed 

Insulin, fasting 16+ 2 9_+ 2 2 +  1 
(mU/ml)  

Insulin, alanine 46_+ 8 7 +  2 6_+ 2 
stimulated (mU/ml)  
Glucagon, fasting 67+20  230_+ 51 178+ 41 

(pg/ml) 
Glucagon, alanine 450+ 9 698+115 978-+200 
stimulated (pg/ml) 

Results are m e a n +  SEM 

Table 3. The fasting alpha amino-N (A-A-N) and the capacity of 
urea-N synthesis (CUNS) in control animals, free fed diabetic rats 
(diabetes free fed) and diabetic rats pair fed compared to the control 
rats for 4 weeks (diabetes pair fed) 

Control Diabetes free Diabetes pair 
(n =5)  fed (n =5)  fed ( n = 6 )  

Fasting A-A-N 4.9 _+ 0.3 4.7 _+ 0.2 4.3 _+ 0.3 
(retool/l) 

CUNS 8.7 + 0.6 22.2 + 2.2 22.0 + 1.5 
(Ixmot/min 100 g 

BW) 

Results _+ SEM 

Analyses 
Blood urea concentration: the urease-Berthelot method [4]. Blood to- 
tal alpha-amino-N: the dinitrofluorobenzene method [5]. Glucose 
concentration in blood and urine: the glucose oxidase technique 
(rapid glucose analyser, Yellow Springs Instruments, Yellow Springs, 
Ohio, USA). Plasma insulin and glucagon concentrations: radio-im- 
munoassay [6, 7], glucagon after ethanol extraction. 

Nitrogen contents in excreta and in organs were measured by mi- 
cro Kjeldahl technique (Keltec Systems, Tecator AB, Hoganaes, 
Sweden). Urine was analysed once, feces in duplicate, samples of tis- 
sues in triplicate. The total body nitrogen was calculated as the sum 
of all organs. 

cass homogenate: 4.5%, intestine homogenate: 0.8%, liver 4.5%. The 
nitrogen contents in kidneys and heart were too small to allow varia- 
tion studies. The recovery did not differ from 100%. For further vali- 
dation rats were processed as follows: 
1 : 4 animals dissected, organs processed as above. 
2 : 4  animals dissected. Heart and kidneys frozen in toto. Skin, car- 
cass, intestines and liver hydrolysed in boiling 50% KOH. 
3 : 4 whole animals hydrolysed in boiling 50% KOH. 

Results of groups I and 2 were identical demonstrating that the 
homogenizing technique is precise. The calculated total nitrogen 
contents of groups I and 2 were 447+18 mmol and 457_+13 mmol 
(mean + SEM), respectively, and in group 3 the total nitrogen con- 
tent was measured to be 488 _+ 15. This demonstrates the accuracy of 
the method. The results from these animals are given as initial values 
in the "Results" section. 

The capacity of urea-nitrogen synthesis (CUNS) 
On day 36, after an overnight fast, the rats were anaesthetised by 
thiopental, 50 mg/kg body weight i.p., thracheotomised, nephrecto- 
mised and had catheters placed in a jugular vein for infusion and in 
a common carotic artery for blood sampling. 

Alanine was administered as a priming dose of 0.4-0.7 ml of a 
1009 mmol/ l  solution in sterile water followed by a constant infu- 
sion of 2.0-3.5 ml /h  of a 224 mmol/1 solution by means of a roller 
pump (Perfursor Secura, Braun, Melsungen, FRG), adjusted so as to 
obtain steady state within the amino acid concentration interval 
7.6-11.3 mmol/1, where the urea synthesis is at maximum [3, 8], i.e. 
saturated and thus substrate concentration independent. 

After 20 min, blood was sampled (t00 lxl) every 10 min. CUNS 
(lxmol/(min 100 g BW)) was calculated as: 

CUNS = dcu/dt  x 0.63 x BW x (1/(1-0.20)) 

Here dcu/dt  is the slope of the linear regression analysis of urea con- 
centration on time, 0.63 is the volume of distribution of urea (identi- 
cal in normal and in diabetic rats [3, 8]) and 1-0.20 is the fractional 
intestinal hydrolysis of newly synthesized urea (identical in normal 
and in diabetic rats [3, 8]). 

Statistical analysis 
Differences between groups were evaluated by Student's t-tests. 
p values smaller than 0.05 were considered statistically significant. 
When more than two groups were compared the significance levels 
were adjusted to compensate for the risk of mass significance [9]: 
p l=  1 _ _ n - ~ .  Differences among variables were tested by one 
way analyses of variance. 

Validation of the method for determination of nitrogen 
contents of organs 
The sampling and analysis coefficient of variation of N-contents of 
the various samples were as follows: urine: 0.70%, feces: 3.4%, car- 

Results  

T h e  c o n t r o l  a n i m a l s  g a i n e d  a b o u t  7 g / w e e k .  T h e  d i a -  

b e t i c  a n i m a l s  l o s t  3 0 - 4 0  g w i t h i n  t h e  f i r s t  w e e k .  T h e r e -  
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after, the free fed diabetic animals maintained a body 
weight of about 200 g, whereas the pair fed diabetic 
animals lost about 10 g/week. The control rats had a 
constant food intake of abou t /8  g/24 h. The free fed 
diabetic animals doubled their food intake within 
2 weeks. 

After 4 weeks the total nitrogen contents of the 
control rats increased by 20% (Table 1), remained un- 
changed in the free fed diabetic rats, and fell by 30% in 
the pair fed diabetic animals. The carcass nitrogen 
contents of the control rats also increased by 20%, re- 
mained constant in the free fed diabetic rats, and de- 
creased by 40% in the pair fed diabetic animals. The 
nitrogen contents of the heart did not change in the 
control rats, decreased by 12% in the free fed diabetic 
rats, and by 25% in the pair fed diabetic rats. 

The nitrogen contents of the intestines remained 
unchanged in the control and pair fed diabetic ani- 
mals, whereas it increased by 40% in the free fed dia- 
betic animals. The nitrogen contents of the liver in- 
creased by 15% in the controls, by 20% in the free fed 
diabetic animals, and remained constant in the pair fed 
diabetic animals. The nitrogen contents of the kidneys 
increased by 30% in the control rats and in the free fed 
diabetic rats, and remained constant in the pair fed 
diabetic animals. 

The nitrogen contents of the skin increased by 15% 
in the control rats, decreased by 13% in the free fed 
diabetic rats and by 17% in the pair fed diabetic rats. 

Both groups of diabetic animals had reduced (p < 
0.0/) fasting as well as alanine stimulated insulin con- 
centrations (Table 2). The diabetic animals had 3- to 
4-fold higher (p < 0.05) fasting glucagon levels. 

The fasting blood alpha-amino-N concentrations 
were not different among the three groups of animals 
(Table 3). 

The fasting blood glucose was 5.1 +0.4 mmol/1 
(mean + SEM) in control rats. It was increased in free 
fed diabetic rats: 16.3+1.8mmol/1, and in pair fed 
diabetic rats: 18.0_+2.5 mmol/1 (p<0.01). 

The capacity of urea-nitrogen synthesis increased 
by 2.5-fold in both groups of diabetic animals (p < 
0.01, Table 3). 

In the control animals the nitrogen-loss was con- 
stant. Fifty percent was excreted as urea, 10% as non- 
urea nitrogen of urine, and 40% as feces nitrogen 
(Fig.l). 

The total nitrogen loss of the free fed diabetic ani- 
mals increased three-fold. The relative contribution 
from urea, non urea nitrogen, and feces did not 
change. In the control fed diabetic rats the total nitro- 
gen loss increased by 50% due to increased urinary 
losses. 

The nitrogen balance of the control animals was 
constant (Fig. 2). The nitrogen balance of the free fed 
diabetic animals was neutral. The control fed animals 
bad a constantly negative nitrogen balance. 

The free fed diabetic animals gradually increased 
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Fig. 1. The amount of nitrogen lost in feces ([~), as urea (~ ,  and as 
other nitrogen-containing substances of urine ([~) in control rats, 
diabetic rats free fed (DM free fed) and diabetic rats pair fed to the 
control rats (DM pair fed). Results are given as mean with 95% con- 
fidence limits 
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Fig.2. The calculated nitrogen balance of control rats ( ~ ,  diabetic 
rats free fed ([~) and diabetic rats pair fed (~]) compared to the con- 
trol rats. Results are given as mean with 95% confidence limits 

their glucose output over 2 weeks to 75 mmol/24 h. 
The control fed diabetic animals had a constant glu- 
cose output of about half of that of the free fed diabet- 
ic animals. 

The control animals had a constant energy balance 
throughout the study (Fig. 3). Initially, the free fed dia- 
betic animals had an energy balance not different from 
that of the controls, whereafter they developed a posi- 
tive energy balance, 20% higher than that of the con- 
trols. The energy balance of the control fed animals 
was 50-60% of the control values throughout the 
study. 
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Fig.3. The calculated energy balance of control rats (l~), diabetic 
rats free fed ([~) and diabetic rats pair fed ( ~ )  to the control rats 
(DM pair fed). Results are given as mean with 95% confidence limits 

Discussion 

This study confirms experimentally that uncontrolled 
diabetes leads to a negative nitrogen balance and loss 
of proteins, mostly from muscles. Protein was also lost 
from most other organ systems, and the hepatic dy- 
namics of amino nitrogen conversion was changed. 
The diet restriction had different effects on the nitro- 
gen wasting of different organs. 

Protein synthesis and breakdown takes place simul- 
taneously [10], and any imbalance between them leads 
to changes in the protein mass. The results of the study 
reflect the net result of these two processes in the dia- 
betic rat. Other studies have shown a loss of protein 
from skeletal [11-131 and heart muscles [12, 14], which 
is confirmed by the present study. It is a new observa- 
tion that the degree of loss from muscles depends on 
the food intake. 

The few observations on gastrointestinal organs 
suggest that synthesis is normal in the intestines and 
reduced in the liver [15, 16]. Observations on break- 
down are missing. This study demonstrates that the 
protein contents of both liver and intestines were af- 
fected differently from that of the muscles mass: the 
protein content of the intestines was normal on a nor- 
mal food intake and increased on an increased food 
intake. Normal liver protein content was only achieved 
on an increased food intake. 

Short term experimental diabetes is associated with 
increased kidney volume and weight [17]. Our study 
demonstrates that this is not due to increased protein 
contents, as the free fed diabetic animals had normal 
protein contents and the control fed animals did not 
have increased protein contents. 

There is no earlier study on the protein contents of 

the skin of diabetic animals. This study shows that the 
skin protein content, which is taken to reflect the con- 
nective tissue in general, is decreased in diabetic rats, 
irrespective of feeding regimen. 

The diabetic animals were hypoinsulinaemic. Lack 
of insulin leads to increased release of amino acids 
from muscles in the perfused rat hemicorpus [18] and 
the rat diaphragm [19] as a consequence of decreased 
protein synthesis and an increased protein degrada: 
tion. 

The effects of lack of insulin on the protein metab- 
olism has not been studied in other organs. The nitro- 
gen contents of the liver and kidneys were identical in 
control and diabetic free fed rats, indicating that hy- 
poinsulinaemia does not alone determine the protein 
contents of  these organs. The intestines of pair fed dia- 
betic animals had the same nitrogen contents as that of 
the controls, whereas the nitrogen contents increased 
substantially in free fed rats. This indicates a lack of in- 
sulin effects, in accordance with the absence of insulin 
receptors in muscles of the intestines [20]. The heart 
and connective tissues, i.e. the skin, seem to be highly 
insulin dependent, as these organs lost protein irre- 
spective of food intake. 

One potentially important effect of the diabetic hy- 
perglucagonaemia probably is to increase the capacity 
of urea synthesis (CUNS) [3]. In perfused rat livers glu- 
cagon increases the urea production from amino acids 
[21], and glucagon has been demonstrated to increase 
the activity of the urea cycle enzymes [22]. Treatment of 
normal rats with glucagon [23] increases CUNS. The 
increase in CUNS in both groups of diabetic animals 
reflects changes in the hepatic dynamics of amino ni- 
trogen conversion, that are not merely the result of an 
increased load of substrates on the liver. It means that 
diabetic rats at any given amino acid concentration 
convert 2.5-fold as much amino nitrogen into urea as 
do the controls. All three groups of animals showed 
identical fasting amino acid concentrations at the time 
of investigation, 4 weeks after induction of diabetes; 
and in accordance with this the pair fed diabetic ani- 
mals excreted 2-2.5-fold more urea in the urine than 
did the controls. 

This increase, however, was already seen 4-5 days 
after induction of diabetes where CUNS was not dif- 
ferent from controls. CUNS first reaches the values 
seen in the present study 14 days after induction of 
diabetes [3]. Therefore changes in CUNS do not alone 
explain the present findings and cannot be the chrono- 
logically primary event in the nitrogen wasting of dia- 
betes. Hyperglucagonaemia leads to increased trans- 
port of amino acids into the hepatocytes [24] and this 
may increase urea production by a substrate effect, in- 
dependently of changes in urea enzyme activity as re- 
flected by CUNS. 

The free fed diabetic rats had an energy balance 
higher than that of the controls. It has been demon- 
strated that hyperglucagonaemia during hypoinsulin- 
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aemia leads to an increased metabolic rate [25], and the 
increased energy balance might be a consequence of 
this. 

Despite the better energy balance, the free fed dia- 
betic rats were only partly able to compensate for the 
nitrogen loss of the pair fed diabetic rats and the nitro- 
gen balances did not normalise. The incorporation of 
amino acids into protein is accelerated by insulin [26], 
and evidently the effect of lack of insulin could not be 
corrected by the increased food intake. Another possi- 
bility is that the changed kinetics of the hepatic amino 
nitrogen conversion, where increased amounts of ami- 
no acids are catabolised by the liver, deprives the tis- 
sues of amino acids for protein synthesis. Probably 
both mechanisms are operative. 

In conclusion, the present study demonstrates that 
in uncontrolled diabetes most organs have reduced 
protein contents. More than one mechanism is opera- 
tive. The skeletal muscles, the heart, and the connective 
tissues are most affected and respond least to increases 
in dietary nitrogen and energy. The liver and the kid- 
neys have normal nitrogen contents in animals that in- 
creased their food intake, and the intestines even in- 
creased in nitrogen contents. The kinetics of the 
hepatic amino nitrogen conversion was changed so as 
to lead to increased conversion of amino acids into 
glucose and urea. This did not depend on the food in- 
take. The diabetic tissue protein loss seems to depend 
on hypoinsulinaemia, food intake, and hepatic nitro- 
gen elimination. The relative importance of each of 
these factors vary from organ system to organ system, 
and it is not known why proteins from different organs 
are affected differently. 
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