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Summary. We have investigated whole body protein turnover 
in the fasted state in five normal men, five male Type 1 diabet- 
ic patients off insulin therapy, and five obese women, using IV 
13C-leucine as a tracer. In diabetic patients, there was, as ex- 
pected, a greater net loss of protein in the fasted state than in 
normal subjects. However, contrary to animal and studies in 
vitro, our diabetic patients in the fasted state showed a greater 
rate of protein synthesis than normal subjects (p<0.01). The 
increased net loss of protein in diabetic patients compared 
with normal subjects arose because, in the diabetic patients, 
protein breakdown was increased even more than protein syn- 
thesis under the conditions of this study. Plasma leucine con- 

centration was higher in diabetic and in insulin-insensitive 
obese patients than in normal subjects (p < 0.01), and higher in 
diabetic than in obese patients (p< 0.05). The rate of protein 
synthesis per kg lean body mass was also higher in diabetic 
patients than in obese or normal subjects (p< 0.01), and high- 
er in obese than in normal subjects (p< 0.05). We conclude 
that, in human subjects, whole body leucine and protein me- 
tabolism are very sensitive to the action of insulin. 

Key words: Protein turnover, protein synthesis, diabetes, obe- 
sity,'insulin action. 

An association between diabetes mellitus and deranged 
protein metabolism has been known for many centu- 
ries. The Sanscrit literature of 600 BC referred to the 
emaciation in 'honey urine disease' [1] and the ancient 
Greek literature referred to 'melting down of flesh' in 
the urine of diabetic patients [2]. 

Our knowledge about the effects of  insulin on pro- 
tein turnover in the intact animal [3, 4] or in man [5-7] 
has been obtained primarily from nitrogen balance 
studies. In dogs with experimentally induced diabetes 
and in diabetic patients after withdrawal of insulin ther- 
apy [5, 8], there is an increased urinary nitrogen loss, but 
this can be reversed by insulin therapy. These nitrogen 
balance studies do not distinguish between changes in 
the rates of protein synthesis and degradation. 

Elevated plasma amino acids in diabetic patients 
fall following insulin therapy [9, 10]. Insulin also inhib- 
its the release of amino acids from tissues of the human 
forearm [11]. Animal studies in vivo and studies in vitro 
show that insulin inhibits muscle protein breakdown 
and enhances protein synthesis [12-15]. 

From this evidence, it appears that insulin deficien- 
cy results in a reduced protein synthesis rate and en- 
hanced net protein breakdown. Results from animal 
work do not necessarily apply to man, since in experi- 

mental animals, islet cell function is completely abol- 
ished and the effects of diabetogenic agents such as al- 
loxan and streptozotocin on tissues other than pancre- 
atic islets are uncertain. Hence, we designed the 
following experiment on whole body protein turnover 
in Type 1 (insulin-dependent) diabetic patients, insulin- 
resistant obese subjects and lean, normal subjects. 13C: 
labelled leucine was used as a tracer to study protein 
turnover. Since it is an essential amino acid, the only 
source of leucine in the fasted state is body protein and 
hence changes in leucine turnover should reflect those 
of whole body protein. 

Materials and Methods 

Subjects 

The protocol was approved by the Northwick Park Hospital Ethical 
Committee. The Type 1 diabetic patients were volunteers from the 
outpatient clinic. The diabetic patients and healthy lean volunteers 
had weight/height 2 less than 25 kg/m 2 whereas, the obese women had 
above 35 kg/m 2. None of the subjects had any known cardiovascular 
or renal complications (Table 1). All subjects gave their informed con- 
sent. 
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Table 1. Details of the subjects studied 

Subjects Age Sex Weight Weight/ Lean body 
ratio height 2 mass 

(years) M / F  (kg) (kg/m 2) (kg) 

Diabetic 28.2_+ 10.5 5/0 73.8 + 8.2 22.8 + 1.6 60.0_+ 8.3 
patients 

Obese 25.6+ 2.9 0/5 117.8+8.2 45.3+3.8 55.4__. 5.0 
subjects 

Lean 36.2+11.75 5/0 70.8+7.3 22.9+1.15 59.1+12.1 
subjects 

Results expressed as mean + SD 

Table 2. Fasting plasma levels of leucine, glucose, insulin and C-pep- 
tide in three groups of subjects during a primed-continuous infusion 
of L-[1D3C] leucine 

S u p e r s  Plasma Plasma Plasma Plasma 
leucine glucose insulin C-peptide 
(I.tmol/1) (mmol/1) (pmol/1) (pmol/1) 

Diabetic 229 _+ 48 ~ b 20.12 +_ 4.2 ~" b Not 145 + 152 
patients measured 
(n=5) 

Obese 162+263 4.5 +0.7 288+184 r Not 
subjects measured 
(n=5) 

Lean 116+_ 7 4.78+0.3 80+ 60 Not 
subjects measured 
(n=5) 

Results are expressed as mean + SD. Upper limit of normal: plasma 
glucose 6mmol/1, plasma insulin 151pmol/1. ~ >lean controls 
(p<0.0t);  b >obese subjects (p<0.05); c >lean controls (p< 
0.05). Normal range for plasma C-peptide 307-920 pmol/1 

Materials Used 

L-[1-13C] leueine (92% 13C) and sodium (13C) bicarbonate (90% a3C) 
were obtained from KOR Isotopes, Cambridge, Massachussets, USA. 

Protocol 

Diabetic patients were admitted to the metabolic ward 72 h before the 
study and their insulin treatment was changed to neutral soluble insu- 
lin given every 6 h. The last dose of insulin on the day before the study 
was omitted. 

All subjects were on a weight-maintaining diet for at least 72 h be- 
fore the study, but fasted for 12 h overnight before and during the pe- 
riod of infusion. Each infusion commenced between 0800 and 0900 h. 
Blood samples were collected from an antecubital vein cannula kept 
patent with heparinised, normal saline. Through a contralateral cathe- 
ter, a priming dose of the Nai l  ~3CO3 (0.1 mg/kg lean body mass) and 
L-[I-13C] leucine (0.65 mg/kg lean body mass) was administered, fol- 
lowed immediately by a constant 1V infusion of L-[1-~3C] leucine 
(0.5-0.8 mg-kg lean body mass -I -h-a). 

If  the leucine had been given as an unprimed infusion it would 
have taken about 10-12 h to reach ~3C equilibrium in the leucine and 
bicarbonate pools. With a priming dose, equilibrium is reached in 
about 90 rain. This increases the acceptability of the protocol to the 
patient, saves expense of leucine, and reduces the chance of recycling 
of leucine back from the tissues into the metabolic pool. 

Three expired air samples and one blood sample were collected 
just before the administration of isotope and then at 15 rain intervals 
from 90 min after the start of the infusion to the end of the study. 
Blood samples for leucine, insulin and C-peptide were collected in 
heparinised tubes and for glucose in fluoride/oxalate tubes. All sam- 

pies were kept on ice and were centrifuged at 4 ~ within 1 h of collec- 
tion. 

The total CO2 production and respiratory quotient were recorded 
continuously at 10 min intervals from 90 min till the end of the study 
by indirect calorimetry [161. 

Amino acids were isolated from plasma using a rapid cation-ex- 
change resin procedure [17]. Following derivatisation as the N, N, O- 
heptafluorobutyryl isobutyl esters separation of leucine was achieved 
on a 25 m x 0.25 mm internal diameter 'CP Sil 5' fused silica capillary 
column (Chrompack (UK), London, UK) and its 13C/12C ratio deter- 
mined in a quadrnpole mass spectrometer (Finnigan 4000, Finnigan 
MAT, Hemel Hempstead, UK). We have used negative ion chemical 
ionisation conditions with methane as reactant gas and monitored 
ions m/z  (mass/charge) 364 and 363 respectively which correspond to 
the molecular ion having lost a hydrogen fluoride fragment from each 
compound. Quantitation of leucine was achieved using nor-leucine as 
internal standard. The leucine/nor-leucine ratio obtained was com- 
pared with a calibration curve (prepared by adding known amounts 
of leucine to control plasma) to obtain the concentration. 

Expired CO2 was initially collected in 2-1 polythene bags and an 
aliquot was immediately transferred to an evacuated glass sample bot- 
tle. 13CO2 enrichment was measured in an isotope-ratio mass spec- 
trometer (VG 602D, VG Isogas, Cheshire, UK) following the cryogen- 
ic extraction of the CO2 and the enrichment was corrected for oxygen 
isotopes [18]. 

The accuracy of these measurements was checked in the following 
manner. The rate of CO2 production by an alcohol lamp was mea- 
sured by indirect calorimetry, and this estimate was compared with 
that based on the weight of alcohol burned. The mean difference be- 
tween the two estimates was < 2%. Replicate measurements of the I3C 
enrichment of a standard sample of leucine showed an SD o f<  1%, 
and replicate measurements of leucine concentration an SD < 4%. 
Replicate measurements of 13CO2 atom percent excess had an SD of 
<1%. 

Total body potassium values (from 4~ for calculation of lean 
body mass, were obtained using a whole body counter [19]. 

Plasma insulin was assayed using an Amersham kit (Amersham 
International, Amersham, UK), and plasma C-peptide was assayed 
using specific antiserum (Guildhay antiserum, Department of Bio- 
chemistry, Guildford University, Surrey, UK) employing a double- 
antibody technique [20]. 

Leucine metabolism was calculated using the standard two-pool 
stochastic model [211 where leucine flux (QL) is given by the formula: 
Q L = S + O = B + I  
where Qc=flux (rate of leucine turnover); S=rate of leucine incor- 
poration into protein; O -  rate of leucine oxidation; B = rate of leu- 
cine entering the plasma pool from protein breakdown, and I =the 
rate of dietary intake and/or  the rate of ~3C leucine infusion (~tmol. 
kg 1 lean body mass- h 1). Estimates of Q, S and B in terms of protein 
were calculated on the assumption that the leucine content of mixed 
body protein is 8% [22] and expressed per kg lean body mass to cor- 
rect for the gross body compositional differences in our subject and 
patient groups. 

The model assumes that a steady state has been reached. The sta- 
bility and precision of measurement at plateau of 13CO2 labelling and 
CO2 production rate, and of plasma ~3C leucine labelling and plasma 
leucine concentration, was tested in two ways. First, a linear regres- 
sion line was fitted to the points at plateau, lasting not less than 1.5 h. 
The slope of this line was not significantly different from zero. Sec- 
ond, the scatter of points was expressed as a coefficient of variation 
about the mean value. 

Results 

F a s t i n g  c o n c e n t r a t i o n s  o f  l e u c i n e  a n d  g l u c o s e  a re  

s h o w n  f o r  al l  g r o u p s  in  T a b l e  2. T h e  c o n c e n t r a t i o n s  o f  

b o t h  l e u c i n e  a n d  g l u c o s e  w e r e  h i g h e r  in  d i a b e t i c  p a t -  

i en t s  t h a n  in  l e a n  n o r m a l  ( p < 0 . 0 1 )  o r  o b e s e  s u b j e c t s  
( p <  0.05). T h e  l e u c i n e  c o n c e n t r a t i o n  in  o b e s e  sub jec t s ,  
a l t h o u g h  l o w e r  t h a n  t h a t  in  t h e  d i a b e t i c  p a t i e n t s ,  w a s  
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Table 3. Test of steady-state conditions in CO2 labelling and production rate, and in plasma leucine labelling and concentration 

Subjects ~I3C02 a t o m  % excess  CO 2 production 13C-leucine enrichment Leucine concentration 

a b a b a b a b 

Diabetic patients L95+0.6 -0 .02•  2.4 +0.07 -0 .02  +0.02 2.7 • 0.01 _+0 .1  3.1• -0 .008•  
(n=5) 

Obese subjects 1.4 +0.03 -0.07_+0.06 2.2 +1.7 0.06 • 2.04• 0.005_+0.06 2.2_+1.2 0.02 • 
(n=5) 

Lean subjects 2.9 • -0 .02•  2.89+1.3 0.006• 2.2 • 0.03 • 2.2_+0.6 0.04 • 
(n=5) 

Values are expressed as mean • SD. a Coefficient of variation of points at plateau about their mean value; b Slope of regression line fitted to 
plateau points (% per min) 

Table 4. Whole body leucine kinetics and derived aspects of whole body turnover in fasting male diabetic patients, obese women and lean male 
control subjects 

Subjects Leucine Leucine Leucine Absolute rate Protein Net 
flux incorporation oxidation of protein synthesis protein 

into protein breakdown rate loss 
(~xmol/h) (umol/h)  (~xmol/h) (rag/h) (mg/h) (rag/h) 

Diabetic per kg LBM 143.0• a,b 106.5 • 12.6 a'b 36.2+4.0 ~b 241.9-+26A ~ "180.5-t-21-.3 ~b 61.3 • ~b 
patients per kg BW 116.0_+17 ~'b 86.8• 13.0 ~b 29.5+4.9 ~b 197.9+28.8 a'b 147.7+21.9 ab 50.0•  8.3 a'b 

(n=5) 
Obese p e r k g L B M  122.0+ 8 c 99.2+ 7.3 c 22.7• 206.6+13.0 c 168.1• c 38.5+_3.4 

subjects p e r k g B W  57.7+ 4.8 d 44.8_+ 6.2 d 11.1• 97.8+ 8.1 d 76.1• d 18.8+2.4 
(n=5) 

Lean p e r k g L B M  103.0+ 8 85.5+ 7.3 18.7+4.8 174.4• 144.9• 31.7+8.1 
subjects p e r k g B W  85.2• 9 70.1+ 9.3 15.2• 144.4• 118.9+15.8 25.7+4.6 
(n=5) 

Results are expressed as mean + SD. LBW: lean body weight; BW: body weight. Plateau values were obtained between 2-4 h of infusion. Leucine 
flux is derived from mean plasma 13C-leucine labelling. Leucine oxidation is derived from mean 13CO2 labelling. Leucine incorporation is (flux - 
oxidation). Protein turnover values are calculated on the assumption that 8% of mixed body protein is leucine [22]. 
Significance of differences: a higher than lean subjects p <  0.01; b higher than obese subjects p <  0.01; c higher than lean subjects p <  
0.05; d lower thanleansubjec tsp<0.01  

significantly higher than in lean normal subjects (p< 
0.01). Fasting plasma glucose concentration was not sig- 
nificantly different between obese and lean normal sub- 
jects, but the obese subjects had significantly higher in- 
sulin concentrations (p < 0.05). It is not possible to make 
a valid assay of plasma insulin concentration in the dia- 
betic patients, but their plasma C-peptide concentration 
was below the normal range. 

The objective of the primed continuous infusion of 
a3C leucine was to establish a steady state in which the 
mathematical model was valid. Ideally, the rate of iso- 
topic labelling in expired CO2 and in plasma leucine 
should reach an absolutely constant plateau, indicating 
that the infused isotope has attained dynamic equilibri- 
um with the leucine pool in the body. The data relating 
to the constancy and precision of plateau values for 
CO2 and leucine are set out in Table 3. In each case, the 
slope of the regression line fitted to at least five values, 
taken over at least 1.5 h, was not significantly different 
from zero. The coefficient of variation of these values 
about their mean in each case was < 4%. 

The derived values for whole body leucine kinetics 
and protein turnover are given in Table 4. By both meth- 
ods, the flux, incorporation and oxidation in diabetic 
patients was significantly greater than in normal sub- 

jects (p< 0.01). When diabetic and normal subjects were 
compared on the basis of lean body mass, the diabetic 
patients showed a 39% higher rate of protein break- 
down, a 25% higher rate of protein synthesis, and a 97% 
higher net rate of protein loss. When compared on the 
basis of lean body mass, the obese subjects occupied a 
position between the diabetic and normal subjects. 

Discussion 

Our results confirm and quantify increased net protein 
breakdown in poorly controlled fasting insulin-depen- 
dent diabetic patients. In view of the unopposed action 
of catabolic hormones and increase in gluconeogenesis 
[23], we expected an increase in absolute protein break- 
down and leucine oxidation in poorly controlled dia- 
betic patients compared with lean normal subjects. 

Unexpectedly, we found an elevated protein synthe- 
sis rate in poorly controlled diabetic patients. Based on 
available information in animal studies [13-15] and 
studies in vitro [12], we expected that insulin deficiency 
would decrease amino-acid incorporation into protein. 
Most animal studies [13-15] and studies in vitro con- 
clude that muscle protein synthesis rate is reduced in 
diabetes; however, there is still uncertainty about the ef- 
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fect of diabetes on protein synthesis in liver or gut [15, 
24]. It appears that liver protein synthesis is less influ- 
enced than muscle by insulin deficiency. It may be that 
the increased protein synthesis is a compensatory re- 
sponse by the body to conserve protein stores in the 
presence of an obligatory increase in protein break- 
down. We propose that this compensatory increase in 
protein synthesis in diabetes occurs in liver, gut, or other 
viscera. Recently, it has been suggested that leucine has 
an important anabolic effect on protein metabolism in 
muscle tissues and in man in vivo [26, 27]. It is possible, 
therefore, that in an insulin-deficient state, a high plas- 
ma leucine level may be responsible for an increased 
protein synthesis rate. Being an energy requiring reac- 
tion, an increased protein synthesis rate should there- 
fore result in an increased energy expenditure. Our ob- 
servation of an increased energy expenditure in poorly 
controlled diabetes [28] lends support to this proposal. 

Our obese subjects with high fasting plasma insulin 
levels were euglycaemic, but had a higher leucine level 
than normal subjects. Since leucine stimulates insulin 
secretion [29], it is possible that in these insulin resistant 
obese subjects, the higher level of leucine is needed to 
maintain sufficient insulin secretion to achieve eugly- 
caemia. 

We conclude from our study that poor diabetic con- 
trol in fasting man results not only in an increased pro- 
tein breakdown but also an increased synthesis rate. 
Protein breakdown exceeds synthesis, resulting in a net 
loss of the body protein store. However, it is known that 
fasting causes reduced protein synthesis in normal man, 
so the difference between normal and diabetic man may 
be less obvious in the fed state [30]. 
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