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Abstract

In order to assess the combined and separate effects of pan-
creas and kidney transplant on whole-body protein metabolism,
9 insulin-dependent diabetic-uremic patients (IDDUP), 14 pa-
tients after combined kidney-pancreas transplantation (KP-
Tx), and 6 insulin-dependent diabetic patients with isolated
kidney transplant (K-Tx), were studied in the basal postab-
sorptive state and during euglycemic hyperinsulinemia (study
1). 11-14ClLeucine infusion and indirect calorimetry were uti-
lized to assess leucine metabolism. The subjects were studied
again with a combined infusion of insulin and amino acids, given
to mimic postprandial amino acid levels (study 2). In the basal
state, IDDUP demonstrated with respect to normal subjects
(CON): (a) higher free-insulin concentration (17.8±2.8 vs.
6.8±1.1 AU/ml, P < 0.01) (107±17 vs. 41±7 pM); (b) re-
duced plasma leucine (92±9 vs. 124±2 MM, P < 0.05),
branched chain amino acids (BCAA) (297±34 vs. 416±10 AM,
P < 0.05), endogenous leucine flux (ELF) (28.7±0.8 vs.
39.5±0.7 Mmol * m-2 * min-', P < 0.01) and nonoxidative leu-
cine disposal (NOLD) (20.7±0.2 vs. 32.0±0.7 Mmol. m2-
min-', P < 0.01); (c) similar leucine oxidation (LO) (8.0±0.1
vs. 7.5±0.1 Mmol * m-2 min'; P = NS). Both KP-Tx and K-
Tx patients showed a complete normalization of plasma leucine
(116±5 and 107±9 MM), ELF (38.1±0.1 and 38.5±0.9
Amol - m-2. min-), and NOLD (28.3±0.6 and 31.0±1.3
Amol* m-2. min-') (P = NS vs. CON). During hyperinsulin-
emia (study 1), IDDUP showed a defective decrease of leucine
(42% vs. 53%; P< 0.05), BCAA(38% vs. 47%, P< 0.05), ELF
(28% vs. 33%, P < 0.05), and LO (0% vs. 32%, P < 0.05) with
respect to CON. Isolated kidney transplant reverted the defec-
tive inhibition of ELF (34%, P = NSvs. CON)of IDDUP, but
not the inhibition of LO (18%, P < 0.05 vs. CON)by insulin.
Combined kidney and pancreas transplantation normalized all
kinetic parameters of insulin-mediated protein turnover. Dur-
ing combined hyperinsulinemia and hyperaminoacidemia
(study 2), IDDUP showed a defective stimulation of NOLD
(27.9±0.7 vs. 36.1±0.8 Amol m-2. min', P < 0.01 compared
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to CON), which was normalized by transplantation (44.3±0.8
Mmol- m2 min'). (J. Clin. Invest. 1994. 93:1948-1958.)
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ney-pancreas transplant * protein turnover

Introduction

Both diabetes mellitus and chronic uremia determine pro-
found alterations of whole-body protein metabolism (1-3). In
the fasting state, poorly controlled diabetic patients are charac-
terized by negative nitrogen balance, increased blood amino
acid concentrations, and increased protein turnover and oxida-
tion rates, as assessed by commonly employed isotope tech-
niques (4-6) . In contrast, patients with chronic uremia usually
present reduced blood amino acid concentrations and reduced
whole-body leucine turnover and oxidation rates (7). The re-
sult of these metabolic alterations is a negative nitrogen bal-
ance. Furthermore, in the insulin-stimulated condition, both
diabetes mellitus (4) and chronic uremia (8) are characterized
by insulin resistance with respect to glucose metabolism,
whereas the insulin effect on protein metabolism is normal.
This suggests that the defect in insulin action is at postreceptor-
ial sites in both diseases.

Isolated kidney and combined kidney-pancreas transplan-
tation constitute valid therapeutic approaches in the treatment
of insulin-dependent diabetic patients who develop end-stage
renal failure. Previous reports already emphasized the impor-
tance of co-transplanting the pancreas along with the kidney, in
order to obtain a near normalization of glucose metabolism
(9-15). The effect of kidney-pancreas transplantation on
whole-body protein metabolism is still unknown. An addi-
tional problem is constituted by the need to administer chronic
immunosuppressive therapy in diabetic patients after kidney
and pancreas transplantation. The specific aims of this work
are (a) to assess the effect of isolated kidney transplant and
combined kidney-pancreas transplantation on basal leucine
turnover and oxidation rates (which are an estimate of both
protein catabolism and protein synthesis), (b) to assess the
effect of acute hyperinsulinemia on leucine/protein metabo-
lism before and after isolated kidney and combined kidney-
pancreas transplantation, (c) to study the effect of combined
hyperinsulinemia/hyperaminoacidemia on protein synthesis
before and after kidney-pancreas transplantation, (d) to deter-
mine the effect of chronic immunosuppressive therapy per se
on leucine/protein metabolism in patients with posterior
chronic uveitis (localized ocular disease without systemic dis-
ease). Our results demonstrate that combined kidney-pancreas
transplantation completely reverts the alterations of amino
acid/protein metabolism in diabetic-uremic patients.
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Table I. Clinical and Laboratory Data of the Five Study Groups

Group I Group 2 Group 3 Group 4 Group 5
(IDDUP) (KP-Tx) (K-Tx) (CU) (CON)

Number 9 14 6 5 8
Age (yr) 35±4 36±2 34±5 31±4 32±5
Duration of diabetes (yr) 20±4 22±3 19±4
Blood pressure (mmHg) 166±3/97±2* 148±3/87±1 150±5/88±6 128±2/84±3 121±4/82±3
Blood pH (pH units) 7.32±0.04 7.38±0.02 7.36±0.03 7.40±0.02 7.40±0.02
Plasma glucose (mg/dl) 133.4±9.0011 95.4±7.2 118.8±3.6*1 86.4±1.4 89.3±2.1
Insulin dose (U/d) 44±3 48±4
HbA1C(%) 9.2±0.3*1 5.9±0.2 8.7±0.4*11 5.6±0.2 5.2±0.1
Plasma urea (mg/dl) 86.8±23.5* 21.5±0.5 34.7±0.3 24.3±2.5 15.6±0.2
Plasma creatinine (mg/dl) 10.2±1.1t 1.1±0.2 1.3±0.1 1.1±0.1 0.8±0.2
Nitrogen excretion (mg/min) 11.5±0.8* 7.0±0.2 8.4±0.7 8.0±0.3 8.1±0.5
Plasma free-insulin (MU/ml) 17.8±2.8*1' 14.8±1.6*11 6.2±1.8 9.1±1.0 6.8±1.1
Plasma C-peptide (ng/ml) 0.06±0.01*1 2.89±0.32* 0.05±0.02511 2.51±0.14* 1.70±0.20
Plasma growth hormone (ng/ml) 8.93±2.12*111 2.02±0.30* 1.35±0.16* 0.47±0.14 0.51±0.07
Plasma glucagon (pg/ml) 152±24* 127±19 162±7* 120±14 68±7
Plasma cortisol (ng/ml) 154+170§11" 65±14 52±2 28±4* 71±7
Prednisone dose (mg/d) 10±2 10±1 15±3
Cyclosporine dose (mg/kg per d) 5±1 6±1 5±2
Azathioprine dose (mg/kg per d) 1.0±0.2 1.1±0.1 1.1±0.1

Conversion factors to SI units: glucose = 0.05551, urea = 0.357, creatinine = 88.4, free-insulin = 6.0, C-peptide = 0.331, growth hormone = 1.0,
glucagon = 1.0, cortisol = 2.759.
* P < 0.05 vs. CON; * P < 0.01 vs. CON; lP < 0.01 vs. KP-Tx; " P < 0.01 vs. CU; 'P < 0.01 vs. K-Tx.

Methods

Subjects and experimental protocol
9 insulin-dependent diabetic-uremic patients (IDDUP'; body mass in-
dex [BMI] 22.1±2.0; five males, four females), 14 patients after com-

bined kidney-pancreas transplantation (KP-Tx; BMI 22.1±2.4; eight
males, six females), 6 insulin-dependent diabetic patients after isolated
kidney transplant (K-Tx; BMI 22.3±2.1; three males, three females), 5
patients with chronic uveitis (CU) on the same immunosuppressive
therapy as transplanted patients (BMI 23.0±2.2; three males, two fe-
males), and 8 normal healthy controls (CON; BMI 23.8+2.9; five
males, three females) were studied. All transplants were from cadaveric
donors. 8 patients received a segmental and 6 patients received a total
pancreas transplant. The patients were admitted to the Metabolic Unit
of San Raffaele Hospital at 8:00 a.m., at least 24 h before the study. All
subjects underwent a 180-min euglycemic hyperinsulinemic (40
mU m-2 * min ') clamp, combined with indirect calorimetry as previ-
ously described ( 13 ). All IDDUP, 9 patients after KP-Tx, and all K-Tx,
CU, and CONsubjects underwent a [I-'4C]leucine infusion to assess
whole-body leucine turnover and oxidation. In the remaining KP-Tx
patients (5) a euglycemic insulin clamp without tracer infusion was
performed. Therefore, only data on cold substrate concentration are
available for those subjects. All the subjects followed an isocaloric diet
containing at least 250 g of carbohydrates and 70-90 g of proteins per
day in the 2 wk preceding the study. The day before the study the
fat-free mass was assessed in all subjects by means of whole-body bio-

1. Abbreviations used in this paper: BCAA, branched chain amino
acids; BMI, body mass index; CON, normal subjects; CU, chronic
uveitis (patients); ELF, endogenous leucine flux; IDDUP, insulin-de-
pendent diabetic uremic patients; K-Tx, kidney-transplanted (pa-
tients); similarly, KP-Tx, kidney/pancreas-transplanted (patients); a-

KIC, a-ketoisocaproic acid; LO, leucine oxidation; NLB, net leucine
balance; NOLD, nonoxidative leucine disposal.

electrical impedance as previously described ( 16, 17). In IDDUP the
fat-free mass was assessed at the end of the hemodialytic session ( 17).
IDDUPwere dialyzing 3 d/wk; the study was usually done within 48 h
from the last hemodialytic session. All subjects were fully informed of
the possible risks of the study and gave their consent. The experimental
protocol was approved by the Institutional Ethical Committee. Table I
summarizes the clinical and laboratory data of the five study groups.
All values in the table refer to blood samples drawn the morning of
study 1.

After an overnight fast, at 6:00 a.m. a polyethylene catheter ( 18 G,
Terumo, Leuven, Belgium) was inserted into an antecubital vein for
the infusion of all test substances. A second catheter was inserted retro-
gradely into a wrist vein and advanced to the dorsum of the hand for
blood sampling. The hand was placed in an heated box (70'C) to
ensure arterialization of the venous blood ( 18). A prime-continuous
infusion of [1-_4C]leucine was administered ( 16 gCi as a bolus injec-
tion, followed by 0.20 MCi/min as a continuous infusion; Amersham
Corp., Arlington Heights, IL; aqueous solution containing 2% eth-
anol), in combination with a priming dose of NaH'4C03 (2.3 ACi,
Amersham, sodium salt) to prime the body bicarbonate pool (4, 19).
After 2 h of isotope equilibration, samples were drawn at 10-min inter-
vals from 120 to 180 min for the determination of basal leucine and
a-ketoisocaproic acid (a-KIC) specific activities, as well as hormone
and substrate concentrations.

Continuous indirect calorimetry was started 90 min after the tracer
infusion was initiated, and continued throughout the study. Expired air
samples were collected at 15-min intervals and bubbled through a CO2
trapping solution (hyamine hydroxide/absolute ethanol/0. 1%phenol-
phthalein, 3:5:1) as described previously (4, 19). The solution was
titrated to trap 1 mmol CO2per 3 ml of solution. The '4C radioactivity
was subsequently determined with a # scintillation counter (Packard
Instrument Co. Inc., Meriden, CT) and the expired '4CO2 specific activ-
ity was calculated. Total 14CO2 expired per minute was determined by
multiplying the '4C02 specific activity by the total CO2 production,
determined as described below. The experimental protocol is depicted
in Fig. 1.
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Study 1: insulin clamp. All the subjects participated in this study
protocol. After a 180-min equilibration period an insulin clamp was
performed as previously described (13). Briefly a prime-continuous
infusion of crystalline human insulin (Actrapid HM, Novo Nordisk,
Copenhagen, Denmark) was administered at the rate of 40
mU_m-2. min' to achieve and maintain an increment in plasma in-
sulin concentration of - 75 MU/ml. The plasma glucose concentration
was maintained at the basal level by measuring it at 5-min intervals and
by periodic adjustment of a 20% glucose infusion based on a negative
feedback principle.

Study 2: insulin clamp with amino acid infusion. Six IDDUP, seven

KP-Tx patients, four K-Tx patients, four CUpatients, and five CON
were studied with a repeat insulin clamp. The insulin clamp was per-

formed as described above with one exception. A balanced amino acid
solution was begun at the start of the insulin infusion and continued
throughout the study as previously described (4). The rate of amino
acid infusion averaged 0.98±0.11 ml* m_2. min' (cold leucine infu-
sion rate of 51±6 MmolI* m-2. min-') in all study groups. These infu-
sion rates were chosen to simulate the postprandial plasma amino acid
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Figure 1. Experimental protocols of both Studies 1 and 2. [I-"'C]-
Leucine infusion and indirect calorimetry were performed in both
studies. During study 1, after 180 min of basal equilibration, a 40
mU

*
m-2 -min' insulin infusion was started and continued for 180

min. Study 2 was similar to study I with one exception. A balanced
amino acid solution was infused along with insulin in order to double
the plasma amino acid concentration. Solid lines refer to plasma leu-
cine; dashed lines refer to plasma glucose level. (vn) IDDUP; (,&) KP-
Tx; (A&) K-Tx; (o) CU; (e) CON. 'P <0.01 vs. basal; *P <0.01 vs.

groups 2, 4, and 5.

concentrations. The aim was to obtain the same increment with respect
to the basal levels in all groups.

Respiratory exchange measurements. In all studies, total CO2pro-
duction rate and 02 consumption rate were measured by continuous
indirect calorimetry as reported previously ( 13), by means of Sensor-
Medics instrumentation, Model Horizon, Anaheim, CA. Nonprotein
respiratory quotient was measured using the Lusk's table as reviewed
and discussed by Simonson and DeFronzo (20). Nitrogen excretion
rate in the IDDUP was quantified as previously described ( 13).

Analytical determinations and calculations
Plasma leucine concentration and specific activity were determined
using an HPLC system (System Gold, Beckman Instruments, Inc.,
Palo Alto, CA) constituted by a programmable solvent module (model
126AA) and a programmable detector module, model 168 as previ-
ously described (4). Briefly, to precipitate plasma proteins 50 mg of
sulfosalycilic acid (dry powder) was added to 1.0 ml of plasma and a
100-Al aliquot of the supernatant was analyzed in duplicate for amino
acid concentration. 1 ml of the remaining supernatant was placed in
duplicate on a cation exchange resin column (Dowex 50 G, Bio-Rad
Laboratories, Richmond, CA) and the free amino acid fraction was
eluted with 4 NNH40H, dehydrated, and reconstituted in water. 10 ml
of Picofluor 15 scintillation fluid (Packard) was added to each vial and
'4C radioactivity was measured in a scintillation counter. The recovery
of [1-'4C]leucine added to plasma was 98±2%. The interassay and
intraassay variations for the determination of [1-"4C]leucine specific
activity were 3±1% and 4±2%, respectively. > 98% of the radioactivity
collected in the amino acid fraction was in the leucine peak after separa-
tion by ion exchange chromatography (21). Plasma a-KIC specific
activity was measured as previously described (4, 22). Briefly, 1 ml of
plasma was placed in duplicate on a Dowex 50 Gcation exchange resin
column (Bio-Rad Laboratories) and the free a-ketoacid fraction was
eluted with 4 ml of 0.01 N HCl in 50 ml cell culture tubes. 35 ml of
methylene chloride was added and after shaking vigorously for 1 min
the tubes were centrifuged for 5 min at 2,000 rpm to extract the free
a-ketoacid fraction from the plasma. After decanting the supernatant
the a-ketoacids were extracted in 350 Ml of 0.2 MNaH3PO3at pH 7.0.
After a brief centrifugation 200 Ml of the resultant supernatant was
injected into an HPLCsystem. The system utilized a Cl8 reverse-phase
column (Altex-Ultrasphere ODS, 0.6 X 25cm; Beckman, Instruments,
Inc., Palo Alto, CA) that was eluted with 5% acetonitrile in 0.2 M
H3P04 buffer (pH 7.4) at the rate of 1.4 ml/min. Absorbance of a-KIC
was monitored at 206 nm. Radioactivity eluting with the a-KIC peak
was measured by liquid scintillation #-counting (4). All calculations
were made during the last hour of the tracer equilibration and of the
insulin clamp period when steady-state conditions for leucine and a-
KIC specific activities and concentrations existed. Data were analyzed
using a stochastic model as previously described (4, 23). The model
generates the following equations in which the total leucine turnover or
flux equals: Q= S + C = B +I, where Sisthe rate of leucine incorpora-
tion into protein (nonoxidative leucine disposal); C is the rate ofleu-
cine oxidation; B is the rate of leucine release from protein (endoge-
nous leucine appearance); and I is the rate of exogenous leucine input.
The rate of leucine turnover ( Q) is calculated as follows: Q= F/leucine
specific activity, where Fis the infusion rate of [1-"4C] leucine (in dpm/
min) andleu specific activity is the specific radioactivity of leucine in
the plasma compartment under conditions of equilibrium. The leucine
oxidation rate (C) is calculated as follows: C =O/(K- leucine specific
activity), where 0 is the rate of appearance of "CO2 in the expired air
(in dpm/min) and K is a correction factor (0.81 ) which takes into
account the incomplete recovery of labeled "CO2 from the bicarbonate
pool. In particular, the 0.81 factor accounts for the fraction of "C02
released into the body's bicarbonate pool from the oxidation of[ 1-"4C ]-
leucine, but not recovered in expired air (24, 25). An estimate of the
rate of leucine incorporation into protein (S) can be calculated as
follows: S = Q - C. An estimate of the rate of leucine release into
plasma space from endogenous protein (B) canbe calculated as fol-
lows: B = Q - I.
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Whenthe subjects are in the postabsorptive state, the leucine intake
(I) equals 0 and B = Q. Whenamino acids are being infused intrave-
nously, the rate of exogenous leucine infusion (I) must be subtracted
from the total leucine flux (Q) in order to calculate the rate of endoge-
nous leucine release from proteins. To calculate the rates of leucine
turnover and oxidation, we used the plasma leucine specific activity.
Recent publications have suggested that the plasma specific activity of
the transaminated product of leucine, the a-KIC, may provide a better
indicator of the specific activity in the intracellular mixing pool (26,
27). Therefore, estimates of leucine kinetics were also carried out using
the plasma a-KIC specific activity.

Plasma glucose concentrations were determined by a differential-
pH method previously described (28). Methods for determining
plasma free insulin ( 13), glucagon ( 13), cortisol ( 13), growth hor-
mone ( 13), and epinephrine (29) concentrations have been previously
described. Nitrogen excretion rate was assessed as previously de-
scribed ( 1 3 ).

Statistical analysis
All values are expressed as the mean±SE. Comparisons between the
basal and the insulin-stimulated states within a group were performed
with the Student's t test for paired data. Comparisons among the
various groups were performed with the ANOVAand the Student's t
test (30).

Results

Plasma glucose, hemoglobin (Hb) Ac, hormone concentra-
tions, and nitrogen excretion rate (Tables I-III). In the basal
state, plasma glucose concentration was higher in IDDUPand
K-Tx respect to KP-Tx, CU, and CON(P < 0.01). In contrast,
during the last hour of studies 1 and 2, it did not differ signifi-
cantly among the various study groups (Tables I and III and
Fig. 1). HbAlC concentration was increased in IDDUP and
K-Tx with respect to the other groups (Table I). Postabsorptive
free-IRI concentration was increased in the basal state in ID-
DUPand KP-Tx with respect to CUand CON(P < 0.01).
During studies 1 and 2 the increment of free-insulin was simi-
lar in the five groups (Table II, Fig. 1). Basal glucagon concen-
tration was higher in IDDUPand K-Tx with respect to KP-Tx,
CU, and CON(P < 0.05) (Table I). During both studies 1 and
2, plasma glucagon concentration did not change significantly
from the basal state, in any of the groups (Table II). Basal
growth hormone concentration was increased (P < 0.01) in
IDDUP (8.93±2.12) vs. KP-Tx (2.02+0.30), K-Tx (1.35+0.16),
CU (0.47±0.14), and CON(0.51±0.07). Growth hormone
concentration increased significantly with respect to basal in
KP-Tx and K-Tx (P < 0.05) during euglycemic hyperinsulin-
emia (Table II). Cortisol concentration was higher in IDDUP
vs. all groups (P < 0.01) (Table II). Plasma epinephrine con-
centration was increased in the basal state in IDDUP
(1,961±320 pM) vs. all groups (P < 0.01) (Table II).

In the basal state, plasma FFA were similar in IDDUP
(0.589±0.08), KP-Tx (0.521±0.06), K-Tx (0.681±0.04), CU
(0.610±0.01), and CON(0.592±0.01 mM)(Table III). Dur-
ing euglycemic hyperinsulinemia the FFA concentration de-
creased of a similar value in IDDUP (0.398±0.01) respect to
KP-Tx (0.358±0.01), K-Tx (0.524±0.02), CU (0.457±0.1),
and CON(0.449±0.2 mM).

The nitrogen excretion rate was increased in IDDUP with
respect to KP-Tx, K-Tx, CU, and CON(P < 0.01).

Fat-free mass. In IDDUP (BW = 62.1±3.2 kg) the fat-free
mass (73.7+2.9%) was slightly reduced compared to KP-Tx
(77.2±2.1 %), K-Tx (74.2±1.8%), CU(74.4±2.1 %), and CON

(75.4±2.3%). However, no statistically significant difference
was detected among any of the groups.

Plasma amino acid, leucine, and a-KIC concentrations and
specific activities in the postabsorptive state in the five study
groups (Table III, Fig. 1). In IDDUP, the fasting branched
chain amino acid (BCAA) (297±34 ,M), and leucine concen-
trations (92±9 gM) were all lower (P < 0.05) than those in
control subjects (CON: 416± 10 and 124±2 MMfor BCAAand
leucine, respectively) (Table II). The fasting a-KIC concentra-
tion (19±3 vs. 28±2 AM) was also lower (P < 0.05) with re-
spect to CON. After KP-Tx and in insulin-dependent diabetic
patients after isolated K-Tx, the basal plasma BCAA(340±14,
and 311 ± 11 uM, respectively) increased with respect to ID-
DUP, still being significantly lower than normals (P < 0.05).
Basal BCAAin CU(459±32 1M) was similar to those in CON
(416±10 AM). Basal plasma leucine (116±5, 107±9, and
121±8 ,M), and basal plasma a-KIC (23+1, 24+2, and 35±4
uMM) in KP-Tx, K-Tx, and CU, respectively, did not differ from
those in CON(Table II). Basal plasma leucine, (3.61±0.52
dpm/nmol) and a-KIC (2.44±0.71 dpm/nmol) specific activi-
ties in IDDUP were significantly higher compared with those
of CON(1.94±0.21 and 1.27±0.10 dpm/nmol, respectively; P
< 0.05), as well as in KP-Tx, K-Tx, and CU, respectively
(plasma leucine [2.93±0.24, 2.63±0.48, and 2.91+0.03 dpm/
nmol] and a-KIC [1.97±0.11, 1.77±0.22, and 1.79±0.08
dpm/nmol]). Plasma phenylalanine concentration was not
statistically different among the five study groups (Table III).
Plasma alanine concentration was higher in IDDUP and CU
vs. Groups KP-Tx, K-Tx, and CONsubjects (P < 0.05). A
steady-state plasma plateau was achieved for the leucine and
a-KIC specific activities during the last hour of the equilibra-
tion period in all study groups.

Plasma amino acid, leucine, and a-KIC concentration and
specific activities during study I (hyperinsulinemia) and study
2 (combined hyperinsulinemia/hyperaminoacidemia) (Table
III, Fig. 1). During study 1, IDDUP demonstrated a decrease
in all measured plasma amino acid concentrations with the
notable exception of alanine. The BCAA concentration de-
creased from 297±34 to 182+25, from 340± 14 to 151+9, from
311±11 to 133+24, from 459±32 to 264±28, and from
416± 10 to 221± 13 AM in IDDUP, KP-Tx, K-Tx, CU, and
CON, respectively. Plasma leucine concentration decreased
from 92±9 to 53±6, from 116±5 to 42±5, from 107±9 to
43±4, from 121±8 to 59±4, and from 124±2 to 58±2 ,M in
IDDUP, KP-Tx, K-Tx, CU, and CON, respectively. Plasma
a-KIC concentration decreased from 19±3 to 12±2, from
23±1 to 14±1, from 24±2 to 12±1, from 35±4 to 19±2, and
from 28±2 to 14±2 ,uM in IDDUP, KP-Tx, K-Tx, CU, and
CON, respectively. The absolute decrease of plasma leucine
concentration from baseline (39±6 vs. 66±4 ,M) was signifi-
cantly less (P < 0.01) in IDDUP compared to CON(Table
III). In the patients studied after KP-Tx, the absolute decreases
in BCAA(189±36 vs. 195±20,uM), leucine (74±11 vs. 66±4
MM), and a-KIC (9±1 vs. 14±2 MM) concentrations were
nearly identical to those observed in CON(Fig. 1, Table III). A
steady-state plateau of plasma leucine and a-KIC concentra-
tions and specific activities was achieved in all study subjects
during the last hour of insulin infusion.

The plasma BCAA (487+58, 640±84, 598±92, 602±87,
and 683±69,MM), leucine (157±22, 220±8, 207±23, 209± 17,
and 215+5 uM), and a-KIC (23+2, 23+1, 29+2, 30±3, and
27±3,MM) concentrations were similar in IDDUP, KP-Tx, K-
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Tx, CU, and CONduring the last hour of study 2. The plasma
leucine and a-KIC specific activities, respectively, were signifi-
cantly higher (P < 0.05) in IDDUP(1.71 ±0.11 and 1.66±0.19
dpm/nmol) with respect to KP-Tx (1.46±0.17 and 1.31±0.14
dpm/nmol), K-Tx (1.33±0.31 and 0.96±0.11 dpm/nmol),
CU (1.34±0.28 and 0.88±0.23 dpm/nmol), and CON
(1.34±0.12 and 1.09±0.09 dpm/nmol).

Total leucineflux. In the postabsorptive state, total leucine
flux averaged 28.7±0.8 Omol * m2. min'- in IDDUP, a signifi-
cantly lower value (P < 0.01) compared to KP-Tx (38.1 ±0.1),
K-Tx (38.5±0.9), CU (38.0±0.4), and CON (39.5±0.7
,umol. *m-2 _ min-' ).

During study 1 total leucine flux decreased less (P < 0.01)
in IDDUP (from 28.7±0.8 to 20.6±0.7) compared to KP-Tx,
K-Tx, CU, and CON(from 38.1 ±0.1 to 18.9±0.4, 38.5±0.9 to

25.1±0.7, 38.0±0.4 to 18.8±0.5, and 39.5±0.7 to 26.6±0.3
Omol. m-2. min'-, respectively). During study 2, IDDUP
showed a 56% increase of total leucine flux (28.7±0.8 to

44.9±3.1 jUmol. m-2. min'- ). This increase was similar to that
in KP-Tx (from 42.8±1.7 to 84.4±2.6), K-Tx (from 37.8± 1.1
to 75.7±8.2), CU (37.9±0.5 to 78.5±7.9), and CON
(41.5±0.6 to 69.4±3.1 'Rmol. m2. min-').

Endogenous leucine flux (ELF) (protein catabolism) (Ta-
ble IV). The endogenous leucine flux (which provides a mea-
sure of protein degradation) is equal to the total leucine flux in
the basal state as well as in the studies performed without
amino acid infusion.

In study 2, the combination of hyperinsulinemia and hy-
peraminoacidemia caused a similar absolute decline of ELF in
IDDUP (28.7±0.8 to 4.8±0.5 jtmolm-2-min '), KP-Tx
(42.8±1.7 to 20.5±0.5), K-Tx (37.81.1 to 19.90.9), CU
(37.90.5 to 22.31.1), and CON (41.5±0.6 to 18.9±0.9
,mol * m-2. min-').

Leucine oxidation (LO) (Table IV). In the postabsorptive
state, leucine oxidation was similar in IDDUP (8.0±0.1
,umol*.m-2. min-'), KP-Tx (9.8+0.3), K-Tx (7.5±0.3), CU
(6.6±0.4), and CON(7.5±0.1 ,umol.m-2. min-'). During
study 1 both IDDUP (from 8.0±0.1 to 8.5±0.3 ,M1mol. m2_
min-') and K-Tx (from 7.5±0.3 to 6.1±0.4 ,umol m2
min '-) demonstrated a defective suppression of leucine oxida-
tion when compared to KP-Tx (from 9.8±0.3 to 4.6±0.2), CU
(from 6.6±0.4 to 3.1±0.1), and CON (from 7.5±0.1 to

5.1±0.1 4mol . m-2. min' ). During study 2 the leucine oxida-
tion increased less in IDDUP (from 5.0±0.4 to 17.0±0.5
,umol* m2*min-') with respect to KP-Tx (6.0±0.8 to

40.1±0.4), K-Tx (6.9±0.9 to 35.6±1.2), CU (7.0±1.1 to

33.2±1.0), and CON (7.3±0.2 to 33.3±0.2 zmol
m2. min-').

Nonoxidative leucine disposal (protein synthesis) (NOLD)
(Table IV). In the postabsorptive state the NOLD(an index of
protein synthesis) was significantly reduced in IDDUP
(20.7±0.2 ,mol m-2* min-') with respect to normal controls
(32.0±0.7 Mmol.m-2min-'; P < 0.01). KP-Tx (28.3+0.6
,umol - m-2 min-'), K-Tx (31.0+ 1.3 imol. m-2. min-'), and
CU(31.4±0.1 Amol* m-2 _ min-') demonstrated no difference
in NOLDwith respect to normals (P = NS). During the insulin
clamp (study 1), NOLDdecreased less in IDDUP (20.7±0.2 to

12.1±0.4) than in KP-Tx (28.3±0.6 to 14.3±0.3), K-Tx
(31.0±1.3 to 19.0±0.9), CU (31.4±0.1 to 15.7±0.5), and
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CON(32.0±0.7 to 21.5±0.6). During study 2, NOLDrose
significantly above the basal rate in KP-Tx (from 34.1±1.1 to
44.3±0.8), K-Tx (30.9±1.2 to 40.1±2.7), CU (30.5±1.9 to
45.3±2.9), and CON(from 31.2±0.8 to 36.1±0.8), while in
IDDUP (from 24.1± 1.1 to 27.9±0.7; P = NS) it did not show
any significant change from the basal value.

Net leucine balance. In the basal state all study groups dem-
onstrated a similar negative flux of leucine into and out of
proteins, averaging -8.0±0.1, -9.8±0.3, -7.5±0.3, -6.6±0.4,
and -7.5±0.1 utmol- m-2 -min- in IDDUP, KP-Tx, K-Tx,
CU, and CON, respectively. During study 1, the net leucine
balance did not change from the basal value in IDDUP
(-8.5±0.3 ,umol - m-2* min-'), while it became less negative
in KP-Tx (-4.6±0.2), K-Tx (-6.1±0.4), CU(-3.1±0.1), and
CON(-5.1±0.1 ) compared with the value in the basal state.
During study 2, the combined hyperaminoacidemia/hyperin-
sulinemia induced a similar positive net leucine balance in ID-
DUP(from -5.0±0.4 to 23.1±0.9 Amol * m-2* min-'), KP-Tx
(from -6.0±0.8 to 23.8±1.9), K-Tx (-6.9±0.9 to 20.2±2.0),
CU (-7.0±1.1 to 23.0±2.1), and CON(from -7.3±0.4 to
17.2±1.6 gmol * m-2 * min-').

Leucine turnover based on KIC specific activity (Tables IV
and V). Because it has been suggested that plasma KIC specific
activity may provide a more accurate index of the intracellular
precursor pool involved in leucine turnover, all calculations
were repeated utilizing the steady-state plasma KIC specific
activity achieved during the last hour of the basal and experi-
mental periods. Table IV shows that the qualitative changes in
leucine turnover (LO, ELF, and NOLD) calculated with the
plasma KIC specific activity (reciprocal pool model), closely
parallel those determined with the plasma leucine specific activ-
ity (primary pool model) under the present experimental con-
ditions. During combined hyperinsulinemia/hyperaminoaci-
demia the NOLDwas defectively stimulated in IDDUP (from
30.5±2.2 to 28.6±0.5 gmol * m-2. min-'), while it showed a

similar stimulation in KP-Tx, K-Tx, CU, and CON(49.4±2.1,
54.2±5.4, 60.7±5.1 and 54.4±1.6, respectively).

Glucose metabolism. During the 120-180 min of study 1 in
IDDUP, the glucose infusion rate required to maintain eugly-
cemia was 3.4±1.6 mg-kg-'-min-1, significantly less (P
< 0.01 ) than the other groups. After KP-Tx and after K-Tx, the
glucose infusion rate required to maintain euglycemia in-
creased to 6.0±0.8 and 4.2±0.9 mg. kg-' * min-', respectively.
CU patients' insulin-stimulated glucose metabolism was still
defective with respect to CON(normals) (6.2±0.2 vs. 7.5±0.3
mg* kg-' - min' ).

During study 2 the glucose infusion rates in IDDUP, KP-
Tx, K-Tx, CU, and CONwere 3.2±1.2, 6.3±1.5, 5.9±0.9,
6.5±0.6, and 7.1±0.4 mg kg1'-minm', respectively. These
rates were similar to those observed when the insulin clamp
study was performed without amino acid infusion (P = NSvs.
study 1 for all groups).

Discussion

The overall incidence of diabetic nephropathy in the diabetic
population is 35% in Western countries (31 ). All patients who
develop proteinuria enter a hemodialysis program or get a kid-
ney transplant within 5-10 years (32). Isolated kidney trans-
plantation is still the first choice surgical approach for type 1
uremic-diabetic patients (33). One of the major drawbacks
of isolated kidney transplant is the need to continue life-long
therapy with prednisone (10 mg.d-'), cyclosporine (5
mg* kg-' * d' ), and azathioprine ( 1 mg* kg- * d'-l) in insulin-
dependent diabetic patients ( 13, 34). During the last two de-
cades the improvement of both patient and organ survival has
made it possible to extend pancreas transplant, alone or in
combination with the kidney to a greater number of patients
(34). In fact, both segmental and total pancreas transplanta-
tion are capable of maintaining long-term insulin indepen-

Table V. Metabolic and Kinetic Parameters of K-Tx and CUduring Combined Hyperinsulinemia-Hyperaminoacidemia

K-Tx CU

Bas Stu Bas Stu

Patients (n) 4 4

Hbu, (%) 7.8±0.5* 5.8±0.4
Plasma glucose (mg/dl) 120.7±10.8* 95.5±3.6 84.7±3.6 88.3±3.7
Plasma leucine (&M) 104±8 207±23* 110±9 209±17$

Amolb m-2 min-'

ELFICU 37.8±1.1 19.9±0.9* 37.5±0.5 22.3±1.1*
ELFkj, 54.0±2.6 39.3±5.4* 56.8±2.1 45.9±5.2*
LOI.U 6.9±0.9 35.6±1.2* 7.0±1.1 33.2±1.0*
Lold. 9.9±1.4 50.9±3.6* 10.6±2.2 51.4±3.8*
NOLDkuJ 30.9±1.2 40.1±2.7* 30.5±1.9 45.3±2.9*
NOLDEc 44.1±2.9 54.2±5.4* 46.2±2.7 60.7±5.1*
NLBI.J -6.9±0.9 20.2±2.0* -7.0±1.1 23.0±2.0*
NLB~C -9.9±1.4 14.9±0.8* -10.6± 1.9 14.8±1.1*

Data are expressed using both the leu and a-KIC specific activities.
* P < 0.01 compared to CU. * P < 0.01 compared to basal.
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dence ( 1-10 years) ( 13, 35). In addition, previous studies have
demonstrated that transplantation of the pancreas along with
the kidney has a better impact on the quality of life of insulin-
dependent diabetic patients compared with transplantation of
the kidney alone (36, 37).

In the present study we used labeled leucine to assess basal
and insulin-stimulated whole body protein metabolism in ID-
DUPbefore and after isolated kidney transplant or combined
pancreas and kidney transplant. Our data demonstrate that the
combination of diabetes mellitus and uremia causes a serious
impairment ofthe basal and insulin-stimulated protein metabo-
lism, that kidney transplant only partially reverts the protein/
metabolic alterations of IDDUP, and finally, that the combina-
tion of the replacement of the kidney and the pancreas leads to
a near normalization of whole-body protein metabolism, de-
spite the need of chronic immunosuppressive therapy.

The nitrogen excretion rate was significantly higher in the
basal state in IDDUPcompared to the other groups. This indi-
cated a negative nitrogen balance before transplantation which
was reverted by combined kidney and pancreas transplanta-
tion (Table I). The protein content of the diet was comparable
in IDDUP, in K-Tx alone, and in KP-Tx. Therefore, the differ-
ence in nitrogen excretion rate was not attributable to a differ-
ence in diet. Transplanted kidney may present a relapse of
diabetic nephropathy. In such cases, in order to prevent the
progression of renal damage a low-protein diet should be ad-
ministered (38). A recent report by Brodsky et al. (39) has
shown that a low protein diet may cause an impairment of
leucine metabolism and a worsening of nitrogen balance and
nutritional parameters. Therefore, a possible advantage of per-
forming the transplant of the pancreas along with the kidney is
that it is not necessary to give a protein restricted diet to IDDM
patients after the transplant and during chronic prednisone ad-
ministration.

In a previous report we showed that IDDM in poor meta-
bolic control is characterized by increased basal ELF (proteoly-
sis), LO, and NOLD(an index of protein synthesis) (4). The
amelioration of the metabolic control by optimizing conven-
tional insulin therapy normalized basal ELF, NOLD, and LO
in IDDM subjects (4). The basic defect in protein metabolism
in type 1 diabetes mellitus would therefore seem to be a pri-
mary increase in proteolysis. In addition, in IDDM, the stimula-
tion of protein synthesis by combined hyperinsulinemia/hy-
peraminoacidemia is similar to that in normals. In contrast, we
have previously shown that patients with chronic uremia are
characterized by reduced amino acid concentrations and re-
duced proteolysis (ELF), LO, and NOLD(8). In the same
study, the primary defect in chronic uremia was found to be at
the level of protein synthesis, while insulin action on proteoly-
sis was found to be normal. Previous reports had shown that
hemodialytic therapy (40) and chronic ambulatory peritoneal
dialysis (41 ) are not capable of normalizing protein turnover
and insulin action in uremic patients. Possible explanations of
the particularly low ELF and NOLDin postabsorptive IDDUP
when compared to controls include the following: (a) in-
creased insulin levels with respect to normals (8), (b) increased
growth hormone concentration (Table II), and (c) increased
epinephrine concentration. In particular both high insulin (4,
6) and growth hormone (42) concentrations have been linked
to the low leucine fluxes. Wehave previously shown that epi-

nephrine infusion in normals causes a mild decline of amino
acid concentrations (43). From the present results it seems that
IDDUP patients demonstrate intracellular defects localized
both at the proteolytic and proteosynthetic pathways. This ex-

plains the striking negative nitrogen balance in such patients.
Apparently both the anti-proteolytic and the proteosynthetic
defects are acquired. Insulin deficiency is the primary cause of
increase of proteolysis in fasting IDDM (4); when IDDM pa-
tients develop uremia a new defect in protein synthesis may be
selectively determined. During exogenous insulin infusion
(study 1) the inhibition of ELF is defective in IDDUP com-

pared to the other groups indicating an insulin resistance with
respect to the proteolytic pathway, only when diabetes mellitus
and uremia are combined. During study 2 the stimulation of
protein synthesis was defective in IDDUP compared to all the
other groups. Therefore, the higher nitrogen excretion rate pres-
ent in IDDUP is due partially to a defective inhibition of pro-
teolysis and partially to a defective stimulation of the protein
synthetic pathway by insulin. The combination of both defects
makes more amino acid nitrogen available for the intracellular
oxidative processes.

*Patients after successful kidney transplant have to continue
conventional insulin therapy with the additional problem of
chronic immunosuppressive drugs. Furthermore, Nair et al.
(44) have recently shown that hyperglucagonemia in combina-
tion with insulin deficiency (the hormone-metabolic condition
in diabetic patients after isolated kidney transplant) accelerates
protein catabolism. In such patients (K-Tx) the basal ELF is
similar or increased with respect to normals depending upon
the degree of insulinization. Patients with successful pancreas
and kidney transplant are insulin independent and are capable
of overcoming the alterations determined by the steroid ther-
apy on glucose metabolism by means of basal and post-pran-
dial hyperinsulinemia (9, 10, 12, 35,45). During study 1 (insu-
lin infusion) the defect of endogenous leucine flux (proteoly-
sis) of IDDUP is reverted in K-Tx. In contrast, insulin-induced
inhibition of the leucine oxidative pathway is still defective in
K-Tx. Therefore, isolated kidney transplant may revert most
of the intracellular metabolic pathways, with the notable ex-

ception of insulin-stimulated suppression of LO. This finding
may be due to a direct glucocorticoid activation of muscle
branched-chain a-ketoacid dehydrogenase (46). The fact that
K-Tx have an absolute value of NOLDsimilar to CONand
higher than KP-Tx during hyperinsulinemia may be explained
as follows: (a) patients with isolated kidney transplant are gen-
erally insulin resistant as regards whole body leucine metabo-
lism, although the impaired insulin action reaches statistical
significance only for LO; in contrast, patients with combined
pancreas and kidney transplantation apparently have an in-
creased insulin sensitivity in the protein metabolic pathways;
(b) considering the variation from basal instead of the absolute
value of NOLD, only in IDDUP the decrease is significantly
lower than CON; (c) in order to correct for the fall in amino
acids, the best assessment of protein synthetic capacity is ob-
tained in a condition of combined hyperinsulinemia/hyper-
aminoacidemia (4).

In our 14 patients after combined kidney-pancreas trans-

plantation, we found a clear-cut dissociation between insulin
effects on glucose and protein metabolism. In fact, after com-

bined transplantation glucose metabolism is impaired, while
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insulin-stimulated protein metabolism is normal. Wehad al-
ready found this in IDDM (4) and in patients with chronic
renal failure (8). The presence of a dissociation between glu-
cose and protein metabolism indicates a postreceptor defect in
insulin action (47). From a clinical standpoint this finding
supports the fact that the alterations of protein metabolism are
easier to correct than the alterations of glucose metabolism by
intensified insulin therapy, and by pancreas transplantation
itself, in IDDM.

Whenthe pancreas was transplanted along with the kidney
a complete reversal of all defects in basal and insulin-stimu-
lated protein metabolism was obtained. In particular, stimula-
tion of NOLDafter combined hyperinsulinemia/hyperamin-
oacidemia was reduced in the diabetic-uremic group compared
to controls. This alteration was completely normalized by the
combined kidney and pancreas transplantation, indicating that
the defect of the protein synthetic pathway is also reversible.
Interestingly, also the transplantation of kidney alone was capa-
ble to revert the defect in protein synthetic rate during hyper-
aminoacidemia.

The increased basal insulin concentration present in the
kidney-pancreas transplanted group may be determined by in-
creased secretion or reduced clearance of the molecule. Pre-
vious reports by Diem et al. ( 1), Osei et al. (48), and Black-
man et al. (49), indicate a reduction of insulin clearance by the
liver as the leading cause of basal hyperinsulinemia in KP-Tx.
A reduction of insulin clearance is also present in diabetic-ure-
mic patients (50) as a consequence of impaired renal function.
An additional cause of increased basal insulin concentration is
the denervation of the transplanted pancreas. In recent works
by ourselves (29) and by Blackman et al. (49), it has been
shown that the denervated pancreas has an increased basal in-
sulin secretion rate, along with a defective insulin-insulin au-
toinhibition. Therefore, a strict linkage exists between the basal
insulin concentration and the basal concentrations and leucine
flux of all study groups. This is underlined by a close statistical
correlation between the basal insulin level and the basal endoge-
nous leucine flux (r = -0.64; P < 0.05) in normal volunteers,
in patients with CUand in patients after KP-Tx. This finding
indicates that the basal proteolysis is mainly influenced by the
insulin concentration, independently of the group of subjects
considered. In contrast, when the insulin and ELF of patients
of groups 1 and 3 (who were on exogenous insulin administra-
tion) were plotted, no correlation was found (r = 0.01; P
=NS).

Hyperinsulinemia has been elsewhere shown to cause dele-
terious effects on glucose, lipid, and lipoprotein metabolism
(51-53). However, Homanet al. (54) have shown in the dog
that peripheral insulin delivery (causing hyperinsulinemia)
does not induce any major defect on glucose, protein and pal-
mitate metabolism. Although the question of whether hyperin-
sulinemia is metabolically deleterious is still unanswered, our
results support the hypothesis that pancreas transplantation
can completely correct the post-receptor alterations induced by
diabetes and uremia on protein metabolism.

It is also important to note that the hyperinsulinemia of
pancreas transplanted patients is only in the systemic circula-
tion and not in the portal blood. Actually, pancreas transplant
recipients might also have a portal hypoinsulinemia when
compared to normals. In addition, the systemic hyperinsuline-

mia after transplantation is for no matter worse than iatrogenic
hyperinsulinemia of the pre-transplant condition.

Prednisone (55, 56) cyclosporine A (57), and azathioprine
(58) have deleterious effects on whole-body and muscle pro-
tein metabolism. In particular, steroids have been shown to
mainly stimulate protein breakdown and amino acid oxidation
and to directly antagonize insulin action at the muscle site;
cyclosporin and azathioprine have been shown to inhibit, with
different mechanisms, intracellular protein synthesis. Since all
organ transplantations require a long-term administration of
these drugs, caution should be used when an organ has to be
transplanted in a recipient who might suffer particularly from
the effect of these drugs. An important example is found in
children and adolescents who have to undergo isolated kidney
transplantation (59, 60). On the basis of our results the low-
dose chronic immunosuppressive therapy does not appear to
have a major effect on protein metabolism in IDDM patients
or in patients with chronic uveitis. In fact, also during com-
bined hyperinsulinemia/hyperaminoacidemia, CU patients
showed a normal stimulation of protein synthetic rate. To note
that the results obtained in patients with chronic uveitis are
also relevant for other organ transplantations, such as liver and
heart, and indicate that the immunosuppressive therapy at the
doses used after a transplant does not significantly affect whole-
body protein homeostasis (59, 60). A possible counteraction of
hyperinsulinemia might explain the lack of deleterious effects
of chronic immunosuppression in pancreas transplanted pa-
tients. In fact, previous work has shown a close correlation
between height velocity and basal insulin concentration in dia-
betic children (61, 62) postulating a major role of chronic low-
dose hyperinsulinemia on the stimulation of protein synthesis.

The basal epinephrine concentration of our transplanted
patients is slightly higher than previously published work ( 12).
This is probably due to the different analytical technique uti-
lized by us (HPLC vs. radioenzymatic).

In conclusion, we have shown that the alterations of basal
and insulin-stimulated protein metabolism found in diabetic-
uremic patients can be completely reverted by combined kid-
ney-pancreas transplantation despite the chronic immunosup-
pressive therapy. The present data indicates the usefulness of
transplantation of the pancreas along with the kidney in dia-
betic-uremic patients, especially in all clinical and pathophysio-
logical conditions characterized by a higher rate of whole-body
protein turnover.
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