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ABSTRACT

Leucine and whole body protein metabolism were quantitated in 26
human subjects (6 sarcoma patients, 20 age-matched normal controls)
using a primed, continuous infusion of ("Qleucine. Plasma samples were
analyzed every 15 min for enrichment of |'3C)leucine. Plateau enrichment
levels were then used to calculate whole-body protein turnover, synthesis,
and breakdown rates. Exhaled gas samples were analyzed every 15 min
for enrichment of "CO,, and plateau enrichment levels (as well as CO,

production rates) were used to calculate leucine oxidation rates. Fasting
plasma amino acid levels, serum albumin, and total protein levels were
also determined. The 6 patients were otherwise healthy but had a large,
localized high-grade sarcoma which had not been previously treated. No
patient had weight loss. Amino acid, albumin, and total protein levels
were equivalent in patients and controls. Whole-body protein turnover
rates were significantly greater in sarcoma patients than age-matched
controls (15%). Increased protein turnover rates resulted in increased
whole-body protein synthesis and breakdown rates in sarcoma patients
compared to controls. Leucine oxidation rates were not different in the 2
groups. The results suggest that in humans with high-grade sarcomas
leucine metabolic abnormalities are specific to tumor growth and not
malnutrition because abnormalities of turnover, synthesis, and breakdown
occur prior to any weight loss or measurable change in blood amino acid
or protein level.

INTRODUCTION

Cancer cachexia is a complex syndrome that includes host
tissue wasting, anorexia, asthenia, and abnormal host interme
diary metabolism (1). Its central characteristic is progressive
depletion of vital host tissue often to extreme emaciation. Many
explanations have been proposed for the pathogenesis of ca
chexia in cancer patients, although exact mechanisms remain
to be elucidated (2, 3). Anorexia is usually present in cachexia,
but the weight loss and tissue wasting cannot be explained by
diminished food intake alone (4). There is evidence that the
normal adaptive mechanisms seen in a patient with simple
starvation are impaired in the patient with uncontrolled cancer
growth (5).

Protein serves as a critical reserve of structural tissues and
metabolic fuel which can become depleted during cancer growth
(6). Prior research efforts have described altered protein metab
olism in cachectic cancer patients and animals (7-12). Standard
nitrogen balance studies have been difficult to interpret (13).
Positive nitrogen balance does not necessarily result in main
tenance or repletion of host lean body mass because the cancer
patient exhibits translocation of nitrogen from host to tumor
with the main source of nitrogen being the preferential deple
tion of skeletal muscle (14). Reports on whole-body protein
turnover studies in cancer patients have shown conflicting re
sults (11, 12,15-18). These differences may be partly explained
by differences in cancer patient populations and control groups.
Previous studies have included mixed groups of cancer patients
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with different diagnoses, types of treatment, and degrees of
cachexia (15-18). Control groups have also varied from normal
populations to weight-losing patients with nonmalignant diag
noses (15, 16). No previous studies have been performed on a
homogeneous group of patients who have not been treated for
their cancer and who demonstrate no clinical evidence of cancer
cachexia, yet have a large, active high-grade tumor.

Leucine metabolism was studied in 6 high-grade sarcoma
patients and 20 age-matched normal volunteers. No patient
demonstrated any clinical evidence of cancer cachexia, but every
patient had a previously untreated, identifiable high-grade ma
lignant tumor. A [l-13C]leucine primed continuous infusion in
all subjects demonstrated increased whole-body protein turn
over in sarcoma patients, which was accounted for by increased
whole-body protein synthesis and breakdown. Leucine oxida
tion rates were not different in sarcoma patients from controls.
These leucine metabolic abnormalities appeared to be specific
to sarcoma growth, not to malnutrition, because they occurred
prior to any weight loss or measurable change in blood amino
acid or protein level.

MATERIALS AND METHODS

Subjects. Twenty healthy adult volunteers, 10 male and 10 female,
between the ages of 21 and 68 years were studied at the Clinical Center
of NIH on an approved protocol. All of the volunteers had a complete
medical history and physical examination as well as blood hematology
and chemistry determinations and were felt to be in excellent health.
No volunteer had lost weight or had any medical or surgical illness for
6 months prior to study. The average age and weight is given for all
volunteers in Table 1.

Six otherwise healthy adult patients (S male, 1 female) between the
ages of 21 and 58 years with large extremity or truncal high-grade
sarcomas were also studied prior to any surgical, medical, or radiation
treatment. No patient had any systemic symptoms from his or her
sarcoma other than a palpable mass. No patient had weight loss or any
change in dietary intake. No patient had any i.v. fluid intake prior to
study. The age, weight, diagnosis, and tumor volume at subsequent
surgical resection is given for all sarcoma patients in Table 2.

All volunteers and patients signed informed consent on an approved
protocol.

Materials. L-[l-'3C]leucine (99% 13C)and [13C]sodium bicarbonate
(90% I3C)were obtained from MSD Isotopes (Dowal, Quebec, Canada).
i -I .cucine of natural isotopie abundance was obtained from Sigma (St.
Louis, MO). Chemical and isotopie purity were verified by conventional
gas Chromatographie mass spectroscopy.

Stock solutions of L-[l-'3C]leucine and NaH'3CO3 were prepared
with aseptic technique using a sterile, pyrogen-free 0.9% NaCl solution.
The stock solutions were tested for pyrogens before aliquots were
removed aseptically as needed and diluted with sterile saline solution
for administration to human subjects as prime and infusion doses.

Study Procedure. The general study procedure was taken from the
method of Matthews et al. (19). Each subject (volunteer and patient)
was fasted overnight (8 p.m. evening before) and during the 4-h
[l-'3C]leucine infusion. No subject received i.v. fluids in the days

immediately prior to infusion. All subjects consumed their usual diet
in the days preceding infusion. On the morning of the study, just prior
to 8 a.m., a venous catheter was inserted into an antecubital vein of
each arm. One catheter was used for obtaining blood samples and was
kept patent by infusing 30 ml/li of normal saline. The other catheter
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Table 1 Age and weight for all subjects"

GroupMale

volunteersFemale
volunteersAll

volunteers
Sarcoma patients*N1010206Age

(yr)33

Â±1329
Â±1031
Â±1136
Â±16Weight

(kg)82

Â±961
Â±971

Â±1478
Â±17

" Data presented as mean Â±SD.
* Five/six sarcoma patients were men and their age and weight were not

different from those of normal volunteers.

Table 2 Characteristics of the tumors in the sarcoma patients studied"

Patient1

2
3
4
5
6TypeSpindle

cell
Synovial cell
Osteosarcoma
Liposarcoma
Fibrosarcoma
LeiomyosarcomaGradeHigh

High
High
High
High
HighLocationThigh

Thigh
Thigh
Thigh
Thigh
PelvisSize

(cm3)400

700
500
900
500
100

" Type of tumor, grade, and size determined during pathological analysis of

the surgically resected tumor in all cases. Size derived by multiplying 3 measured
dimensions together.

was used for administration of stable isotopes.
Prior to administration of isotopes or i.v. fluid, initial serum samples

were drawn for total protein, albumin, and glucose levels. These were
determined on an automated instrument (ABA 100, Abbott, Irving,
TX). An initial plasma sample was obtained, kept on ice, and stored
frozen at -40Â°C.This sample was used for plasma leucine concentration

as well as all physiological amino acids determined by column chro-
matography on an automated amino acid analyzer (Beckman 121 MB,
Palo Alto, CA). In addition, plasma [l-'3C]leucine enrichment was

determined on a plasma sample, kept on ice, and stored frozen at
â€”20Â°Cprior to [l-'3C]leucine administration. Plasma [l-13C]leucine

enrichment was determined from n-acetyl isopropyl amino acid ester
derivatives and analysis on a Hewlett-Packard S992A gas Chromato
graph mass spectrometer. A clip was placed over the subject's nose and

an exhaled gas sample was trapped in a 5-liter anesthesia bag via a
Rudolph valve and a mouthpiece. Carbon dioxide and I3CO2 were

promptly isolated by aspirating the contents of the bag through a 0.1
M NaOH solution. The captured sodium carbonate solution was kept
in a tightly capped scintillation vial initially on ice and then frozen at
â€”20Â°Cuntil measurement of 13CO2enrichment with a dual-collector

isotope ratio mass spectrometer (3-60-RMS, Nuclide Corp., State
College, PA).

After all of the initial blood samples and the gas sample were
collected, a priming dose of [l-13C]leucine (1.1 mg/kg) and NaH13CO3

(0.3 mg/kg) was administered by an i.v. push at 8:00 a.m.. and then a
continuous, constant infusion of [l-13C]leucine (1.31 mg/kg/h) in nor

mal saline was infused i.v. over 4 h at a rate of approximately 50 ml/h
by controlled pump. Plasma samples for [l-'3C]leucine enrichment and
exhaled gas samples for I3CO2enrichment were collected every 15 min
during the 4-h infusion. At 4 h after the start of the infusion, the
subject's COi production rate was determined as follows. A clip was

placed over the nose (to obtain complete collection), and the subject
was asked to breathe normally while expired air was collected over a
timed 6 min period into a 10-liter Douglas bag connected to a 2-way
Rudolph valve and mouthpiece. The partial pressure of CO2 in the bag
was measured using a medical gas analyzer and the total volume of
expired air was determined using a gasometer. The CÃ›2production
rate (cm3-min"1, standard temperature and pressure) was calculated

from the product of CO: partial pressure and the volume of air in the
bag.

Calculations. The model for leucine metabolism used here is the
model used by others (19) for both [l-14C]leucine and [l-'3C]leucine. It

depends on the relationship

+C=B+I (1)

where Q is the rate of leucine turnover (or flux); 5, the rate of leucine
incorporation into protein (protein synthesis); C, the rate of leucine
oxidation (or catabolismi; li. the rate of leucine release from protein
(protein breakdown); and /, the rate of exogenous leucine intake.
Leucine turnover is measured from the dilution of [l-'3C]leucine in

plasma leucine once isotopie steady state is reached

fl-lf-l (2)

where i is the [l-'3C]leucine infusion rate (/imol-kg '-h '); Â£,,the
enrichment of the [l-'3C]leucine infused (atom percent excess); and Â£â€ž
the | l-"('"|leucine enrichment in plasma at isotopie plateau (atom

percent excess). The rate of I3CO2released by leucine-tracer oxidation

(3)

where FCoj is the CO2 production rate (cm3-min '); ECO,, the enrich

ment in expired air at isotopie steady state (atom percent excess); and
W",the subject's weight (kg). The constants 60 min -h "' and 41.6 Â¿imol-
cm"3 (at standard temperature and pressure) convert FcoÂ¡to ^mol-h"1;

the factor 100 changes atom percent excess from a percentage to a
fraction; and the factor 0.81 accounts for the fraction of "CO, released
by [l-'3C]leucine oxidation but not released from the body bicarbonate

pool into expired air. The rate of leucine oxidation is

(4)

from which the rate of leucine incorporation into protein can be
calculated

S=Q-C

The rate of leucine release from protein is the difference between leucine
turnover and dietary intake: B = Q - I. When subjects are studied in
the postabsorptive state, / = 0 and B = Q.

All subjects reached equilibrium enrichment levels of plasma
[l-'3C]leucine and expired 13CO2between 2 and 4 h during the [1-I3C]

leucine infusion. Therefore, the average of all enrichment levels at
plateau for each individual patient was used for the calculation of Q
(equation 2) and C (equations 3 and 4).

Statistics. Data are presented as mean Â±SD unless otherwise indi
cated. Levels for sarcoma patients are compared to normal volunteers
by independent Student's t test (20).

RESULTS

Age and body weight of sarcoma patients were not different
from normal volunteers (Table 1). Fasting blood glucose, al
bumin, and total protein levels of sarcoma patients were not
different from those of normal volunteers (Table 3). Total and
individual fasting plasma amino acid levels of sarcoma patients
did not differ from levels measured in normal volunteers (only
results for plasma leucine shown, Table 3). These results as

Table 3 Blood chemistry results in sarcoma patients and normal volunteers'

Group*All

volunteers
Sarcoma patientsGlucose

(mg/dl)88

Â±6
86 Â±11Leucine

kmol/1)135

Â±20
132 Â±17Albumin

(g/dl)4.2

Â±0.2
4.0 Â±0.2Total

protein
(g/dl)6.3

Â±0.4
6.5 Â±0.5

" Data presented as mean Â±SD.
* There are no differences between the 2 groups.

Table 4 [l-"C]Leucine kinetic measurements comparing male to female

volunteers

All data recorded as fimol/kg/h and results given as mean Â±SD. There are no
significant differences between male and female patients when data are corrected
for body weight.

Protein turnover (Q)
Protein synthesis (S)
Protein breakdown (B)
Leucine oxidation (C)Male

vol
unteers96.9

Â±11.976.9
Â±9.5

96.9 Â±11.9
19.9 Â±5.5Female

vol
unteers93.9

Â±15.0
73.4 Â±13.0
93.9 Â±15.0
20.5 Â±5.9
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well as careful medical history (no weight loss, no change in
food intake) indicated that the sarcoma patients had no clinical
evidence of cancer cachexia.

[l-13C]Leucine kinetic measurements were compared in 10

male volunteers and 10 female volunteers. There were no sig
nificant differences in any of the measured rates: protein turn
over, protein synthesis, protein breakdown, and leucine oxida
tion (Table 4). Because there were no detectable sexual differ
ences in [l-nC]leucine kinetic parameters, sarcoma patients1 [1-
"C]leucine kinetic results were compared to those of all 20

volunteers.
[l-IJC]Leucine kinetic studies did show differences between

sarcoma patients and volunteers. Whole-body protein turnover
or flux rates (Q) were significantly greater in sarcoma patients
than in normal volunteers (P < 0.0125). Similarly, since all
subjects were studied in the postabsorptive state when leucine
intake was negligible, whole-body protein breakdown rates (//)
were equal to protein turnover rates and were significantly
greater ( 15%) in sarcoma patients than in controls (P< 0.0125).
Leucine oxidation rates (C), which measured the rate of leucine
combustion for fuel, did not differ between sarcoma patients
and volunteers. Whole-body protein synthesis rates (S) were
significantly greater in sarcoma patients than in controls ( /' <

0.005) (Table 5).

DISCUSSION

Cancer cachexia is primarily host tissue wasting and anorexia
(21). Host metabolic changes (increased gluconeogenesis, in
creased resting energy expenditure) have been detected in ani
mals and patients with cancer prior to clinical evidence of
cachexia (17, 22, 23). Whole-body protein turnover rates were
elevated in sarcoma-bearing rats prior to clinical cachexia (7),
as they were in similar noncachetic patients (17). Previous work
was limited by studying patients with different cancer types,
different tumor burdens, different types of treatment, and dif
ferent degrees of cachexia (15, 16). Such differences in patient
groups have led to ambiguity and difficulty interpreting results.
Another study design problem was the choice of the appropriate
control group for cachectic cancer patients with poor food
intake and weight loss. Jeevanandam et al. attempted to solve
this problem by selecting a control patient group with similar

Table 5 fl-"CJLeucine kinetic measurements in all volunteers and sarcoma
patients"

Protein turnover (Q)
Protein synthesis (S)
Protein breakdown (B)
Leucine oxidation (C)All

volun
teers95.4

Â±13.2
75.2 Â±11.2
95.4 Â±13.2
20.2 Â±5.5Sarcoma

patients111.3Â±
17.5*

92.3 Â±17.4e
111.3Â± 17.5*

19.0 Â±4.1
" All data recorded as nmol/kg/h and results given as mean Â±SD.
* Indicates that sarcoma > volunteer, P < 0.0125.
1 Indicates that sarcoma > volunteer, /' < 0.005.

malnutrition but a nonmalignant cause (15).
The importance of a concurrent control group in isotope

studies can be seen by examining previous results from the
literature (Table 6). Levels of protein turnover for normal
populations range from 2.9-5.2 g protein/kg/day, dependent
on the age of the population and the isotope used. Malnutrition
appears to lower protein turnover in noncancer patients (15),
and cancer itself appears to increase protein turnover even in
the presence of malnutrition or cachexia (11, 15, 16; Table 6).
Carmichael et al. suggest that protein turnover increases as
colon cancer progresses (18). We selected only patients with
localized, high-grade sarcomas who have had no prior treatment
and no clinical signs of cachexia. We believe that a homogene
ous patient population without weight loss compared to age
and weight-matched controls make differences observed sec
ondary only to tumor.

Sarcomas are metabolically active tumors. They are rapidly
growing and very malignant. Sarcomas have been shown to
consume glucose and produce lÃ¡clatein animal studies (25). In
human studies sarcomas also take up large amounts of glucose
and amino acids (26). In rat studies of tissue fractional synthesis
rates, sarcomas were noted to synthesize protein at a maximal
rate despite different dietary nitrogen intakes (7). Sarcomas,
like all malignant tumors, place a continual demand on the host
for substrate and nitrogen to use for growth (27).

In this study whole-body protein turnover rates measured
with the tracer [l-13C]leucine were significantly greater in oth
erwise healthy sarcoma patients than age- and weight-matched
controls (Table 5). The increased protein turnover rate was
accounted for as increased whole-body protein synthesis and
breakdown rates, and not as a change in leucine oxidation rates.
These results suggest that changes in whole-body protein me
tabolism were directly related to the presence of a malignant
tumor and not anorexia or malnutrition. The recent study of
Jeevanandam et al. in cachetic cancer patients demonstrated a
35% increase in whole-body protein turnover rates in cancer
patients compared to similarly malnourished controls (15). It
appeared that as clinical signs of cachexia were present, cancer
patients still exhibited an inappropriate elevation in protein
turnover for the degree of malnutrition. Cancer patients failed
to decrease their whole-body protein turnover rates as dietary
intake became inadequate. Normal volunteers have been shown
to appropriately reduce protein turnover as dietary nitrogen
decreases (28) or is absent (16). Resting energy expenditure was
abnormally elevated in similar noncachectic sarcoma patients,
and total body potassium, an index of functional body cell mass,
was abnormally reduced (23).

These 3 findings (increased whole-body protein turnover,
increased resting energy expenditure, and decreased body cell
mass) lead to the following speculation for the beginning of
cachexia in the sarcoma patient. Before the patient has anorexia
or weight loss, he or she demonstrates a significant increase in

Table 6 Comparison of protein turnover results from current study to results in literature

Author
(reference)Motil

et al. (24)
Carmichael et al. (18)
Inculet et al.
Jeevanandam et al. ( \ 5)
Norton et al. (16)
Burt et al. (9)
Kien Ã©tal.(Il)Isotope[l3C]Leucine

Â¡"CJLeucine
("qLeucine
("NJGIycine
[15N]Glycine
[15N)Glycine
Â¡"NJGIycineNormal

controis5.2

3.9

2.9

3.5Protein

turnover (gprotein/kg/day)Noncachectic

Malnourished cancer pa-
controls til-Mis"4.5

(Sarcoma)2.4Cachectic

cancer
patients"3.5

(Colon)3.2

(Mixed)
5.0 (Mixed)
2.8 (Esophageal)
5.5 (Leukemia)

1Words in parentheses refer to the predominant cancer diagnosis of the study group. Mixed refers to more than 3 different cancer diagnoses.
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whole-body protein turnover which results in an increase in
resting energy expenditure and eventually a decrease in body
cell mass. From animal studies, it appears that host nitrogen is
being translocated to the tumor for continued growth and
protein synthesis. The basic cause of host cachexia is the ability
of the tumor to grow, which eventually depletes host tissue. An
unanswered question is why does the host not recognize this
increased energy and protein demand and simply consume more
food (protein)? Another unanswered question is why is protein
breakdown increased concomitantly with protein synthesis rate
when leucine oxidation is unchanged? Leucine isotope studies
performed here cannot separate host metabolism from tumor
metabolism. It may be that protein breakdown from host tissues
into component amino acids is not oxidized for energy but
resynthesized into new tumor protein. This hypothesis explains
how a slight increase (20%) in protein turnover is sufficient to
provide adequate protein for tumor growth. This study indicates
that human cancer cachexia begins prior to clinical signs of
host tissue decline and anorexia. The sarcoma alters host pro
tein metabolism early and cachexia probably begins with the
detectable presence of a malignant tumor.
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