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ABSTRACT L-Leucine was administered as a
primed continuous 3-4-h infusion in nonobese and
obese subjects in the postabsorptive state and for 12 h
in obese subjects after a 3-day and 4-wk fast. In
nonobese and obese subjects studied in the post-
absorptive state, the leucine infusion resulted in a
150-200% rise in plasma leucine above preinfusion
levels, a small decrease in plasma glucose, and un-
changed levels of plasma insulin and glucagon and
blood ketones. Plasma isoleucine (60-70%) and valine
(35-40%) declined to a greater extent than other
amino acids (P < 0.001).

After 3 days and 4 wk of fasting, equimolar in-
fusions of leucine resulted in two- to threefold greater
increments in plasma leucine as compared to post-
absorptive subjects, a 30-40% decline in other plasma
amino acids, and a 25-30% decrease in negative nitro-
gen balance. Urinary excretion of 3-methylhistidine
was however, unchanged. Plasma glucose which de-
clined in 3-day fasted subjects after leucine adminis-
tration, surprisingly rose by 20 mg/100 ml after 4 wk
of fasting. The rise in blood glucose occurred in the
absence of changes in plasma glucagon and insulin
and in the face of a 15% decline in endogenous
glucose production (as measured by infusion of
[3-*H]glucose). On the other hand, fractional glucose
utilization fell by 30% (P < 0.001), thereby accounting
for hyperglycemia.

The estimated metabolic clearance rate of leucine
fell by 48% after 3 days of fasting whereas the plasma
delivery rate of leucine was unchanged, thereby ac-
counting for a 40% rise in plasma leucine during
early starvation. After a 4-wk fast, the estimated
metabolic clearance rate of leucine declined further
to 59% below base line. Plasma leucine nevertheless
fell to postabsorptive levels as the plasma delivery rate
of leucine decreased 65% below postabsorptive values.
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Conclusions: (a) Infusion of exogenous leucine in
prolonged fasting results in a decline in plasma levels
of other amino acids, improvement in nitrogen balance
and unchanged excretion of 3-methylhistidine, thus
suggesting stimulation of muscle protein synthesis,
(b) leucine infusion also reduces glucose production
and to an even greater extent, glucose consumption,
thereby raising blood glucose concentration; and (c¢)
the rise in plasma leucine in early starvation results
primarily from a decrease in leucine clearance which
drops progressively during starvation.

INTRODUCTION

The branched chain amino acids (leucine, isoleucine,
and valine) are principally metabolized in muscle
(1-3) where they are the major source of nitrogen
(4) and may possibly provide carbon skeletons (5)
for alanine formation during fasting. Although muscle
tissue is in negative nitrogen balance in the fasting
state (6), repletion of muscle nitrogen after protein
feeding depends largely on the net uptake of branched
chain amino acids (7). Recent data suggest that leucine
may have a specific role in stimulating net muscle
protein synthesis which is not shared by other amino
acids (8-10). Of particular interest in this regard
are data indicating that infusion of small amounts of
ketoanalogues of the branched chain amino acids in
humans spare nitrogen during early starvation (11).
The present study was undertaken to evaluate the
effect of physiologic infusions of leucine on amino
acid and nitrogen metabolism and on glucose regula-
tion in fasted man. The data were also utilized to
calculate leucine turnover in the postabsorptive state
and after 3 days and 4 wk of starvation. These data
are of interest regarding the mechanism underlying the
initial rise and subsequent decline in plasma branched
chain amino acids observed during starvation (12).

METHODS

Subjects. Two groups of subjects were studied. The first
group consisted of 11 healthy, nonobese volunteers (eight
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males and three females) within 20% of ideal body weight
(based on 1959 Metropolitan Life Insurance Company
Tables). The subjects ranged in age from 21 to 35 yr. They
habitually consumed weight-maintaining diets containing a
minimum of 200 g of carbohydrate and were taking no drugs.
All had negative primary family histories for diabetes mel-
litus and none had an elevated fasting plasma glucose. The
second group consisted of seven healthy obese subjects (one
male and six females) who were hospitalized at the Clinical
Research Center of the Yale-New Haven Hospital. Each had
volunteered to undergo prolonged fasting after failure of
dietary treatment. They were 55-189% (117+17%, mean=SE)
above ideal body weight and ranged in age from 24 to 48
yr. With the exception of one patient all the obese sub-
jects had normal fasting plasma glucose levels (<100 mg/100
ml) and a normal response to 100 g of oral glucose (13);
one subject had a fasting plasma glucose of 120 mg/100 ml.
This subject was included inasmuch as his response to leucine
did not differ from the other obese subjects. All had normal
serum thyroxine levels, and normal renal and liver function.
For at least 3 days before study they consumed a 2,500-kcal
diet containing 300 g of carbohydrate, and were taking no
drugs. The subjects were informed of the nature, purpose, and
possible risks of the study before obtaining their written
voluntary consent to participate.

During fasting, obese subjects received 2,000 ml (or more)
of water, one multivitamin tablet (Theragran, E. R. Squibb &
Sons, Princeton, N. J.), 1 mg of folic acid (Folvite,
Lederle Laboratories, Division of American Cyanamid Co.,
Pearl River, N. Y.), and 1.3 g of sodium bicarbonate (sugar
free). Five of the subjects intermittently received 20 meq of
potassium gluconate (Kaon, Warren-Teed Laboratories, Inc.,
Columbus, Ohio); however, potassium gluconate was not
given for 7 days before, during, or for 3 days after
infusion of leucine.

Procedures. The nonobese subjects were studied in the
postabsorptive state after a 12—15-h overnight fast. The obese
subjects were studied in the postabsorptive state (n = 5), after
a 3-day fast (n = 4), and aftera 4-wk fast (n = 7). An indwelling
catheter was inserted in an antecubital vein for blood
sampling and in the contralateral vein for administration of
L-leucine. The L-leucine (obtained from Nutritional Bio-
chemicals Corp., Cleveland, Ohio) was prepared as a 2%
solution in sterile, pyrogen-free water, and passed through
a 22-um filter apparatus (Millipore Corp., Bedford, Mass.).
Each lot was tested for pyrogen (14) and cultured for bacterial
and fungal contamination before use.

The leucine solution was administered as a primed-con-
tinuous infusion via a portable peristaltic pump (Extra-
corporeal Medical Specialties, Inc., King of Prussia, Pa.). The
priming dose was given over the initial 25-min period at
twice the continuous infusion dose. The continuous infusion
dose in both nonobese and obese subjects, 75 umol/m? body
surface area per min, was calculated to raise plasma leucine
concentration to levels comparable to those observed after
protein feeding (7). Leucine was administered to postabsorp-
tive nonobese and obese subjects for 3 and 4 h, respectively
and for 12h (between 9 a.m. and 9 p.m.) during fasting.
Subjects undergoing prolonged (4 wk) fasting received 12-h
leucine infusions on 2 consecutive days. In two of the non-
obese control subjects leucine was infused respectively, at
five (15, 40, 75, 85, and 225 umol/m? per min) and four
(15, 45, 75, and 150 wmol/m? per min) infusion doses and an
additional obese female subject (aged 42 yr) received four
(25, 50, 100, and 180 wmol/m? per min) leucine infusion
doses to determine if leucine removal is linear over the range
of concentrations studied.

After the subjects had been resting in the recumbent posi-
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tion for a minimum of 30 min, at least two base-line
blood samples were drawn at 15-min intervals before the in-
fusion (control values represent the mean of the preinfusion
measurements); additional blood samples were drawn at 30-,
60-, or 180-min intervals until completion of the infusion.

To determine the effects of leucine on protein catabolism
during starvation, total nitrogen and 3-methylhistidine excre-
tion were measured before, during, and after prolonged (12 h)
leucine infusion (total dose was 12-20 g/day) in 3-day and 4-
wk fasted subjects. Urine was collected in refrigerated con-
tainers for 24-h periods (9.00 a.m.-9:00 a.m.) beginning 2-3
days before leucine administration (preinfusion period),
during the 1- or 2-day infusion period, and for 2 days
after leucine administration. Nitrogen balance was deter-
mined as the difference between the grams of nitrogen
administered as leucine (0.107 g N/g leucine) and the urinary
nitrogen excretion. Values for each subject’s daily nitrogen
balance and 3-methylhistidine excretion during and after the
leucine infusions were compared with the mean of the pre-
infusion values. Urine was also collected before, during, and
after the completion of the leucine infusions to determine
the effect of the infusions on urinary amino acid excretion.

To examine the mechanism responsible for leucine-
induced hyperglycemia in 4-wk fasted subjects, [3-*H]-
glucose (New England Nuclear, Boston, Mass.) was adminis-
tered as a primed continuous infusion to four patients during
the 1st day of leucine administration. The labeled glucose was
administered as an initial intravenous priming dose (25 uCi)
followed immediately by a continuous intravenous infusion at
a rate of 0.25 uCi/min. In each of these studies the specific
activity of the [3-*H]glucose in blood had reached a plateau
before infusion of leucine. The [3-*H]glucose infusion was
then continued for the initial 6 h of leucine administration to
evaluate changes in glucose production and utilization (15).

Analyses and calculations. Plasma glucose was measured
by the glucose oxidase technique (16). The methods used
for the determination of plasma immunoreactive insulin,
plasma immunoreactive glucagon (using Unger antibody 30K),
blood ketones, and plasma acidic and neutral amino acids
have already been described (17, 18). Total nitrogen in
urine was determined in duplicate by the standard Kjeldahl
technique and urinary creatinine by the picric acid method
(19). 3-Methylhistidine in urine was measured by the column
chromatographic method (20). Plasma [3-*H]glucose radio-
activity was determined by standard liquid scintillation count-
ing procedures after radioactive water was removed by over-
night evaporation in a vacuum oven at 70°C.

Rates of endogenous glucose production and utilization
were calculated in the steady state before leucine administra-
tion and during nonsteady-state conditions by the equations
of Steele et al. (21) in their derivative form. The value of
0.65 of the initial glucose pool size (pool fraction) was
used as the rapidly mixing compartment of the glucose pool
to compensate for nonuniform mixing within the entire
glucose pool (22, 23). All calculations were performed with
a program written in BASIC on a Hewlett-Packard desk
computer (Hewlett-Packard Co., Palo Alto, Calif.). Glucose
clearance (a measure of fractional glucose turnover) was cal-
culated by dividing the glucose utilization rate by plasma
glucose concentration.

The metabolic clearance rate of leucine (MCR,),! the
volume of plasma completely and irreversibly cleared of leu-
cine per minute, was calculated according to the formula

' Abbreviations used in this paper: MCR,, metabolic

clearance rate of leucine; PDR,, plasma delivery rate of
leucine.



(24): MCR_ = (leucine intusion rate) + (total plasma leucine
concentration at equilibrium — endogenous leucine con-
centration). In this calculation it was assumed that: (a)
exogenous L-leucine metabolism is indistinguishable from
that of endogenous leucine; (b) leucine removal is linear
over the range of concentrations studied (see Results); and
(¢) endogenous leucine production is not completely sup-
pressed by exogenous leucine administration. Inasmuch as the
measurements of plasma leucine employed in this study do
not distinguish between exogenous and endogenous leucine,
the contribution of endogenously produced leucine was
estimated from changes in plasma isoleucine levels. It was
assumed that the percent change in isoleucine concentration
during leucine administration reflected the changes in endog-
enous leucine concentration. Recent studies from our labora-
tory have, in fact, shown that during infusion of somato-
statin (25) or insulin and glucose,? the time-course and
percentage change in leucine and isoleucine concentra-
tions are virtually identical and differ from all other amino
acids. Since the contribution of endogenous leucine to total
plasma leucine during the infusion was estimated rather
than directly measured the term estimated MCR_ is utilized
in the text. The plasma delivery rate of leucine (PDR),
the quantity of leucine entering plasma each minute, was
estimated in the postabsorptive state and in 3-day and 4-wk
fasted subjects according to the formula: PDRy = (basal
plasma leucine concentration)-(estimated MCR,).

Statistical analyses were performed with the Student’s t test
(the paired t test was used when applicable) and linear
regression analysis (26). Data in the text are presented as
the mean=SE.

RESULTS

Response to leucine infusion in postabsorptive,
nonobese subjects

Fig. 1 demonstrates the changes in plasma leucine,
glucose, insulin, and glucagon produced by the in-
fusion of leucine in normal subjects. Plasma leucine
(128+9 uM) increased rapidly, reaching a plateau
between 60 and 120 min. Mean concentrations at
equilibrium (353+19 uM) were 150-200% above con-
trol values and similar to the levels observed after pro-
tein ingestion (7). There was a small (4-6 mg/100 ml),
but significant (P < 0.01) decrease in plasma glucose
after 1 h: the mean maximal decrement averaged 6+1
mg/100 ml. Plasma insulin (18+1 pU/ml) and gluca-
gon (84=16 pg/ml) remained unchanged throughout
the 3-h study period. Similarly, blood ketones (0.07
+0.02 mM) were not altered by leucine administration.

The effect of the leucine infusion on plasma amino
acid concentrations in nonobese subjects is shown in
Table I. The branched chain amino acids, isoleucine,
and valine fell progressively during the 3-h study
period. The decline in plasma isoleucine (59+4%,
P < 0.001) and valine (33+4%, P < 0.001) exceeded that
of all other amino acids. Small reductions (10-30%)

2 DeFronzo, R. A, R. S. Sherwin, and P. Felig. Unpublished
observations.
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FIGURE 1 Eftfect of leucine infusion (3 h) on plasma leucine,
glucose, insulin and glucagon concentrations (mean+SE) in
postabsorptive nonobese subjects. The basal data (0 time)
represent the mean of two observations at 15-min intervals.

in plasma threonine (P < 0.001), serine (P < 0.001), gly-
cine (P <0.02), cystine (P <0.02), methionine (P
<0.01), tyrosine (P <0.001), and phenylalanine (P
< 0.001) were also observed at 3 h. Measurement of
urinary amino acids in three control subjects indicated
no significant urinary losses of leucine during the
infusion (<0.1% of the administered dose) and no
change in the excretion of other amino acids.

Response to leucine infusion in
postabsorptive, obese subjects

In the obese group, the basal leucine concentra-
tion (15016 uM) and the plateau leucine concentra-
tion achieved during the leucine infusion (42024
M) were slightly, but not significantly, increased
above those observed in the nonobese group (128+9
and 353+19 uM, respectively). The time required
to reach a stable plateau (120-150 min) was also
slightly increased in the obese group (Figs. 1 and 2).
As in the nonobese group, the obese subjects demon-
strated a small decline in plasma glucose (10+5
mg/100 ml) whereas plasma insulin (28+7 wU/ml) and
glucagon (64+7 pg/ml) concentrations were unchanged
during leucine administration.

The plasma amino acid response to leucine infusion
in postabsorptive obese subjects was comparable to
that observed in nonobese controls. As in the nonobese
group, plasma isoleucine (69+3%, P <0.001) and
valine (43%£2%, P < 0.005) decreased to a greater ex-
tent than the other amino acids.

1473



TABLE 1
Plasma Concentrations of Amino Acids during a 3-h Intravenous Infusion of Leucine
in Nonobese Subjects in the Postabsorptive State*

Amino acid 01 30 min 60 min 120 min 150 min 180 min
uM

Leucine 128+9 295+191 318+119 350x171 358200 357+239
Isoleucine 65+4 59+6 46+51 33x41 29+49 25+49
Valine 22011  208+10 184+1391 165+129 153+129 143+119
Taurine 35+2 36+3 35+2 35+2 34+2 35+4
Threonine 142+10  142+9 128+99 127+97 121+89 119+97
Serine 1107 109+8 101+6" 98+7 9469 94 +69
Proline 188+24  198+19 173+22 166+18§ 170+21§ 163+22
Citrulline 31%5 32+4 25+5 27+4 25+3 25+5
Glycine 239+15 242+25 220+13"  224+17 218+ 14" 215+13§
Alanine 365+24  370+22 344+24 353+32 339+28 331+31
a-Aminobutyrate 24+5 24+5 23+5 22+5 22+5 22+7
Cystine 101+9 1019 88+6! 86+6§ 84+6§ 84+7§
Methionine 25+1 24+1 23+2 20=+11 20+1" 192"
Tyrosine 54+3 52+3 4621 43+19 39+29 38+21
Phenylalanine 492 50+3 43+31 38+3 38+29 38+31

* Data presented as mean=SE. P values refer to significance of difference from pre-
infusion values (paired ¢ test). Only values which differ significantly are indicated.
1 Control values represent the mean of two observations on each subject preceding

leucine administration.
§ Indicates P < 0.05.
"Indicates P < 0.01.

9 Indicates P < 0.001.

Response to prolonged leucine infusion during
starvation

Circulating substrates and hormones. As expected
(12), after a 3-day fast, plasma leucine concentration
rose by 40% (P < 0.05) above postabsorptive levels.
Infusion of leucine resulted in elevations in plasma
leucine which were 85-90% greater than those ob-
served in the postabsorptive state (P < 0.005). Further-
more, the time required to reach a stable plateau (6
h) was prolonged two- to threefold (Fig. 2). After pro-
longed (4 wk) fasting, base-line leucine concentration
(139=7 uM) had, as expected (12), returned to levels
no different from postabsorptive values (P = NS).
However, the leucine infusion again produced a
markedly greater rise in plasma leucine concentration
than observed in the postabsorptive state (Fig. 2).
At equilibrium (6-12 h), plasma leucine levels were
more than twofold greater than those observed before
fasting (930+39 vs. 420+24 uM in the postabsorp-
tive state, P <0.001).

The plasma glucose response to leucine is shown
in Fig. 3. As in the postabsorptive state, the leucine
infusion in 3-day fasted subjects resulted in a small
(104 mg/100 ml) decline in plasma glucose con-
centration whereas plasma insulin (215 wU/ml)
and glucagon (92+10 pg/ml) remained stable. In marked
contrast, in prolonged (4 wk) fasted subjects the leucine
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infusion produced a 15-20-mg/100 ml rise (P < 0.001) in
plasma glucose (Fig. 3). The mean maximal increment
in plasma glucose was 203 mg/100 ml. This hyper-
glycemic response to leucine occurred in the absence
of changes in insulin and glucagon levels. Plasma
insulin and glucagon which were 14+3 uU/ml and
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FIGURE 2 Plasmaleucine concentrations during the infusion
of exogenous leucine (75 umol/m? per min) to obese sub-
jects in the postabsorptive state (4 h) and after 3 days and 4 wk
of starvation (12 h). The rise in plasma leucine after starvation
was two- to threefold greater than that observed in the post-
absorptive state (P < 0.005-<0.001).
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FIGURE 3 Changes in plasma glucose in response to the
infusion of leucine in obese subjects in the postabsorptive
state and after 3 days and 4 wk of starvation. Plasma glucose
declined to a similar extent in postabsorptive and 3-day fasted
subjects. In contrast, in 4-wk fasted subjects the leucine
infusion produced a prompt increase in plasma glucose
(P <0.001). ’

80+11 pg/ml, respectively, remained unchanged
through the leucine infusion (final values: insulin,
15+3 pU/ml; glucagon, 88+10 pg/ml).

The response of circulating amino acids to leucine in-
fusion in fasted subjects is summarized in Table II.
During starvation prolonged infusion of leucine pro-
duced reductions in virtually all amino acids other
than leucine. The amino acid response was comparable
in both 3-day and 4-wk fasted subjects. As in the post-
absorptive state, the other branched chain amino acids,
isoleucine (60-70%, P < 0.001) and valine (50-55%, P
< 0.001), exhibited the most pronounced reductions in
plasma concentration. However, declines exceeding
20% were also demonstrable for threonine, serine,
proline, alanine, a-aminobutyrate, methionine, tryo-
sine, and phenylalanine (P < 0.05-0.001). Total acidic
and neutral amino acids, in 3-day (1,565 pM) and
4-wk (1,681 uM) fasted subjects were reduced by 32
and 37%, respectively, at the completion of the 12 h
infusion. On the other hand, the leucine infusion pro-
duced no consistent changes in the urinary excretion
of these amino acids. Changes in plasma amino acids
in 3-day fasted subjects occurred in the absence of
significant changes in blood ketones. Blood ketones in
the 4-wk fasted group (6.0+0.7 mM) rose slightly
to 6.5+0.8 mM, but only after 12 h (P < 0.05).

Nitrogen balance. The effect of leucine administra-
tion (12h) on nitrogen balance in obese subjects
fasted 3 days and 4 wk is shown in Fig. 4. Nitro-
gen balance during early starvation was improved 23%
by leucine administration. Negative nitrogen balance
decreased from 11.0+1.5 g/day on day 2 of fasting
to 8.4+1.8 g/day (P < 0.2) when leucine was given on
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day 3 and then increased again to 11.0+1.5 g/day (P
<0.02) on the day after the infusion. In contrast,
urinary creatinine excretion remained unchanged dur-
ing the 5-day study period. In the subjects studied
after a 4-wk fast, negative nitrogen balance remained
stable during the 3-day preinfusion control period
(mean 5.0+0.2 g/day), and was reduced by 25-30%
(P <0.005) on the days leucine was given (3.6+0.2
g/day on day 1 and 3.8+0.2 g/day on day 2). On the
2 postinfusion days negative nitrogen balance returned
to preinfusion control levels. In contrast to the changes
in nitrogen balance, urinary excretion of 3-methyl-
histidine (46+11 umol/day preinfusion) was not
altered by the leucine infusions (46+12 during and
41+14 postleucine). Similarly, urinary creatinine ex-
cretion was no different during the preinfusion (1.06
+0.06 g/day), infusion (1.32+0.12 g/day), and post-
infusion (1.23+0.12 g/day) periods.

Glucose kinetics. To determine the mechanism of
the rise in plasma glucose accompanying infusion of
leucine during prolonged starvation, four 4-wk fasted
subjects received [3-*Hlglucose before and for 6 h
after leucine administration. Changes in plasma
glucose, glucose production, glucose utilization, and
glucose clearance are shown in Fig. 5. Plasma glucose
(67+4 mg/100 ml preinfusion) increased within 30-60
min, reaching values 15-20 mg/100 ml above base-
line levels (83+3 mg/100 ml at 6 h). The rise in plasma
glucose occurred in the face of a small (15%) but
significant decline in endogenous glucose production
(P <0.01). Total glucose utilization (76+9 mg/min pre-
infusion) fell by 15-25%, (P < 0.025), despite the
elevation of plasma glucose concentration. Glucose
clearance (133+14 ml/min preinfusion) consequently
declined by 30% (P < 0.001) and remained suppressed
throughout the period of leucine administration.

Leucine kinetics. Fig. 6 demonstrates the plateau
plasma concentrations of leucine in two nonobese
and one obese subject who received varying infusion
doses of leucine. In each subject, there was a direct
linear correlation between the leucine infusion rate
and plasma leucine concentration (r = 0.998, 0.997,
and 0.999, P <0.001). Since these studies indicated
that the leucine removal system was linear over the
range of leucine concentrations observed in post-
absorptive as well as fasted subjects, it was possible
to calculate the MCR, and PDR,. The mean
estimated MCR, and PDR_ in nonobese, postabsorp-
tive subjects was 265+11 ml/m? body surface area
per min and 33.1x2.3 umol/m? body surface area
per min, respectively. These values correspond to a
daily (24 h) basal PDR_ of 95.1+8.7 mmol/day.

The estimated MCR_, in postabsorptive obese sub-
jects was reduced by 20% (212+14 ml/m? per min)
as compared to the nonobese control group (P < 0.02).
In contrast, estimated PDR_, values in the postabsorp-
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TABLE 11
Plasma Concentrations of Amino Acids during Intravenous Infusion of Leucine in Fasting Obese Subjects*

Amino acid Condition 0t 1h 2h 3h 4h 6h 9h 12h
nM
Leucine 3Dt 212+17  516+26** 588+36** 635+55** 700£53** T71+66** 784 +63** 801+74**
4W§ 13917  483+22** 596+21** 707 +£29** T72+38** 910+35** 926+68** 943 +47**
Isoleucine 3D 107+10 99+10 T9+9** 61£8** 54+6** 44 +4** 40+ 1*+* 42+ 2%*
4w 76+9 67 +9** 55+9** 40+6** 34 £5** 26+4** 24 +3** 26+ 5**
Valine 3D 365:24 354+35" 305+30** 276+35** 253+30** 216+31** 187 +20** 182+24**
4w 181+14 169+ 14" 145119 123+ 12** 112+ 11** 95+ T** 85+ T** 82+6**
Taurine 3D 34+6 29+3 29+3 32+3 29+2 30+2 34+3 36+6
4w 49+3 42+4** 42+39 42+3" 4039 4039 41+4" 403
Threonine 3D 117x7 114+10 97 +8** 92+49 87+39 812" T3+6** 70+5**
4w 228+29  221x29 209+31** 200281 204 +30" 193 +30** 168 +30** 164 +24**
Serine 3D 97+14 91+14 81+13 77+109 74109 69109 6499 63+ T
4w 99+7 93+8 86+£8** 80+61 80+91 T3+ T** 71+69 68 +4**
Proline 3D 150+36  117+40 13137 111+26 100+34" 102+26" 98+27! 85+23!
4W 185+22 167+19" 171+15 156+37 129+11" 138+23** 136+18** 112+109
Citrulline 3D 15+6 12+5 12+4 12+5 14+4 16+5 12+5 13+6
4W 23+6 27+8 28+8 29+4 21+4 33x11 25+5 25+5
Glycine 3D 188+15 17420 148+211 170+19 146+ 18 147+16" 13717 137+120
4w 306+39 290+45 260+419 275+42! 271+43 279+45 268+461 265+34**
Alanine 3D 294+33 264+31' 251+26" 253+19 221 +23** 210179 200+201 189+249
4w 162+9 153+11" 140+109 131+£9** 127+£9** 13489 123+99 124 +7**
a-Aminobutyrate 3D 50+2 52+3 47+1 42+19 44+2 36+4" 32+£2** 26+ 1**
4w 40+3 40+3 43+2 36+3" 3449 34+2! 28+19 29+3
Cystine 3D 131+18 127+15 135+22 121+21 119+14 113+14 108+10 124+18
4w 92+6 89+7 90+7 87+7 89+6 80+61 82+8 77+6'
Methionine 3D 25+1 23+2 20+ 1** 1719 171 16+1" 161" 161"
4w 25+1 23+1 23+3 18+2! 172" 12+2%* 11+£1** 1519
Tyrosine 3D 63+4 584! 52+39 47+21 43+19 4129 39+29 42+19
4w 51+3 49+3 372" 34 +3** 31£2%* 28+2%* 26+2** 27+ 2%+
Phenylalanine 3D 61+4 57+49 51+31 48+ 2" 43+1" 45+19 45+2! 49=+1"
4w 48+3 432" 331" 28+ 3** 26+ 2%* 25+ 2% 28+2** 28+31

* Data presented as mean+SE. Control values represent the mean of two observations on each subject preceding leucine administration.
P values refer to significance of difference from preinfusion values (paired ¢ test). Only values which differ significantly are indicated.

1 Indicates studies after 3 days of fasting.

§ Indicates studies after prolonged fasting (4 wk).
"Indicates P < 0.05.

{ Indicates P < 0.01.

** Indicates P < 0.001.

tive state were comparable in obese (34.6+6.6 umol/
m? per min) and nonobese subjects (33.1+2.3 umol/m?
per min, P = NS).

Changes in plasma leucine, estimated MCR, and
PDR, during starvation are illustrated in Fig. 7.
During prolonged fasting, plasma leucine (150+16
uM) initially rose as expected (12), to 212+17 uM
at 3 days of starvation (P < 0.05). As fasting continued
for 4 wk, plasma leucine, as expected (12), returned
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to levels comparable to the postabsorptive state
13917 uM P =NS). In contrast, estimated MCR_
was reduced by 48% after 3 days of fasting (110+11
ml/m? per min, P <0.001) and declined further to
values 59% below postabsorptive levels (864 ml/m?
per min, P <0.001) when fasting was continued for 4
wk. Estimated PDR; was not significantly altered after
3 days of starvation (24.5+3.6 vs. 34.6+6.6 umol/m?
per min in the postabsorptive state, P > 0.1) but was



reduced by 65% below postabsorptive levels (12.1+1.8
umol/m? per min, P <0.01) during prolonged (4 wk)
starvation.

DISCUSSION

The current data demonstrate that infusions of ex-
ogenous leucine during brief and prolonged fasting
in doses which raise plasma leucine levels to values
comparable to those observed during protein feeding
(7, 27), result in a decline in plasma concentration
of other amino acids and a decrease in negative nitro-
gen balance. These changes in amino acid and nitro-
gen metabolism occurred in the absence of changes
in plasma insulin, glucagon, or blood ketones. Further-
more, the reduction in net nitrogen loss was not ac-

(0]
NITROGEN
BALANCE
(g/day) -
T H !
15 L 1 1 1 1 |
1 2 3 4 5
DAY OF STARVATION
LEU LEU
o
NITROGEN
BALANCE
(g/day)
T T i
N
-6 L 1 1 1 1 L 1 1
26 27 28 29 30 31 32

DAY OF STARVATION

FIGURE 4 Effect of prolonged leucine infusion on daily nitro-
gen balance (mean+SE) in short-term and prolonged fasted
subjects. Exogenous leucine was administered as 12-h
infusions (9:00 a.m.-9:00 p.m.) on the 3rd day of starvation
and on each of 2 consecutive days (29 and 30) during pro-
longed starvation. Negative nitrogen balance was significantly
reduced by leucine infusion during short-term (P < 0.02) and
prolonged (P <0.005) starvation as compared to the pre-
infusion and postinfusion periods. Urinary 3-methylhistidine
and creatinine excretion, however, was not altered by leucine
administration.
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FIGURE 5 Effect of leucine infusion on plasma glucose con-
centration, endogenous glucose production, glucose utiliza-
tion, and clearance in prolonged (4 wk) fasted subjects.
Plasma glucose increased despite a 15% fall in glucose
production (P <0.01). In contrast, glucose utilization (P
< 0.025) and glucose clearance (P < 0.001) declined, thereby
accounting for the elevation in plasma glucose concentra-
tion. Plasma insulin and glucagon were unchanged throughout
the study.

companied by a decrease in urinary excretion of 3-
methylhistidine. Excretion of 3-methylhistidine has
been used as an index of muscle protein degrada-
tion since histidine is methylated only after its incor-
poration into protein and is not utilized for protein
synthesis (20). These findings thus suggest that the
decrease in circulating amino acids as well as the fall
in net nitrogen loss are due at least in part to stimu-
lation of muscle protein synthesis rather than inhibition
of muscle protein catabolism by leucine. Of interest
in this regard are recent observations demonstrating
that leucine or a mixture of three branched chain
amino acids increased [“C]lysine and ['“Clacetate

1477



800 800 1400
= = 0.998 r=0.997 r=0.999
s P<0.004 P <0.001 P <0.001
L 600 600 [ 1050 | '
w
z
(&)
D 400 - 400 700
]
g NORMAL OBESE
2 200 200 - SUBECT ..o | SUBJECT
.
a
0 1 1 J ) 1 | 0 1 L 1 J
o 75 150 225 0 75 150 0 50 100 150 200

LEUCINE INFUSION RATE (;Lmol/m2 per min)

FIGURE 6 Changes in plateau plasma leucine concentration in relation to the leucine infusion
rate in two nonobese and one obese subject who received varying infusion doses of exogenous

leucine.

incorporation into diaphragm muscle from fed and
fasted rats incubated with and without insulin (9).
All other amino acids given singly or in combination
had no stimulatory effect (8, 9). Furthermore, injec-
tion of leucine into fasted rats significantly increased
muscle polysome content, suggesting stimulation of

X P<0.05
* XX- P<0.01
200 XXX P<0.001
PLASMA
LEUCINE _Ij
M
(M) 100 -
[o]
200 E
MCR'-z HXK
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o} -4
40 +
PDR_ -
2 %
(umol/m 20 k
per min)

POST- 3 day 4 wk
ABSORPTIVE —FasT—

FIGURE 7 The effects of short-term (3 day) and prolonged
(4 wk) fasting on plasma leucine concentration and the esti-
mated MCR, and the PDR_ of leucine in obese subjects.
P values represent the significance of differences in plasma
leucine, estimated MCR, and PDR; as compared to the
postabsorptive state.
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protein synthesis (10). The current findings are thus
compatible with previous in vitro studies and suggest
that leucine availability may be a regulatory factor
in muscle protein synthesis in man. However, these
studies do not exclude the possibility that other amino
acids may have a similar protein-sparing effect.

The current observations are also of interest with
respect to the protein-sparing effect of isotonic mix-
tures of amino acids (28) and a-ketoanalogues of es-
sential amino acids (29). The hyperaminoacidemia as-
sociated with the infusion of isotonic mixtures of
amino acids involves two- to threefold increments in
the plasma levels of only the branched chain amino
acids (30). In addition, nitrogen conservation has been
observed when the a-ketoanalogues of the branched
chain amino acids were infused alone (11). It is of in-
terest that the infusion rates of branched chain amino
acids and of their a-ketoanalogues employed in those
studies were similar to the doses employed in the
current study (11, 28).

In addition to its effects on nitrogen and amino
acid metabolism, leucine administration after pro-
longed (4 wk) starvation surprisingly induced a 15-20-
mg/100 ml rise in plasma glucose (Fig. 3). In contrast,
in postabsorptive and 3-day fasted subjects, equimolar
infusions of leucine had a mild hypoglycemic effect.
The rise in blood glucose observed in prolonged
fasting could not be ascribed to utilization of leucine
as a gluconeogenic substrate since leucine is not a pre-
cursor of glucose (31). The glucose turnover studies in
fact indicate that the elevation in plasma glucose as-
sociated with leucine administration was not due to in-
creased glucose production but was solely a con-
sequence of reduced glucose utilization. Glucose
clearance declined by 30% during the leucine infusion
(P <0.001) and glucose production fell by 15%



(P <0.01). This reduction in glucose output may be
attributed to reduced substrate availability (total amino
acids and alanine fell by 35 and 24%, respec-
tively), a direct inhibitory effect by leucine on he-
patic gluconeogenesis (32), or an undetected rise in portal
insulin concentration. The fall in glucose utilization,
on the other hand, suggests that leucine may de-
crease and/or replace glucose uptake as a fuel during
prolonged starvation. The calculated initial reduction
in glucose uptake (100-110 umol/min) during leucine
administration was in fact, similar to the leucine in-
fusion dose. Of interest in this regard are recent
data indicating that glucose oxidation by brain slices
is reduced in vitro in the presence of 1.0 mM
leucine (33).

The changes in nitrogen and glucose homeostasis
induced by leucine infusion occurred in the absence
of changes in insulin and glucagon concentration. Al-
though previous studies have demonstrated that
leucine has little effect on glucagon secretion (34),
bolus injections and oral ingestion of this amino
acid augment insulin secretion in man (35, 36). How-
ever, blood leucine levels achieved in postabsorptive
subjects under those conditions markedly exceed those
obtained with the continuous infusion doses employed
in the current study (37). Although growth hormone
and cortisol were not measured in this study, other
reports have shown that increased levels of growth
hormone or cortisol in prolonged starvation are without
effect on total nitrogen balance (38, 39). Furthermore,
augmented growth hormone secretion could not ac-
count for the rapid changes in glucose homeostasis
observed in the current study (38).

Of particular interest were the effects of starvation
on leucine turnover. Equivalent intravenous infusions
of leucine resulted in greater increments in plasma
leucine concentration during fasting than in the post-
absorptive state. The estimated metabolic clearance
rate of leucine was reduced by 48 and 59% after
3 days and 4 wk of starvation, respectively (Fig. 7).

It should be noted that the calculations employed
in determining MCR_ assume partial suppression of
endogenous leucine production during exogenous
leucine administration. Changes in endogenously de-
rived plasma leucine were estimated from alterations in
plasma isoleucine concentration since the blood levels
of these amino acids characteristically parallel each
other under a variety of metabolic conditions (see
Methods). However, even if this assumption is not
valid, the effect of starvation on MCR, would not be
appreciably altered. If endogenous leucine production
was unaffected by the leucine infusion, MCR,
289+25 ml/m? per min in the postabsorptive state)
remains significantly reduced after 3 days (13416 ml/
m? per min, P <0.005) and 4 wk (96+6 ml/m? per
min, P <0.001) of starvation. On the other hand, if
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endogenous leucine production were completely sup-
pressed by the infusion, a fall in MCR, during
fasting is still observed (postabsorptive 182+12, 3-day
fasted 98+9 (P < 0.001), and 4-wk fasted 81+4 ml/m?
per min, P <0.001). Finally, even if one assumes that
endogenous leucine production were totally sup-
pressed by the infusion in the postabsorptive state
but not in fasted subjects, the metabolic clearance
rate (182+12 ml/m? per min in the postabsorptive
state) declines significantly after 3 days (134+16, P
< 0.05) and 4 wk (966, P < 0.001) of starvation.

Although the current study examines plasma leucine
clearance in man, previous studies dealing with the
influence of fasting on leucine catabolism have
generally measured in vitro, leucine transport, and deg-
radative enzymes in the rat. Branched chain amino
acid transport and transamination have been reported
as unchanged or increased by starvation in the rat
(40-42). In addition, in vitro and in vivo studies
indicate accelerated branched chain amino acid oxida-
tion in starved rats (41, 43-45). Whether alterations
in any of these processes can account for the ob-
served decline in leucine clearance during starvation
remains unestablished since there are no current data
regarding the rate-limiting step in overall, total body
disposal of branched chain amino acids in man.

With respect to the mechanism of reduced leucine
turnover in starvation, recent studies have demon-
strated decreased leucine clearance in diabetes and
restoration of leucine clearance to normal by adminis-
tration of insulin (46). A possible role for insulin
in mediating the starvation induced alterations in leu-
cine disposal is in keeping with the 25 and 50% de-
cline in plasma insulin observed in 3-day and 4-wk
fasted subjects, respectively. However it is unlikely
that the marked reduction in leucine turnover observed
in starvation can be accounted for solely on the basis
of insulin deficiency inasmuch as starvation is as-
sociated with a twofold greater fall in estimated MCR,,
than that observed in insulin-deficient diabetics (46).

The absence of changes in the estimated PDR,
during early starvation suggests that the elevations in
plasma leucine induced by 3 days of starvation are a
consequence of decreased amino acid removal rather
than augmented tissue release. Studies of net balance
of amino acids across human forearm have also failed
to show a consistent change in leucine output after
3 days of fasting (12, 47). As starvation continued
for 4 wk, PDR, markedly declined (Fig. 7) thus ac-
counting for the return of plasma leucine to base line,
postabsorptive levels, despite the continued fall in
estimated MCR,. The fall in PDR, with prolonged
fasting is consistent with earlier data demonstrating
decreased net release of branched chain amino acids
from forearm tissues in prolonged (4-6 wk) starva-
tion (12).

1479



ACKNOWLEDGMENTS

I am indebted to Ralph Jacob, Andrea Belous, and Aida
Groszman for their technical assistance and to Mary Walesky,
R.N. and to the nurses and staff of the General Clinical
Research Center for their care of the patients. I wish to thank
Dr. Ralph DeFronzo for his help in implementing the glucose
turnover studies and Dr. Rosa Hendler for her assistance
in the hormone determinations. Finally, I am particularly
grateful to Dr. Philip Felig for his valued criticism and
advice.

This work was supported by grants AM 13526, AM 07058-01,
AM 20495-01, and RR 125 from the National Institutes of
Health.

10.

11.

12.

13.

14.

15.

16.

1480

REFERENCES

. Buse, M. G., ]J. F. Biggers, K. H. Friderici, and ]. F.

Buse. 1972. Oxidation of branched chain amino acids by
isolated hearts and diaphragms of the rat. J. Biol. Chem.
247: 8085-8096.

. Odessey, R., and A. L. Goldberg. 1972. Oxidation of

leucine by rat skeletal muscle. Am. J. Physiol. 223:
1376-1383.

. Adibi, S. A. 1976. Metabolism of branched-chain amino

acids in altered nutrition. Metab. Clin. Exp. 25: 1287-
1302.

. Odessey, R., E. A. Khairallah, and A. L. Goldberg. 1974.

Origin and possible significance of alanine production by
skeletal muscle. J. Biol. Chem. 249: 7623 -7629.

. Goldstein, L., and E. A. Newsholme. 1976. The formation

of alanine from amino acids in diaphragm muscle of the
rat. Biochem. J. 154: 555-558.

. Felig, P. 1975. Amino acid metabolism in man. Annu.

Rev. Biochem. 44: 933-955.

. Wabhren, J., P. Felig, and J. Hagenfeldt. 1976. Effect of

protein ingestion on splanchnic and leg metabolism in
normal man and in patients with diabetes mellitus. J.
Clin Invest. 57: 987-999.

. Fulks, R. M., J. B. Li, and A. L. Goldberg. 1975. Effects

of insulin, glucose, and amino acids on protein turnover in
rat diaphragm. J. Biol. Chem. 250: 290-298.

. Buse, M. G., and S. S. Reid. 1975. Leucine: a possible

regulator of protein turnover in muscle. J. Clin. Invest.
56: 1250-1261.

Atwell, J. R., M. P. Hedden, V. J. Mancusi, and M. G.
Buse. 1977. Branched chain amino acids as regulators of
muscle protein synthesis. Diabetes. 26(Suppl. 1): 373.
(Abstr.)

Sapir, D. G., and M. Walser. 1977. Nitrogen sparing
induced in starvation by infusion of branched-chain
ketoacids. Metab. Clin. Exp. 26: 301-308.

Felig, P., O. E. Owen, J. Wahren, and G. F. Cahill, Jr.
1969. Amino acid metabolism during prolonged starva-
tion. J. Clin. Invest. 48: 584-594.

Seltzer, H. S. 1971. Oral glucose tolerance tests. In
Diabetes Mellitus: Diagnosis and Treatment. S. S. Fajans
and K. E. Sussman, editors. American Diabetes Associa-
tion, New York. 3rd edition. 101-106.

Dare, J. G., and G. A. Mogey. 1954. Rabbit responses
to human threshold doses of a bacterial pyrogen. J.
Pharm. Pharmacol. 6: 325-332.

Altszuler, N., A. Barkai, C. Bjerknes, B. Gottlieb, and R.
Steele. 1975 Glucose turnover in the dog obtained with
various species of labeled glucose. Am. J. Physiol.
229: 1662-1667.

Huggett, A. S. G., and D. A. Nixon. 1957. Use of glucose

R. S. Sherwin

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

oxidase, peroxidase, and O-dianisidine in determination
of blood and urinary glucose. Lancet. II: 368-370.
Wise, J. K., R. Hendler, and P. Felig. 1973. Influence
of glucocorticoids on glucagon secretion and plasma
amino acid concentrations in man. J. Clin. Invest. 52:
2774-2782.

Sherwin, R. S., R. G. Hendler, and P. Felig. Effect of
ketone infusions on amino acid and nitrogen metabolism
in man. J. Clin. Invest. 55: 1382-1390.

Henry, R. J., D. C. Cannon, and ]J. W. Winkelman.
Clinical Chemistry: Principles and Technics. Harper &
Row, Publishers, Inc., New York. 2nd edition. 552-553.
Young, V. R., L. N. Haverberg, C. Bilmazes, and H. N
Munro. Potential use of 3-methylhistidine excretion as
an index of progressive reduction in muscle protein
catabolism during starvation. Metab. Clin. Exp. 22:
1429-1436.

Steele, R., J. S. Wall, R. C. de Bodo, and N. Altszuler.
1956. Measurement of size and turnover rate of body
glucose pool by the isotope dilution method. Am. J.
Physiol. 187: 15-24.

Cowan, J. S., and G. Hetenyi. 1971. Glucoregulatory
responses in normal and diabetic dogs recorded by a new
tracer method. Metab. Clin. Exp. 20: 360-372.

Radzuik, J., K. H. Norwich, and M. Vranic. 1974. Meas-
urement and validation of nonsteady state turnover rates
with application to the insulin and glucose systems.
Fed. Proc. 33: 1855-1964.

Tait, J. F. 1963. Review: The use of isotopic steroids
for the measurement of production rates in vivo. J. Clin.
Endocrinol. Metab. 23: 1285-1297.

Tamborlane, W. V., R. S. Sherwin, R. Hendler, and P.
Felig. 1977. Metabolic effects of somatostatin in maturity-
onset diabetes. N. Engl. J. Med. 297: 181-183.
Snedecor, G. W., and W. G. Cochran. 1967. Statistical
Methods. Iowa State University Press, Ames. 6th edition.
593 pp.

Gelfand, R., R. S. Sherwin, and P. Felig. 1977. Protein
intolerance induced by carbohydrate restriction and
fasting. Clin. Res. 25: 665A. (Abstr.)

Blackburn, G. L., J. P. Flatt, G. H. A. Clowes, and T. E.
O’Donnell. 1973. Peripheral intravenous feeding with
isotonic amino acid solutions. Am. J. Surg. 125: 447-454.
Sapir, D. G., O. E. Owen, T. Pozefsky, and M.
Walser. 1974. Nitrogen sparing induced by a mixture of
essential amino acids given chiefly as their keto-analogues
during prolonged starvation in obese subjects. J. Clin.
Invest. 54: 974-980.

Greenberg, G. R., E. B. Marliss, G. H. Anderson, B.
Langer, W. Spence, E. B. Tovee, and K. N. Jeejeebhoy.
1976. Protein-sparing therapy in postabsorptive patients.
Effects of added hypocaloric glucose or lipid. N. Engl.
J. Med. 294: 1411-1420.

Ross, B. D., R. Hems, and H. A. Krebs. 1967. The rate
of gluconeogenesis from various precursors in the pre-
fused rat liver. Biochem. J. 102: 942-951.

Greenberg, R., and G. Reaven. 1966. The effect of L-
leucine on hepatic glucose formation. Pediatrics. 37:
934-941.

Palaiologos, G., A. Koivisto, and P. Felig. 1977. Interaction
of leucine and glucose metabolism in brain. Endo-
crinology. 100(Suppl. 1): 73. (Abstr.)

Rocha, D. M., G. R. Faloona, and R. H. Unger. 1972.
Glucagon stimulating activity of 20 amino acids in dogs.
J. Clin. Invest. 51: 2346-2351.

Floyd, J. C, Jr., S. S. Fajans, R. F. Knopf, and ]J. W.
Conn. 1963. Evidence that insulin release is the mech-



36.

37.

38.

39.

40.

41.

anism for experimentally induced leucine hypoglycemia
in man. J. Clin. Invest. 42: 1714-1719.

Fajans, S. S., J. C. Floyd, Jr., R. F. Knopf, and J. W.
Conn. 1967. Effect of amino acids and proteins on insulin
secretion in man. Recent Prog. Horm. Res. 23: 617-662.
Fajans, S. S., R. F. Knopf, J. C. Floyd, Jr., L. Power, and
J. W. Conn. 1963. The experimental induction in man of
sensitivity to leucine hypoglycemia. J. Clin. Invest. 42:
216-229.

Felig, P., E. B. Marliss, and G. F. Cahill, Jr. 1971.
Metabolic response human growth hormone during pro-
longed starvation. J. Clin. Invest. 50: 411-421.

Owen, O. E., and G. F. Cahill, Jr. 1973. Metabolic ef-
fects of exogenous glucocorticoids in fasted man. J. Clin.
Invest. 52: 2596-2605.

Nallathamki, S. A., A. M. Goorin, and S. A. Adibi.
1972. Hepatic and skeletal muscle transport of cycloleu-
cine during starvation. Am. J. Physiol. 223: 13-19.
Sketcher, R. D., E. B. Fern, and W. P. T. James. 1974.
The adaptation in muscle oxidation of leucine to dietary
protein and energy intake. Br. J. Nutr. 31: 333-342.

Effect of Starvation on the Turnover and Metabolic Response to Leucine

42,

43.

44.

45.

46.

47.

Adibi, S. A., J. A. Patterson, and B. A. Krzysik. 1975.
Modulation of leucine transaminase activity by dietary
means. Am. J. Physiol. 228: 432-435.

Meikle, A. W,, and J. G. Klain. 1972. Effect of fasting
and fasting-refeeding on conversion of leucine into CO,
and lipids in rats. Am. J. Physiol. 222: 1246-1250.
Goldberg, A. L., and R. Odessey. 1972. Oxidation of amino
acids by diaphragms from fed and fasted rats. Am. J.
Physiol. 223: 1384-1391.

Paul, H. S., and S. A. Adibi. 1976. Assessment of effect
of starvation, glucose, fatty acids, and hormones on
a-decarboxylation of leucine in skeletal muscle of rat.
J. Nutr. 106: 1079-1088.

Sherwin, R. S., J. Rosenzweig, V. Soman, R. Hendler, and
P. Felig. 1976. Effect of insulin and diabetes on protein
and branched chain amino acid utilization. Diabetes. 25
(Suppl. 1): 332. (Abstr.)

Pozefsky, T., R. G. Tancredi, R. T. Moxley, J. Dupre, and
J. D. Tobin. 1976. Effects of brief starvation on muscle
amino acid metabolism in nonobese man. J. Clin. Invest.
57: 444-449.

1481



