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Regulation of Leucine Metabolism in Man:

A Stable Isotope Study

Abstract. Leucine catabolism is regulated by either of the first two degradative
steps: (reversible) transamination to the keto acid or subsequent decarboxylation. A
method is described to measure rates of leucine transamination, reamination, and
keto acid oxidation. The method is applied directly to humans by infusing the
nonradioactive tracer, L-[°N,1-*Clleucine. Leucine transamination was found to be
operating several times faster than the keto acid decarboxylation and to be of equal
magnitude in adult human males under two different dietary conditions, postabsorp-
tive and fed. These results indicate that decarboxylation, not transamination; is the

rate-limiting step in normal human leucine metabolism.

The branched-chain amino acids leu-
cine, valine, and isoleucine play a promi-
nent role in the amino acid metabolism of
muscle. In contrast to the other essential
amino acids that are oxidized by the
liver, the branched-chain amino acids
ar¢ catabolized primarily by peripheral
tissues such as muscle (/). This catabo-
lism is thought to represent an important
muscle energy source during early star-
vation and an important nitrogen source
for muscle alanine and glutamine pro-
duction for subsequent hepatic gluco-
neogenesis (/). Because of the unusual
properties of the branched-chain amino
acids, much research has focused on
their metabolism, particularly the metab-
olism of leucine.

Control of leucine oxidation occurs at
either or both of the first two steps of
catabolism: transamination of the leu-
cine to a-ketoisocaproate (KIC) or de-
carboxylation of KIC (Fig. 1). In muscle
the latter step is thought to be rate con-
trolling, although transamination activity
also changes in response to various per-
turbations (/). Our knowledge of the
control of leucine oxidation comes large-
ly from studies with ['*Clleucine and
perfused or isolated animal tissue sys-
tems. These systems can only approxi-
mate the physiology of the intact animal
where multiple additional substrate and
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hormonal regulatory interactions are
present. Moreover, species differences
in leucine metabolism limit extrapolation
of animal data to man.

Because the first step in leucine catab-
olism, transamination to KIC, is revers-
ible (2), the use of a ['*Clleucine tracer
alone supplies information on the gener-
ation of [“C]KIC, but provides no in-
sight into the rate of reamination of KIC
to leucine. In this report we describe a

method for measuring the rates of deami-
nation, reamination, and oxidation of
leucine in man using the safe, nonradio-
active tracer L-['°N,1-13C]Jleucine.

During a primed, continuous infusion
of L-[N,1-3Clleucine, dilution of the
dilabeled [*N,1-*Clleucine in plasma
reflects the appearance of unlabeled leu-
cine derived primarily from leucine re-
lease from protein breakdown and from
dietary leucine intake. ['*N,1-3C]Leu-
cine is removed from the system by
routes such as leucine incorporation into
protein (protein synthesis) and leucine
oxidation—the latter causes the differen-
tial release of the labels. Initial removal
of N by leucine transamination in the
forward direction produces a [1-'*C]KIC
(Fig. 1). The labeled keto acid has two
fates: (i) decarboxylation to '*CO, or (ii)
reamination to leucine, which produces
singly labeled [1-'*Clleucine (3). Thus,
mass spectrometric determination of the
various labeled species present, ['°N,1-
13CJleucine, [1-"*Clleucine, and '*CO,,
allows solution of the overall model for
leucine catabolism (Fig. 1).

The specific solution requires consid-
eration of leucine carbon and nitrogen
disposition. Figure 2 presents a model
for leucine C oxidation (4). Leucine en-
ters the free leucine pool by dietary
intake (I) and leucine release from pro-
tein breakdown (B). Net leucine removal
occurs by leucine incorporation into pro-
tein (§) and leucine oxidation (C). At
steady state, leucine appearance will
equal leucine disappearance which is net
leucine C flux (Qc¢):

OQc=1+B=S§5S+C D

The leucine carboxyl-'3C label is not
lost by leucine transamination to and
from KIC, only by the subsequent decar-

Table 1. The effects of feeding and fasting on leucine metabolism measured with a primed,
continuous infusion of {’N,1-"*C]leucine. Data are given as means =* standard error for three
subjects infused in the postabsorptive state and four subjects infused in the fed state.

Value (umole/kg-hour)

Parameter
Postabsorptive Fed
Net leucine C flux (Qc) 839+ 6.6 153.0 = 7.5*
Leucine N flux (On) 198.9 + 23.2 273.4 = 11.8%
Leucine oxidation (C) . 10,6 £ 1.6 31.6 £ 3.2%
Leucine transamination to KIC (Xo) 121.8 £ 19.2 152.1 = 10.9
KIC transamination to leucine (Xy) 111.2 = 18.0 120.5 = 8.6
*Difference between postabsorptive and fed states, P < .005. P < 05,
Table 2. Relative values of leucine metabolism determined from data in Table 1.
Parameter Postabsorptive Fed

Percentage of leucine flux oxidized (C/Q¢) 11.9 = 1.3 21.0 = 2.5%
Percentage of KIC reaminated to leucine (Xn/Xo) 91.2 = 0.8 79.2 = 1.4%
Percentage of KIC oxidized (C/X¢) 8.8 £ 0.8 20.8 = 1.4%
*Difference between postabsorptive and fed states, P < .05. TP < .005.
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boxylation of the KIC. Therefore, the
leucine C flux is a “‘net’” flux because it
contains the irreversible net leucine oxi-
dation component, This is ifi contrast to
the leucine N flux.

Leucine N also enters from the diet
and is incorporated and released from
protein (I, S, and B) at the same rate as
the leucine carbon skeleton (Fig. 3). Be-
cause leucine N is lost by deamination
(Xo) and returned by reamination of KIC
(Xn), Eq. 1 is modified to reflect these
additional processes:

On=I+B+Xy=58+ X5Q)
When the leucine N and C models are
combined (Eq. 2 minus Eq. 1), then:

On —Oc=Xy=Xo - C (3

The difference between the leucine N
and C fluxes (On — Qc), both measured
from the dilution of the labeled tracer in
plasma (5), is equal to the rate of leucine
formation from KIC reamination (Xx).
Since leucine decarboxylation (C), is
measured from expired '*CO, release
(3), the model can also be solved for the
rate of leucine deamination (Xo).

It is important to remember that the
apparent leucine N flux measured with
dilabeled ["°N,1-*C]leucine tracer may
be considerably higher than a flux mea-
sured with monolabeled [’Nlleucine.
Because transamination is reversible,
a N removed from a monolabeled
['*N]leucine may .be placed back on a
KIC via reamination. Thus, there is re-
cycling of the !N label between leucine
and the transaminating free N pool (Fig.
3). The more transamination is reversible

15K, a=KG L—[15/N]Glu

|
30 cH—CHp—CH-13C00H e
H3C~

L-[15N,1-13¢]leucine

0
il
H3C~ ol cHy—C—13C00H —>

H3C~

[1-13¢]a—ketoisocaproate

1l
13¢0, + :3‘éjCH—CH2—c—s<:o A
3

Isovaleryl Co A

Fig. 1. Metabolism of L-['’N,1-*Clleucine.
Step 1: transamination of leucine with a-
ketoglutarate (a-KG) via leucine amino trans-
ferase (E.C. 2.6.1.6) (branched-chain amino
acid transaminase); the °N label is removed
and incorporated into a ['’N]glutamate. Step
2: decarboxylation of KIC via branched-chain
ketoacid dehydrogenase (E.C. 1.2.4.4); the
carboxyl-'3C is released as *CO,.

1130

? k
|

-
Dietary !

Leucine
leucine i “c”

f -0 ]
KiC
{ Xy

Fig. 2. Model for leucine metabolism in terms
of the effects on the carboxyl carbon. The
leucine carboxyl C enters the free leucine
pool (leucine ‘‘C’’) via dietary intake (/) and
protein breakdown (B) and leaves via incorpo-
ration into protein (§) and decarboxylation of
KIC (C). Transamination of leucine to KIC
(Xo) or of KIC to leucine (Xy) does not
remove the carboxyl C from the system.

C
—» CO2

and rapid, the greater the underestimate
in leucine N flux measured with a
[*Nlleucine tracer. In contrast, the
probability is much lower so that a "N
will combine with a [1-3C]KIC to reform
a [N,1-3Clleucine (3). The ['*N,I-
BClleucine tracer discriminates against
N recycling and produces a higher,
more realistic value for leucine N flux.

Leucine Kinetics were measured in
adult male subjects that were primed (6)
and then infused continuously for 7
hours with L-["°N,1-'*Clleucine. The
stuibjects were tested under two different
dietary conditions, postabsorptive and
fed, in order to test the effect of feeding
on the control of leucine catabolism. In
the first set of studies, three healthy,
normal weight, adult men were infused
intravenously for 7 hours starting at 8:00
a.m. Blood and breath samples were
collected throughout the infusion period
for all the studies. The isotopic enrich-
ment of plasma leucine was determined
by chemical ionization gas chromatogra-
phy-mass spectrometry (7, 8). Rates of
leucine metabolism were computed from
the data obtained at isotopic steady
state.

Table 1 shows that in both the postab-
sorptive and fed states, Qn was signifi-
cantly faster than Qc. This is because of
the faster removal of N by leucine
transamination (Xo) compared to [1-
BCIKIC decarboxylation (C): 122 as op-
posed to 11 wmole/kg-hour in the postab-
sorptive state. Besides the absolute rate
of transamination, the fractional rate of
KIC reamination was considerably high-
er than the rate of KIC decarboxylation.
In the postabsorptive state, 91 percent of
the KIC formed was reaminated to leu-
cine (Xn/Xo), as opposed to the 9 per-
cent that continued on to be decarboxyl-
ated (C/Xp). These results demonstrate
higher transamination rates than found in
an earlier study (9, 10).

As we have shown (5), protein intake
increases the leucine C flux. To compen-

sate for the increased leucine intake, the
body increases both the rate of leucine
incorporation into body protein via pro-
tein synthesis and leucine oxidation (5).
Is the leucine-intake-induced increase in
oxidation due to a primary change in
transamination, decarboxylation, or
both? Although the rate of KIC decar-
boxylation increased significantly be-
tween the postabsorptive and fed states,
transamination rates (Xp and Xy)
changed insignificantly (Table 1). Fur-
thermore, 21 percent of the KIC formed
went on to decarboxylation in the fed
state, compared with 9 percent in the
postabsorptive state. This significant in-
crease in the fraction of KIC continuing
on to decarboxylation during feeding in
the face of an insignificant change in the
transamination rate shows that trans-
amination was modified just enough to
compensate for the increased rate of
KIC decarboxylation, and that the de-
carboxylation step regulates human leu-
cine oxidation.

These results affirm earlier work by
others using animal tissue perfusion or
homogenate systems (/). Those data
demonstrated that in muscle the
branched-chain amino acid transaminase
is more active than the a-ketoacid dehy-
drogenase, but that in liver the situation
is reversed. Because of the difficulty in
measuring the dehydrogenase enzyme
activity (I, I1I), these earlier data are
only qualitative. Furthermore, the tissue
preparation systems do not necessarily
reflect the relationships among all the
body tissues. The data presented have
shown that KIC decarboxylation is the
regulating step for whole-body leucine
oxidation. Muscle transaminates leucine
and releases significant quantities of
KIC, presumably for uptake and oxida-
tion by liver (). This implies that in both
muscle and liver decarboxylation is lim-
iting under normal physiological condi-

LA
Bl s T
Y
! o T
f i — N 2
Dietary | l Leucine — )
— —
leucine | "N" pool
L X

Fig. 3. Model for leucine metabolism in terms
of the effects on the amino N. The leucine N
enters the free leucine pool (leucine ““N™*) via
dietary intake (I), protein breakdown (B), and
reamination of a KIC, where the N comes
from the transaminating N pool—primarily
glutamate N. The leucine N leaves the free
leucine pool via incorporation into protein (S)
and transamination of leucine (Xy). The trans-
amindting N pool contains other entry and
exit routes (7 and T»).
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tions. Our model, of course, does not
allow dissection of the magnitude of indi-
vidual organ contributions or delivery of
substrate limitations to the organs; how-
ever, the measured, integrated body
rates are useful for investigating various
pathophysiological processes on leucine
metabolism as a whole. Finally, the sta-
ble isotope tracers permit the use of this
approach in humans of all ages, and this
scheme, with the choice of the appropri-
ate model, may be applied to other ami-
no acids.
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Caterpillar Setae: Insulation for an Ectotherm

Abstract. Gypsy moth caterpillars have long, soft setae distributed along the
lateral portions of the body, but only short, stiff setae on the dorsal surface. Setae
act as selective insulation for caterpillars by reducing the rates of convective heat
exchange without affecting the rates of radiative heat exchange. Changes in postire
abolish the effects of the setae by maximizing convection and minimizing radiant

heat uptake.

The importance of insulation to the
heat balance of endotherms is well docu-
mented. It serves either as a means of
conserving body heat (/) or as a radiation
shield to prevent excessive radiant heat-
ing (2). Since insulation retards rates of
heat exchange between the body and the
environment, it would appear to be use-
less to small ectotherms, which must
obtain all of their heat from the environ-
ment.

Although they are ectothermic, cater-
pillars routinely exhibit body tempera-
tures far in excess of the air temperature
(3) and are capable of thermoregulation
by altering radiative and convective heat
exchange through postural changes and
movements in response to different mi-
croclimates (4). The present study dem-
onstrates that insulation is significant to
the thermal balance of gypsy moth cater-
pillars and that it differs in appearance
and function from that of endotherms.

Late-instar gypsy moth (Lymantria
dispar) caterpillars were supplied by the

......

Fig. 1. Distribution of setae on gypsy moth
caterpillars. (A) Short, stiff, spinelike setae on
dorsal surface. (B) Long, soft setae in addi-
tion to short, stiff setae on lateral portion of
the body.

New Jersey Department of Agriculture
Plant Pest Laboratory. The caterpillars,
maintained in small plastic cups at room
temperature, were fed a synthetic diet.

Cooling curves for live and dead cater-
pillars in still air and at wind speeds of
1.0 and 2.0 m/sec were measured by
suspending the caterpillars in a small
wind tunnel (5). Before being placed in
the wind tunnel, the caterpillars were
heated to approximately 40°C with an
incandescent light. They were then
placed inside the tunnel and allowed to
cool.

The effect of radiant heating on body
temperature was measured by attaching
caterpiliars, with thermocouples inserted
into the rectum, to wooden dowels (di-
ameter, 2 mm) and exposing them to
radiant heat loads (6) of 350, 700, and 975
W/m? from a 5000 K color temperature
photoflood lamp (Kodak, FAY 650W).

Setae were removed from the caterpil-
lars with forceps or jewelers’ pliers. The
setae were easily removed, and the cat-
erpillars appeared to be unharmed by the
procedure. Several caterpillars with se-
tae removed pupated successfully and
emerged into normal adults.

To determine the magnitude of heat
loss by evaporation, we measured evap-
orative water loss of dead caterpillars
with and without setae by weighing them
before and after a 1-hour exposure at
35°C in dry air.

Setae occur in tufts, arising from setal
stalks on tubercles located in distinct
regions of each body segment (7). Two
distinct types of setae occur, and differ-
ent types do not always occur in the
same location. Only short (mean length,
2.9 mm; N = 29), stiff setae arise from
the dorsal tubercles (Fig. 1A). The larg-
est outcropping of setae arise from the
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