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The branched-chain amino acids (BCAA) are committed to
catabolism by the activity of the branched-chain �-ketoacid
dehydrogenase (BCKD) complex. BCKD activity is regulated
through the action of the complex-specific BCKD kinase that
phosphorylates two serine residues in the E1� subunit.
Greater BCKD kinase expression levels result in a lower
activity state of BCKD and thus a decreased rate of BCAA
catabolism. Activity state varies among tissues and can be
altered by diet, exercise, hormones, and disease state. Within
individual tissues, the concentration of BCKD kinase reflects
the activity state of the BCKD complex. Here we investigated
the effects of insulin, an important regulator of hepatic met-
abolic enzymes, on BCKD kinase expression in Clone 9 rat
cells. Insulin effected a twofold increase in message levels
and a twofold increase in BCKD kinase protein levels. The
response was completely blocked by treatment with LY-294002
and partially blocked by rapamycin, thus demonstrating a
dependence on phosphatidylinositol 3-kinase and mTOR
function, respectively. These studies suggest that insulin
acts to regulate BCAA catabolism through stimulation of
BCKD kinase expression.

hormone-controlled gene expression; branched-chain amino
acids

THE BRANCHED-CHAIN amino acids (BCAA), leucine, iso-
leucine, and valine, are classified as essential compo-
nents of the mammalian diet because they cannot be
synthesized de novo. BCAA account for up to 20% of
the residues in the average protein. Catabolism of the
BCAA provides energy, and their products serve as
precursors for fatty acid synthesis. BCAA can modify
other metabolic processes through a poorly understood
mechanism whereby cells sense the concentration of
these amino acids. Protein turnover, especially in the
liver and muscles, is slowed when the BCAA concen-
tration is maintained (6, 12, 32, 37, 38).

Another player in the cellular regulation of protein
turnover is insulin, which stimulates protein synthe-

sis, especially in liver (11, 15). A combination of insulin
and leucine may be needed for the promotion of protein
synthesis, and this action may occur through separate
pathways to enhance assembly of the translation ini-
tiation complex (2, 5, 22). As expected, because tissues
respond differently to insulin exposure, tissue-specific
variation in these effects is reported (9, 19, 35, 40).

Maintenance of cellular BCAA concentration in
mammals results from a balance between supply and
catabolic loss. Supply results from dietary intake or
breakdown of endogenous protein. Irreversible loss re-
sults from catabolism of the BCAA that begins with
their reversible transamination to yield the branched-
chain �-ketoacids (BCKA). Oxidative decarboxylation
of the BCKA commits these compounds to their cata-
bolic fate. The reaction is catalyzed by branched-chain
�-ketoacid dehydrogenase (BCKD), a nuclear encoded
multienzyme complex present in the mitochondria of
all cells (54). Catalytic activity of BCKD requires four
different proteins: an E1(�2�2) decarboxylase, an E2
dihydrolipoyl transacylase, and an E3 dihydrolipoyl
dehydrogenase.

Activity state of BCKD is regulated by the phosphor-
ylation status of the E1� subunit (25, 44). Addition of
phosphate to Ser332 and Ser337 (numbering begins with
the initiating methionine in agreement with the
adopted rules of nomenclature; Ref. 3) effectively
blocks the binding site for the BCKA, thus preventing
the overall activity of the complex (1). The amount of
BCKD in the unphosphorylated state relative to the
total amount of BCKD (unphosphorylated � phosphor-
ylated) represents the BCKD activity state and is ex-
pressed as a percentage. Although a putative BCKD
phosphatase is reported, the activity state of BCKD is
more closely related to the expression of BCKD kinase
than to a balance between steady-state activities of the
kinase and phosphatase (13, 14, 18). For example, in
liver BCKD kinase, protein levels are low, leaving most
of the BCKD complex catalytically active. In contrast,
BCKD activity state is low in the muscle, where BCKD
kinase expression is high (16).
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BCKD activity state and, for some conditions, BCKD
kinase expression are shown to vary with exercise,
diet, and hormonal state (7, 28, 34, 36, 43, 49, 51).
These variations are presumed to result from cellular
sensing of BCAA concentration in combination with
the energy needs of the cell. For example, rats fed
low-protein diets demonstrate decreased BCKD activ-
ity state in liver compared with rats fed normal or
high-protein diets (8, 21, 42). Starvation, however,
induces activation of BCKD to provide energy to the
body. Energy expenditure induced by exercise is asso-
ciated with an activation of the BCKD complex in rats
and humans (28, 34, 49, 51).

The action of insulin is known to stimulate BCKD
activity in adipose tissue by decreasing the phosphor-
ylation state of E1� (20). In diabetic rats, insulin with-
drawal resulted in a 50% decrease in liver BCKD
kinase protein levels and an increased BCKD activity
state (30). Another study with diabetic rats showed
that brain BCKD activity state is 1.6-fold higher than
that of control rats (10). Collectively, these findings
implicate a role for insulin in the regulation of BCAA
catabolism through changes in BCKD kinase expres-
sion.

We hypothesize that the ability of insulin to reduce
proteolysis involves upregulation of BCKD kinase,
thereby decreasing the activity state of BCKD and, in
turn, BCAA catabolism. This response would increase
cellular BCAA levels and help promote protein synthe-
sis. Here we investigate the ability of insulin to regu-
late the expression of BCKD kinase in rat cells and use
inhibitors of insulin signaling to examine the pathways
involved. This cell line has been used extensively as a
model for hepatocyte function, including insulin-medi-
ated signaling responses (46–48).

METHODS

Cell culture. Rat cells [Clone 9, American Type Culture
Collection (ATCC)] were maintained in Ham-s F-12K media
(Mediatech, Herndon, VA) supplemented with 10% fetal bo-
vine serum, 100 U/ml penicillin, and 100 �g/ml streptomycin
(GIBCO) in a humidified 5% CO2 atmosphere at 37°C. Cells
used in these studies were between passages 4 and 8 after
retrieval from freeze. The cells were aliquoted into 10-cm
plates and grown for 48 h (�80% confluent). Cells were
washed twice with PBS, placed in fresh F-12K medium, as
described above, without serum for 20 h, and then placed in
serum-free F-12K medium containing 100 nM insulin. Un-
less stated otherwise, all analyses were done 20 h after
insulin administration. Inhibitors of the insulin-signaling
pathways were used at the following concentrations: LY-
294002 (50 �M), rapamycin (200 nM), and PD-098059 (25
�M). Each inhibitor was added 1 h before the addition of
insulin. The transcription inhibitor, actinomycin D (1 �g/ml),
was added along with insulin.

Mitochondria isolation and Western blot analysis. After
harvesting, cells were disrupted by dounce homogenization
on ice in a buffer containing 220 mM mannitol, 70 mM
sucrose, and 2 mM HEPES-KOH, pH 7.4. Mitochondria
were isolated from the homogenate by centrifugation at
500 g for 5 min at 4°C to remove nuclei and cell debris,
followed by centrifugation of the supernatant at 6,000 g for
10 min at 4°C to pellet the mitochondria. Mitochondria

were resuspended in the isolation buffer and assayed for
protein concentration by use of a bicinchoninic acid (BCA)
kit (Pierce). Ten micrograms of mitochondrial protein were
resolved in 10% SDS-PAGE and transferred to a Hybond-
ECL (Amersham) nitrocellulose membrane for Western
blot analysis. The membrane was blocked with a solution
containing 50 mM Tris, pH 7.5, 0.88% NaCl, 5 mM EDTA,
0.25% gelatin, and 1% Tween 20 and incubated for 2 h at
room temperature with rabbit antisera (1:10,000 dilution)
that specifically recognize BCKD kinase (16). Each of five
independent Western blots were analyzed first with anti-
sera for BCKD kinase, and then the membrane was
stripped by soaking in a solution of 100 mM �-mercapto-
ethanol, 2% (wt/vol) SDS, and 62.5 mM Tris � HCl, pH 6.7,
at 60°C for 30 min. The membrane was then used with
antisera that recognize the catalytic subunits of BCKD.
Detection of antigenic protein was with the Amersham
ECL system according to the manufacturer’s instructions.
Visualization was either with the Typhoon (Molecular Dy-
namics) phosphoimager or with exposure to Blue Bio film
(Denville). Each membrane was therefore normalized to
itself, and the ratio of density of the kinase protein to each
of the catalytic subunits was calculated, and treatment
conditions were compared with the serum-starved control
sample.

Phosphorylation of PKB/Akt. Serum-starved and insulin-
treated cells grown in 10-cm plates were harvested with a cell
scraper in 600 �l of RIPA buffer [20 mM Tris, 2.5 mM EDTA,
1% Triton X-100, 10% glycerol, 1% deoxycholate, 0.1% SDS,
50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF),
0.1 �g/ml leupeptin, and 0.1 �g/ml aprotinin]. Ten micro-
grams of total cellular protein from insulin-treated and un-
treated cells were separated by 10% SDS-PAGE. The amount
of phosphorylated PKB/Akt present in treated and untreated
cells was determined with the use of the phospho-Akt and
Akt antibodies (New England Biolabs).

BCKD activity assay. Rat cells were aliquoted into a 24-
well tissue culture plate and grown to a confluence of �80%.
Cells were placed in serum-free F-12K media for 20 h and
then treated with insulin as above for 20 h (6 wells/treat-
ment). The BCKD kinase inhibitor �-chloroisocaproate (CIC;
1 mM) was added to three of the six wells for each experi-
mental condition, and the plates were incubated at 37°C for
10 min before initiation of the BCKD assay by addition of
[1-14C]leucine (0.5 �Ci/reaction) made to 430 �M with unla-
beled leucine (33). Incubation with CIC allows endogenous
activation of BCKD for assessment of total BCKD activity
within the cells. The activity state of the BCKD complex was
calculated as the activity (pmol 14CO2 released �mg pro-
tein�1 �3 h�1) in the cells not treated with CIC divided by the
activity in the cells treated with CIC (total activity) and is
expressed as a percentage.

Northern blot analysis. Total RNA from the rat cells was
isolated using Tri-Reagent (Sigma). RNA was treated with a
formaldehyde sample buffer (Ambion) and separated by elec-
trophoresis on a 1% agarose-formaldehyde gel. Duplicate
samples were loaded onto the gel, and, after electrophoretic
separation, one-half of the gel was stained with ethidium
bromide for visualization, and the other one-half was used for
transfer of the RNA to a MagnaGraph (Micron Separations)
nylon membrane (4). Rat BCKD kinase cDNA was labeled by
incorporation of �-[32P]dCTP by use of the RediPrime kit
(Amersham Pharmacia Biotech), and hybridization was done
at 42°C overnight. The membrane was washed three times in
2� standard sodium citrate (SSC)-0.1% SDS and twice with
0.2� SSC-0.1% SDS for 5 min/wash at 42°C. Hybridization of
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the probe was detected by autoradiography with the use of
Kodak Biomax MS film. The membrane was washed four
times with 0.1� SSC-1% SDS-40 mM Tris �HCl, pH 7.6, at
80°C for 5 min to remove the probe. The membrane was then
hybridized with a radiolabeled 18S ribosomal RNA probe to
assess RNA loading.

Luciferase reporter assay. Fragments of the DNA sequence
corresponding to the putative BCKD kinase promoter were
inserted into a firefly luciferase reporter plasmid (Promega).
One fragment contained 1,700 bp upstream of the transcrip-
tional start site, the second held the first 449 bp upstream,
and the third contained the first 128 bp. Individually, these
plasmids were transfected into rat cells along with a Renilla
luciferase control plasmid (Promega) with the use of Fugene
6 (Roche), following the manufacturer’s protocol (26). After
6 h, the transfection medium was replaced with serum-free
medium. Cells were treated with 100 nM insulin and har-
vested 20 h later by use of 1� passive lysis buffer (Promega).
Luciferase activity was determined with a Turner 20/20
Luminometer using the Dual Luciferase Assay Kit (Pro-
mega).

RNA extraction and reverse transcriptase. Total RNA was
prepared using the RNeasy kit (Qiagen) from the rat cells
incubated in serum-free medium without or with 100 nM
insulin for 2 and 20 h. RNA integrity was verified by electro-
phoresis and ethidium bromide staining, and the concentra-
tion was estimated by absorbance at 260/280 nm. The Super-
script First Strand Synthesis System (Invitrogen) was used
to transcribe 5 �g of total RNA using oligo dT primer accord-
ing to the manufacturer’s instructions.

Real-time PCR. Primers for BCKD kinase cDNA were
HPLC purified (forward 5�-GGAGGGCAGGTGAGCTTTT-
GTTTC-3�; reverse 5�-GCCTGCCCCATAGTGACCTTTACC-
3�) and produced a fragment of 288 bp covering the region
from bp 1671 to 1959. Reaction conditions for PCR amplifi-
cation in the Light Cycler (Amersham) were as follows: 7.2 �l
H2O, 2 �l 10� PCR Buffer II (Roche), and 3 �l MgCl2 (3.75
mM) 1.3 �l each of the forward and reverse primers (0.01
�g/�l), 1 �l dNTP (0.5 mM), 1 �l 10� BSA (New England
Biolabs), 1 �l SYBRgreen (Roche), and 0.2 �l Platinum Taq
DNA polymerase (GIBCO). Light Cycler mastermix (18 �l)
was added to glass capillaries, and 2 �l of cDNA (2 and 20 h
of both insulin-treated and control samples) were added as a
PCR template. The following Light Cycler run protocol was
used: denaturation program (94°C for 3 min), amplification
and quantification program (94°C for 2 s, 62°C for 10 s, and
72°C for 30 s with a single fluorescence measurement), re-
peated 35 times. The melting curve program increases the
temperature from 68 to 95°C with a heating rate of 0.1°C/s
and continuous fluorescence measurement ending with a
cooling step to 40°C. Values are calculated relative to a
standard curve produced by serial dilution of total RNA from
untreated cells.

Insulin binding. Insulin binding by these cells was as-
sessed as previously described (31). Briefly, confluent cells at
passages 7 and 18 were incubated for 2 h at 20°C with
125I-labeled insulin (250–350 nCi/ng) in 1 ml of Tris-buffered
Earle’s balanced salt solution. Cells were then washed 4�
with ice-cold saline and solubilized with 0.4 ml of 1 N NaOH
and counted with a 	-counter and related to total cellular
protein in the reaction. Specific binding was estimated by
measuring binding of labeled insulin in the presence of 1 �M
unlabeled insulin. The amount of specific binding decreased
by 50% in the higher passage cells relative to those at
passage 7 (data not shown).

RESULTS

Under normal physiological conditions, the activ-
ity state of the BCKD complex in liver tissue is 60%
or greater, implying that BCAA catabolism can
readily occur (21). For insulin to promote protein
synthesis in liver, BCAA must be available for syn-
thesis of new proteins. Therefore, the activity state
of the BCKD complex must be decreased to minimize
BCAA catabolism. To test this hypothesis, rat cells
were grown in culture and treated with insulin.
Activity state of the BCKD complex was determined
in cells 20 h after insulin administration. Insulin
treatment produced 50% reduction in the activity
state (Fig. 1).

Although the activity state in these cultured rat cells
is below that reported for liver tissue samples (52), the
cells demonstrated an insulin response, the primary
requirement for the study. Because total activity re-
mained constant, the change in activity state must
reflect an increase in the phosphorylation of the E1�
component, thereby reducing the percentage of the
complex that is catalytically active. Northern and
Western blot analyses demonstrated that the steady-
state concentration of mRNA and protein for BCKD
kinase was higher in cells treated with insulin than in
controls and that this response persisted for at least
20 h (Fig. 2, lanes 1 and 2). The averaged ratio of
BCKD kinase mRNA to 18S RNA was 2.07 
 0.50 from
four independent determinations. In parallel, the av-
erage change in BCKD kinase protein relative to the
E1� protein of the BCKD complex is 2.6 
 1.4 (5
independent determinations). The protein ratios were
similar for comparison with E1� and E2, and for these
studies the relative levels of the BCKD catalytic sub-
units did not change in response to insulin. Additional
support for increased steady-state BCKD kinase
mRNA was gained by real-time PCR analysis that
showed a relative concentration of BCKD kinase
mRNA of 0.87 
 0.11 in cells without insulin and
1.28 
 0.01 in cells 2 h after insulin administration.
This increase of 47% agrees with that determined from
Northern blot analysis. The relative concentration re-
mained elevated at 1.16 
 0.01 in insulin-treated cells
for at least 20 h after hormone administration. In sum,
the approximately twofold increase in BCKD kinase
mRNA and protein closely parallels the reduction in
activity state of the BCKD complex after exposure to
insulin. Direct measurements of BCKD kinase activity
were not possible under the conditions used in these
studies.

To assess the contribution of gene transcription to
the increase in steady-state BCKD kinase mRNA, cells
were treated with the transcriptional inhibitor actino-
mycin D. In the absence of insulin, actinomycin D
treatment resulted in a decrease in BCKD kinase
mRNA and protein levels (Fig. 2, lane 3). When acti-
nomycin D was added along with insulin, the amount
of transcription and translation products was dimin-
ished from that observed with insulin alone, but the
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ratio of insulin-treated cells vs. control (Fig. 2, lane 4
vs. lane 3) was 2.2 for mRNA and 1.9 for protein. The
data support the concept that insulin action does not
affect transcription of the BCKD kinase gene. Tran-
scription rate was also analyzed by luciferase reporter
assays with the use of three different BCKD kinase
promoter/firefly luciferase constructs (described in
METHODS) that were cotransfected with Renilla lucif-
erase control vectors (pRL-tk, pRL-SV40, and pRL-
CMV). All three of the Renilla luciferase plasmids
demonstrated increased activity in response to insulin
treatment, similar to that seen for luciferase, thus
hindering the ability to normalize experimental values
for transfection efficiency. A previous report by Hwang
and Ismail-Beigh (27) used luciferase reporter con-
structs to study the effect of hyperosmolarity on gene
expression in these rat cells. They report no effect on
the Renilla expression (27). In our study, if luciferase
activity in insulin-treated cells was not normalized to
the Renilla expression, an increased luciferase activity
was found in cells incubated in serum-free media sup-
plemented with insulin. Together, the results suggest
that insulin does not significantly alter the transcrip-
tion rate of the BCKD kinase gene, and thus the
observed increase in steady-state concentration of
BCKD kinase mRNA and protein is more likely due to
a change in stability and/or processing of these compo-
nents. The putative mechanisms for this change were
not investigated in this study.

To determine the insulin-signaling pathway(s) in-
volved in the observed changes, cells were pretreated
with LY-294002, which inhibits phosphatidylinositol
3-kinase (PI 3-kinase); rapamycin, which inhibits mTOR
and activates p70S6k; or PD-98059, which inhibits mi-
togen-activated protein or extracellular signal-regu-
lated kinase (MEK) activation (Fig. 3). All inhibitors
act downstream from insulin receptor binding. LY-
294002 blocks PI 3-kinase by binding to the p110
subunit and in these studies blocked the increase in
BCKD kinase mRNA in response to insulin. BCKD
activity state in cells treated with both LY-294002 and
insulin was similar to that in serum-starved cells,
indicating that blocking the insulin effect on BCKD
kinase levels prevented phosphorylation of BCKD (Fig.
3). PI 3-kinase action causes increased phosphoryla-
tion of PKB/Akt, a serine/threonine kinase that medi-
ates selected downstream effects of PI 3-kinase. Under
these conditions, LY-294002 treatment decreased the
phosphorylated form of PKB/Akt (observed by Western
blot) in the insulin-treated cells to the level of phos-
phorylated Akt seen in the serum-starved cells (data
not shown).

The activation of p70S6k is thought to be downstream
of PI 3-kinase and is sensitive to rapamycin (45). Rapa-
mycin treatment caused a partial inhibition of the insu-
lin-stimulated increase of BCKD kinase mRNA. These
results suggested that both a rapamycin-sensitive and

Fig. 1. Branched-chain ketoacid dehydrogenase (BCKD) activity state in serum-starved rat cells treated with 100
nM insulin. Enzyme assay was done 20 h after addition of insulin, and the activity state, indicated as the darker
portion in each bar and expressed as %, was calculated as described in METHODS.
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a rapamycin-insensitive pathway may be functioning
to produce the observed response to insulin.

Inhibition of MEK (Ras/mitogen-activated protein
kinase pathway) by treatment with the inhibitor
PD-98059 appeared to have no effect on the insulin-
produced increase of BCKD kinase mRNA and the
protein expression (data not shown). This could be due
to the fact that MEK is already activated, in which case
PD-98059 addition would not be inhibitory. The MEK
pathway is thought to be active in liver cell survival in
serum-depleted medium (39). Data in Fig. 4 demon-
strate that the activity state of the BCKD complex was
normalized when inhibitors were present along with
insulin treatment. Insulin may still have some effect
in the presence of the rapamycin (see lanes 4 and 6 in
Fig. 4).

DISCUSSION

In the liver, insulin promotes glycogen synthesis,
prevents gluconeogenesis, and is antiproteolytic. The
presence of insulin creates an anabolic state where the
liver requires BCAA for protein synthesis and there-
fore BCAA catabolism must be slowed. Our data indi-
cated that insulin upregulated BCKD kinase levels in

cultured rat cells with a concomitant decrease in
BCKD activity state. Both BCKD kinase mRNA and
protein steady-state concentrations were elevated
above control when insulin was present in the culture
medium of these rat cells. A major consequence of the
induction of BCKD kinase expression by insulin is the
preservation of cellular leucine concentration. Because
leucine has protein-preserving properties, it appears
that leucine acts in concert with insulin to prevent
protein degradation through activation of a signaling
pathway involving mTOR (50).

Perusal of the nucleic acid sequence in the rat BCKD
kinase putative promoter identified four potential in-
sulin response sequence (IRS) sites, with the canonical
sequence TATTTTG found at position �190/�196,
�248/�254, �421/�427, and �597/�603 (26). This
element is reported to downregulate gene expression
(24). No regions corresponding to the hepatocyte nu-
clear factor-3� sites reported to be involved in upregu-
lation of genes in response to insulin were apparent in
the BCKD kinase promoter (23). Still, the initial obser-
vation of increased expression of BCKD kinase could
result from increased transcription of this gene. None
of the data assessing transcription rates demonstrated
an upregulation in response to insulin. Indeed, the
observed increase in BCKD kinase expression was best
explained by mRNA and/or protein stabilization. Pre-
vious studies have shown that insulin can stabilize
mRNA, but the mechanism has not been determined
(41). We previously have shown that these rat cells
responded to deprivation of BCAA by increased trans-
lation of BCKD kinase mRNA without changing mRNA
levels (17). Rat cells deprived of BCAA for 5 days had a
greater amount of BCKD kinase mRNA associated
with polyribosomes, indicating that translation of
BCKD kinase was increased. The current results sug-
gest that the effect of insulin on BCKD kinase expres-
sion is due to posttranscriptional events.

Insulin is known to increase translation through
activation of translation initiation and elongation fac-
tors (29, 45). The insulin effects seen here were likely
dependent on receptor binding, since both the insulin
binding and insulin response were lost as the cell
doubling increased (data not shown). The signaling
pathway depended on PI 3-kinase activation, since
LY-294002, a known inhibitor of PI 3-kinase, completely
blocked the insulin response of increased in BCKD
kinase expression. PI 3-kinase activates PKB/Akt, lead-
ing to the phosphorylation and inhibition of GSK-3 or
the stimulation of mTOR and p70S6k, which are sensi-
tive to inhibition by rapamycin (45, 53). By inhibition
of PI 3-kinase, mTOR is also blocked, since it is down-
stream of PI 3-kinase (50). However, the action of insu-
lin does not occur solely through the mTOR pathway,
since rapamycin only partially inhibited the induction
of BCKD kinase expression. Stimulation of PKB/Akt,
p70S6k, or both via PI 3-kinase activation could lead to
increased translation of BCKD kinase (29). Activation
of the translation initiation factor eIF2B has been
shown to occur through PI 3-kinase activation. Insulin

Fig. 2. Effect of insulin administration on expression of BCKD ki-
nase mRNA (A) and protein (B). Values shown above each lane are
based on densitometry measurements and calculated relative to the
densitometry values of 18S in each lane. The values reported are
normalized to lane 1 volumes. Steady-state level of BCKD kinase
mRNA, assessed by Northern blot, reflected a relative increase of
2.1 
 0.5 averaged over 4 independent studies (lane 2 vs. lane 1).
Steady-state protein was assessed by Western blot with a relative
increase of 2.6 
 1.4 averaged from 5 independent studies (P � 0.03
by 1-sided t-test; lane 2 vs. lane 1). Note the ability of actinomycin D
to block the insulin-stimulated expression of BCKD kinase mRNA
and protein (lanes 3 and 4). The ratio of lane 4 to 3 is 2.2 for the
Northern blot and 1.9 for the Western blot.

E857INSULIN EFFECTS ON BCKD-KINASE EXPRESSION

AJP-Endocrinol Metab • VOL 283 • OCTOBER 2002 • www.ajpendo.org



signaling that results in activation of p70S6k has been
shown to increase translation of mRNA through acti-
vation of eukaryotic elongation factor eEF2. Finally,
both the PI 3-kinase-activated PKB/Akt pathway and
mTOR pathway lead to increased translation through
increased phosphorylation of 4E-BP1, which causes
release and activation of the translation initiation fac-
tor eIF4E. Association of mRNA with ribosomes can act
to stabilize the transcript. These rat cells could use a
combination of any of these pathways to produce the
observed increase in BCKD kinase expression.

Control of BCKD kinase expression is an important
regulatory point in BCAA catabolism. In catabolic
states such as diabetes, sepsis, cachexia, and aging,
where proteolysis is accelerated, it may be possible to
boost BCKD kinase levels to decrease the activity state
of BCKD and prevent accelerated protein catabolism.
We have shown that insulin can increase expression of
BCKD kinase in rat cells. Further studies in other
tissues will provide a better understanding of the tis-
sue-specific regulation of BCKD kinase expression. By
understanding how BCKD kinase expression is regu-

Fig. 3. Effect of inhibitors of signal transduc-
tion on the ability of insulin to increase
steady-state levels of BCKD kinase mRNA. A:
relative concentration of the BCKD kinase
mRNA quantified by densitometry and pre-
sented as the average 
 SE from 2 inde-
pendent experiments. B: autoradiograph of
BCKD kinase mRNA and 18S RNA. Insulin
was present along with the indicated inhibi-
tor. Concentrations of reagents are described
in METHODS. BC, branched-chain.

Fig. 4. Activity state of BCKD in the presence of insulin
and the various inhibitors. %BCKD in the active state
is indicated by the darker portion in each bar.
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lated in a nondisease state, it may be possible to iden-
tify what regulatory factors are disrupted in catabolic
diseases and develop therapies to counteract this con-
dition.

Special thanks are given to Dr. S. R. Price for helpful discussions
and experimental protocols.
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