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Role of Protein Kinase C in the Translational Regulation of
Lipoprotein Lipase in Adipocytes*

(Received for publication, July 9, 1998, and in revised form, January 20, 1999)

Gouri Ranganathan‡, Rami Kaakaji, and Philip A. Kern

From the Department of Medicine, Division of Endocrinology, University of Arkansas for Medical Sciences
and The John L. McClellan Veterans Affairs Medical Center, Little Rock, Arkansas 72205

The hypertriglyceridemia of diabetes is accompanied
by decreased lipoprotein lipase (LPL) activity in adipo-
cytes. Although the mechanism for decreased LPL is not
known, elevated glucose is known to increase diacyl-
glycerol, which activates protein kinase C (PKC). To
determine whether PKC is involved in the regulation of
LPL, we studied the effect of 12-O-tetradecanoyl phorbol
13-acetate (TPA) on adipocytes. LPL activity was inhib-
ited when TPA was added to cultures of 3T3-F442A and
rat primary adipocytes. The inhibitory effect of TPA on
LPL activity was observed after 6 h of treatment, and
was observed at a concentration of 6 nM. 100 nM TPA
yielded maximal (80%) inhibition of LPL. No stimulation
of LPL occurred after short term addition of TPA to
cultures. To determine whether TPA treatment of adi-
pocytes decreased LPL synthesis, cells were labeled
with [35S]methionine and LPL protein was immunopre-
cipitated. LPL synthetic rate decreased after 6 h of TPA
treatment. Western blot analysis of cell lysates indicated
a decrease in LPL mass after TPA treatment. Despite
this decrease in LPL synthesis, there was no change in
LPL mRNA in the TPA-treated cells.

Long term treatment of cells with TPA is known to
down-regulate PKC. To assess the involvement of the
different PKC isoforms, Western blotting was per-
formed. TPA treatment of 3T3-F442A adipocytes de-
creased PKC a, b, d, and e isoforms, whereas PKC l, u, z,
m, i, and g remained unchanged or decreased minimally.
To directly assess the effect of PKC inhibition, PKC in-
hibitors (calphostin C and staurosporine) were added to
cultures. The PKC inhibitors inhibited LPL activity rap-
idly (within 60 min). Thus, activation of PKC did not
increase LPL, but inhibition of PKC resulted in de-
creased LPL synthesis by inhibition of translation, indi-
cating a constitutive role of PKC in LPL gene
expression.

Lipoprotein lipase (LPL)1 is a central enzyme in lipid metab-
olism that is expressed primarily in adipose tissue and muscle
(1). The regulation of lipoprotein lipase is complex and regula-

tion may occur at the transcriptional, translational, and post-
translational levels (2). LPL activity is decreased in the adipose
tissue of patients with diabetes. After treatment to control
hyperglycemia in both type I and type II diabetes, there is an
increase in LPL activity (3, 4), along with an increase in LPL
synthetic rate with no change in LPL mRNA, suggesting reg-
ulation at the level of translation (5). Similar observations have
been made in experimental models of insulin-deficient diabetic
rats. Whereas short term insulin treatment of insulin-deficient
rats increased LPL protein more than LPL mRNA, prolonged
insulin treatment increased both LPL protein and LPL mRNA
levels (6).

Glucose and insulin modulate protein kinase C (PKC) activ-
ity in rat adipocytes (7). Hyperglycemia is known to increase
cellular diacylglycerol (DAG), which in turn is the natural
activator of PKC. Elevated DAG, resulting in PKC activation
has been identified in insulin-deficient diabetic adipose tissue
(8–10). The role of hyperinsulinemia and hyperglycemia in the
activation of PKC isoforms and involvement in insulin resist-
ance has been studied in various animal models of diabetes
(11). PKC is present in the soluble cytoplasmic fraction in cells
prior to stimulation, and the treatment of cells with the phorbol
ester 12-O-tetradecanoyl phorbol 13-acetate (TPA) resulted in
activation and translocation of PKC to the membrane. TPA
activates PKC by interacting with the DAG binding site (12),
although the degree of stimulation of PKC by TPA is much
greater than the induction by DAG. However, prolonged treat-
ment with phorbol ester can down-regulate PKC activity and
PKC protein by depleting cellular PKC protein (13, 14).

The eleven related isoforms of PKC have been described and
can be classified into three subgroups, depending on the re-
quirement for diacylglycerol, phospholipid, and calcium for ac-
tivation. These isoenzymes are characterized by differences in
their four domains, the regulatory domains, C1 and C2, and the
catalytic domains, C3 and C4 (15). Each PKC isoform has a
distinct tissue distribution and physiological function. Recent
studies indicate that PKC isoforms b and d are activated pref-
erentially in the vasculature of diabetic animals. However,
other PKC isoforms are also increased in the glomeruli and
retinal tissues isolated from diabetic animals and in cells cul-
tured in the presence of high glucose (16, 17).

In this study, the effect of PKC activation and depletion by
TPA on LPL activity was examined in adipocytes. Although
stimulation of PKC did not increase LPL, depletion or inhibi-
tion of PKC resulted in a decrease in LPL translation. These
data suggest that PKC plays a vital role in the expression of
LPL activity in adipocytes.

MATERIALS AND METHODS

Cell Culture and Differentiation—3T3-F442A cells were obtained
from Dr. Howard Green (Harvard Medical School, Boston, MA). The
cells were maintained in Dulbecco’s modified Eagle’s medium, supple-
mented with 10% calf serum (Life Technologies, Inc.). For experiments,
the cells were grown to confluence in 12-well cluster plates, and differ-
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entiated by incubation in medium with 10% fetal calf serum containing
100 nM insulin for 5–7 days.

Differentiated adipocytes were treated with the indicated concentra-
tion of TPA dissolved in 1 ml of Me2SO in 1 ml of culture medium.
Control cells received the same amount of Me2SO. PKC inhibitors
staurosporine and calphostin C were purchased from Calbiochem. Stau-
rosporine and calphostin C stock solutions were made in Me2SO at
1,0003 concentration. Calphostin C was activated after addition to the
culture medium by exposure to light for 10 min as recommended by the
manufacturer.

Measurement of LPL Activity—Heparin releasable and extractable
LPL were prepared as described previously (18). To measure heparin
releasable LPL, the medium was aspirated, and cells were treated with
10 units/ml of heparin in Dulbecco’s modified Eagle’s medium for 45
min at 37 °C. After collecting this fraction, the cell layer was extracted
in a detergent-containing buffer (19). LPL catalytic activity was meas-
ured as described previously (20). Samples were incubated with emul-
sified substrate containing [3H]triolein and human serum as a source of
apo C-II for 45 min at 37°. LPL activity has been expressed as nano-
moles of free fatty acid (FFA) released/hr/mg of cell protein.

LPL Synthetic Rate—The synthetic rate of LPL was measured in
control and TPA-treated adipocytes by pulse labeling the cells for the
specified time intervals with [35S]methionine (100 mCi/ml). The unin-
corporated label was aspirated, and the total cellular proteins were
extracted in lysis buffer containing 50 mM phosphate buffer, pH 7.4, 2%
deoxycholate, 1% SDS, 20 mM phenylmethylsulfonyl fluoride, 2 mM

leupeptin, and 2 mM EDTA. Labeled LPL was immunoprecipitated
using LPL specific polyclonal antibodies described earlier (21). Immu-
noprecipitated samples were analyzed on 10% SDS-PAGE followed by
autoradiography as described earlier (22).

RNA Extraction and Northern Blotting—RNA was extracted from
adipocytes using the method of Chomczynski and Sacchi (23). Equal
amounts of total RNA from the various treatment groups were analyzed
using 2.2 M formaldehyde, 1% agarose gels. Northern blots were probed
with the 32P-labeled hLPL cDNA (24) and glyceraldehyde-3-phosphate
dehydrogenase cDNA probe as described by us previously (22, 25).
Previous studies involving murine LPL, including 3T3-F442A adipo-
cytes have yielded two RNA species at 3.2 and 3.6 kilobases because of
the two alternative sites of polyadenylation (26, 27).

Western Blot Analysis—The cell layer was rinsed in ice-cold phos-
phate buffered saline and total protein was extracted using the cell lysis
buffer described above. The lysates were centrifuged at 1,500 3 g for 15
min to separate the insoluble debris. Proteins were fractionated using
10% SDS-PAGE. Samples containing 15 mg of total protein were elec-
trophoresed for Western blot analysis and transferred onto nitrocellu-
lose membranes using 300 mA current for 2–3 h. Membranes were
treated with 20 mM Tris/HCl, pH 7.6, 150 mM NaCl, 0.2% Tween 20, and
5% nonfat dry milk overnight at 4° C.

Detection of LPL Protein—LPL polyclonal antibody (rabbit) was a
generous gift from Dr. Ira Goldberg (Columbia University, New York,
NY). Anti-rabbit horseradish peroxidase conjugate was obtained from
Sigma Chemical Company. The primary antibody was used at 1:2,000
dilution and the secondary at 1:5,000. Membranes were washed exten-
sively with Tris buffer containing 0.1% Tween 20 to remove the excess

of primary or secondary antibody. The LPL protein was detected using
chemoluminescence reagents (Amersham Pharmacia Biotech).

Detection of PKC Isoforms—The isoform specific primary and second-
ary antibodies were purchased from Transduction Laboratories, Lex-
ington, KY. The primary antibodies were used at 1:1,000 dilution and
the secondary antibody at 1:5,000 dilution. Membranes were washed,
and the PKC protein bands were detected using chemoluminescence.

Data Analysis—All experiments were performed in triplicate with
triplicate wells in each, and data are expressed as mean 6 S.E.

RESULTS

Effect of TPA Treatment on LPL Activity—3T3-F442A adipo-
cytes were treated with 100 nM TPA for varying time intervals.
As shown in Fig. 1, heparin releasable LPL activity was inhib-
ited by TPA treatment. Although there was no significant de-
crease in activity during the first 60 min of treatment with 100
nM TPA, LPL activity began to diminish after 3 h of treatment
and was inhibited by 80% after 6 h of treatment with TPA
(control, 1.06 6 0.1; TPA treated, 0.158 6 0.025 mmol of FFA/
hr/mg of protein). Overnight treatment with TPA had no addi-
tional inhibitory effect on LPL activity. More than 75% of the
total LPL activity was found in the heparin releasable fraction
of 3T3-F442A adipocytes. Total extractable LPL activity was
also inhibited 82% in TPA-treated cells (control, 1.6 6 0.1; TPA
treated, 0.280 6 0.08 mmol of FFA/hr/mg of protein). In addi-
tion to studying 3T3-F442A adipocytes, primary cultures of rat
adipocytes were examined, and TPA inhibited heparin releas-
able LPL activity, but to a lesser degree than in 3T3-F442A
cells. After overnight treatment of rat adipocytes with 100 nM

TPA, control and TPA-treated LPL activity was 44.6 6 5.1 and
31.1 6 2.9 nmol of FFA/hr/106 cells, respectively.

To study the dose response of TPA, cells were treated with
increasing concentrations of TPA. As indicated in Fig. 1B the
inhibition of LPL activity was dose-dependent and 6 nM TPA
inhibited LPL activity by 30%. The inhibition increased with
increasing concentration of TPA and was maximal at 100 nM

TPA.
To determine whether the decrease in LPL activity in re-

sponse to TPA treatment resulted from a decrease in LPL
mRNA levels, cells were treated with 100 nM TPA for varying
time intervals, followed by RNA extraction and Northern blot
analysis. The addition of TPA had no inhibitory effect on LPL
mRNA levels as shown in Fig. 2. LPL mRNA remained the
same at all the time points studied. The same blot was also
probed for glyceraldehyde-3-phosphate dehydrogenase mRNA
as a control for equal loading of RNA. The expression of glyc-
eraldehyde-3-phosphate dehydrogenase mRNA did not change
with TPA treatment.

FIG. 1. Effect of TPA on LPL activity in 3T3-F442A adipocytes. A, cells were grown to confluence in 12-well culture dishes and
differentiated for 5–6 days. They were treated with 100 nM TPA for the specified time intervals. Heparin releasable LPL activity was measured
as described under “Materials and Methods.” LPL activity in control adipocytes was 1.06 6 0.1 mmol of FFA/hr/mg of protein. B, dose response to
TPA on LPL activity in 3T3-F442A adipocytes. Differentiated cells were treated with varying doses of TPA ranging from 3 to 200 nM for 6 h, and
heparin releasable LPL activity was measured. LPL activity in control adipocytes was 0.63 6 0.1 mmol of FFA/hr/mg of protein. All data represent
the results of three experiments performed in quadruplicate.
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Because TPA treatment did not decrease LPL mRNA, the
decrease in LPL activity following TPA treatment could result
from either a decrease in synthetic rate of LPL or a change in
LPL posttranslational processing. To determine whether TPA
treatment decreased LPL synthetic rate, control and TPA-
treated adipocytes were pulse labeled with [35S]methionine for
30 min, and LPL was immunoprecipitated. As shown in Fig.
3A, LPL synthetic rate was decreased by 75–80% with 6 h of
TPA treatment as compared with the untreated control. To
assess total LPL immunoreactive mass, total cell lysates from
control, and TPA-treated cells were analyzed for LPL protein
by Western blot analysis. As shown in Fig. 3B, LPL mass was
decreased in both 6- and 16-h TPA-treated lysates.

The decreased [35S]methionine incorporation described
above could have been due to a decrease in LPL translation, or
to an increase in LPL degradation. To determine whether there
were any effects of LPL degradation, we performed [35S]methi-
onine pulse labeling for 10, 20, 30, and 40 min, followed by
immunoprecipitation of LPL. As shown in Fig. 4, [35S]methi-
onine incorporation into LPL was linear in both control and
TPA-treated cells, and there was a 50–60% decrease in LPL
synthesis in the TPA-treated cells at all time intervals. Thus,
the decrease in LPL synthesis in the TPA-treated cells at the
shorter (10 and 20 min) pulse labeling times, and the linear
incorporation into both control and TPA-treated cells, indicate
that the decrease in LPL activity resulted from a decrease in
LPL translation, and not from an increase in LPL degradation.

To study the effect of prolonged TPA treatment on the ex-
pression of PKC isoforms, 3T3-F442A adipocytes were treated
with TPA, and total cell lysates were analyzed using Western
blots. As shown in Fig. 5, TPA treatment decreased the expres-
sion of PKC a, b, d, and e within 6 h of treatment, and overnight
treatment resulted in a further decrease, such that isoforms a,
d, and e were undetectable. PKC isoforms m, l, and z remained
unchanged with TPA treatment. Isoforms i and g were not
detectable in 3T3-F442A adipocytes.

To examine earlier times after addition of TPA, 3T3-F442A
adipocytes were treated with 100 nM TPA, and total cell lysates
were analyzed using Western blots. As shown in Fig. 6, there
were small decreases in all PKC isoforms at 2 h and much
greater decreases at 4 and 6 h of TPA treatment. In addition,
we observed an increase in the expression of isoforms a and d
after 30 min of TPA treatment (data not shown). As described
in Fig. 1, there was no significant change in LPL activity until

2.5–3 h after TPA treatment. Thus, the decrease in PKC iso-
forms, as demonstrated by Western blotting, occurred at the
same time as the decrease in LPL activity.

Because prolonged TPA treatment of cells is known to de-
plete PKC (28), we examined the effect of directly inhibiting
PKC activity using PKC inhibitors. The addition of staurospo-
rine (1 mM) inhibited LPL activity by 50%, compared with
control cells. In contrast to TPA, which required several hours
to inhibit LPL, the inhibitory effect of staurosporine was ob-
served within 60 min of addition (data not shown). To further
demonstrate the effect of PKC inhibition on LPL, calphostin C,
which is a more specific inhibitor of PKC, was added to 3T3-
F442A adipocytes. As shown in Fig. 7A, LPL activity was
inhibited by calphostin C, and this inhibition occurred quickly.
Following the addition of 1 mM calphostin C, LPL activity was
inhibited by 30% in 30 min and 75% in 2 h. Inhibition of LPL
activity by calphostin C increased with increasing concentra-
tions with maximal inhibition of LPL by 2 mM calphostin C (Fig.
7B).

DISCUSSION

LPL hydrolyzes the triglyceride core of lipoproteins and is
subject to regulation by a number of different hormones (2).
The physiologic regulators of LPL include catecholamines,
which inhibit adipose lipid accumulation during periods of ac-
tive lipolysis (e.g. fasting), and insulin, which stimulates LPL
in concert with an inhibition of lipolysis (e.g. after a meal). A
number of studies have demonstrated that the regulation of
LPL is complex. Under some conditions, levels of LPL mRNA
are regulated, whereas other times there is regulation of LPL
translation, or posttranslational processing (2). Regulation of
LPL translation has been demonstrated in response to several
conditions, including glucose (29), thyroid hormone (30, 31),
epinephrine (32–34), and in response to improved diabetes
control (5, 6). In all of these instances, there was no change in
LPL mRNA expression, but the synthetic rate of LPL was
altered, resulting in decreased LPL activity. In this study we
report that expression of LPL activity in adipocytes is de-
creased by depletion of PKC, and that this inhibition of LPL
takes place at the level of translation.

To determine whether PKC was involved in the regulation
of LPL activity in adipocytes, we studied the effect of TPA,
which can mimic in part the effect of DAG, the natural ligand
for PKC (35). The activation of PKC is an immediate response

FIG. 2. Effect of TPA treatment on LPL mRNA in 3T3-F442A
adipocytes. The cells were treated with 100 nM TPA for the specified
time interval. Total RNA was extracted and analyzed using Northern
blot analysis. Densitometric analysis of the autoradiograms indicates
no change in the intensity of LPL and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) bands. The data shown represent one of two
experiments.

FIG. 3. Effect of TPA on LPL synthesis in 3T3-F442A adipo-
cytes. A, the cells were treated with TPA (100 nM) for 6 h and pulse
labeled with [35S]methionine. Equal trichloroacetic acid precipitable
counts were immunoprecipitated using anti-LPL antibodies and ana-
lyzed on 10% SDS-PAGE. The data shown represents one of three
experiments. B, Western blots were performed after TPA treatment on
total cell lysates. The data shown represent one of three experiments.
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to TPA, and occurs within 30 min (36, 37). We observed that
TPA treatment caused no significant change in LPL activity
during this time interval. The inhibitory effect of TPA on LPL

activity, however, was evident after longer treatment with
TPA. Long term treatment with TPA is known to decrease
PKC in several cell types (38). Phorbol ester-induced down-
regulation of PKC has been documented in several studies
and is mainly due to increased rate of degradation (39, 40).
For example, Shea et al. (41) demonstrated that with pro-
longed TPA treatment of human neuroblastoma cells, the
rate of degradation of PKC-a is faster than the rate of syn-
thesis, which resulted in the depletion of PKC protein. To
demonstrate that the inhibitory effects of TPA on LPL were
caused by PKC depletion, we directly inhibited PKC with
specific inhibitors. This resulted in inhibition of LPL activity.
We also demonstrated the depletion of several PKC isoforms
by Western blotting. Thus, depletion of PKC or direct inhibi-
tion using PKC inhibitors inhibited LPL activity, indicating
that physiological levels of active PKC play a vital role in the
regulation of LPL activity. Because stimulation of PKC did
not stimulate LPL, our data suggest that PKC must play a
constitutive role to maintain LPL synthesis.

In our previous studies (32, 33), we have demonstrated that
LPL translation is regulated by an RNA-binding protein that is
stimulated by catecholamines, and binds to the 39-untranslated
region of the LPL mRNA. Other examples of regulatory RNA-
binding proteins have involved phosphoproteins (42), and thus
it is possible that PKC may alter LPL translation through the
phosphorylation of a protein intermediate. Phorbol esters trig-
ger phosphorylation and activation of RAF1, which is a 75-kDa
phosphoprotein with intrinsic kinase activity and is an impor-
tant physiological substrate for PKC a (43). Activated RAF
functions as a kinase kinase and triggers signaling proteins
including cytosolic enzymes like S6 kinase.

The role of PKC in the phosphorylation and regulation of
neuromodulin and neurogranin, and other nuclear RNA-bind-
ing proteins which regulate translational initiation, splicing
and ribosomal assembly has been described recently (44). PKC
phosphorylation of these proteins inhibits their binding to their
target RNA in vitro. It is possible that PKC may play a similar
role in the regulation of LPL activity. PKC could be involved in
the phosphorylation of regulatory proteins that are involved in
the translation of LPL. Depletion of PKC may dephosphorylate
the binding protein and inhibit LPL activity.

PKC plays a vital role in other aspects of gene expression and

FIG. 4. Effect of TPA on LPL syn-
thetic rate in 3T3-F442A adipocytes.
The cells were treated with TPA (100 nM)
for 16 h and pulse labeled with [35S]me-
thionine for the indicated time intervals.
Equal TCA precipitable counts were im-
munoprecipitated using anti-LPL anti-
bodies and analyzed on 10% SDS-PAGE.
A, autoradiograph of the immunoprecipi-
tated LPL protein; B, densitometric anal-
ysis of the image.

FIG. 5. Depletion of PKC isoforms in response to prolonged
TPA treatment. Cells were treated with 100 nM TPA for 6 or 16 h. 20
mg of total cell protein was analyzed using Western blot analysis for the
presence of various PKC isoforms using specific antibodies (see “Mate-
rials and Methods”).

FIG. 6. Depletion of PKC isoforms in response to TPA treat-
ment. Cells were treated with 100 nM TPA for 2, 4, 6, and 16 h. 20 mg
of total cell protein were analyzed using Western blotting for the pres-
ence of PKC isoforms using specific antibodies.
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insulin signaling in 3T3-L1 adipocytes (45). Depletion of PKC
by prolonged treatment of adipocytes with TPA resulted in an
activation of GTPase-activating protein and inhibition p21ras

GTP loading (substitution of GTP for GDP on p21ras), which
results in an alteration of insulin action. Another mechanism
by which PKC alters insulin action may involve serine phos-
phorylation on the C-terminal domain of the insulin receptor,
which results in a decrease in insulin receptor tyrosine kinase
activity, and a decrease in insulin signaling (46).

In this study, we demonstrated that PKC depletion results in
a decrease in LPL translation. PKC is an important regulatory
protein involved in catalyzing specific substrate phosphoryla-
tion in eukaryotic cells (35), and may be relevant to the changes
in LPL that occur with diabetes. LPL activity is decreased in
the adipose tissue of patients and animals with both insulin-
deficient and insulin-resistant diabetes, and improved diabetes
control increased LPL activity (4–6, 47). Elevated blood glu-
cose levels stimulates the production of DAG in many cells,
including adipocytes (36, 48). One would expect that glucose-
mediated increases in DAG would activate PKC, and hence
maintain LPL expression. Perhaps such is the case under nor-
mal fasting/feeding conditions where elevations in blood glu-
cose are modest and transient. With diabetes, however, where
blood glucose is chronically elevated, it is possible that the
elevated DAG, or perhaps some related mechanism, results in
a down-regulation of PKC and hence an inhibition of LPL
expression.

In summary, we have demonstrated that the depletion of
PKC in adipocytes resulted in a decrease in LPL translation,
although the stimulation of PKC did not affect LPL. These data
suggest that PKC is necessary for the normal constitutive
expression of LPL and may provide an important link to the
signal transduction events that regulate this important
enzyme.
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3. Taskinen, M.-R., and Nikkilä, E. A. (1979) Diabetologia 17, 351–357
4. Pfeifer, M. A., Brunzell, J. D., Best, J. D., Judzewitsch, R. G., Halter, J. B., and

Porte, D., Jr. (1983) Diabetes 32, 525–531
5. Simsolo, R. B., Ong, J. M., Saffari, B., and Kern, P. A. (1992) J. Lipid Res. 33,

89–95
6. Tavangar, K., Murata, Y., Pedersen, M. E., Goers, J. F., Hoffman, A. R., and

Kraemer, F. B. (1992) J. Clin. Invest. 90, 1672–1678
7. Draznin, B., Leitner, J. W., Sussman, K. E., and Sherman, N. A. (1988)

Biochem. Biophys. Res. Commun. 156, 570–575
8. Rouis, M., Dugi, K. A., Previato, L., Patterson, A. P., Brunzell, J. D., Brewer,

H. B., and Santamarina-Fojo, S. (1997) Arterioscler. Thromb. Vasc. Biol. 17,
1400–1406

9. Wijsman, E. M., Brunzell, J. D., Jarvik, G. P., Austin, M. A., Motulsky, A. G.,
and Deeb, S. S. (1998) Arterioscler. Thromb. Vasc. Biol. 18, 215–226

10. Xia, P., Inoguchi, T., Kern, T. S., Engerman, R. L., Oates, P. J., and King, G. L.
(1994) Diabetes 43, 1122–1129

11. Avignon, A., Yamada, K., Zhou, X., Spencer, B., Cardona, O., Saba-Siddique,
S., Galloway, L., Standaert, M. L., and Farese, R. V. (1996) Diabetes 45,
1396–1404

12. Niedel, J. E., Kuhn L. J., and Vandenbark, G. R. (1983) Proc. Natl. Acad. Sci.
U. S. A. 80, 36–40

13. Ballester, R., and Rosen, O. M. (1995) J. Biol. Chem. 260, 15194–15199
14. Borner, C., Eppenberger, U., Wyss, R., and Fabbro, D. (1988) Proc. Natl. Acad.

Sci. U. S. A. 85, 2110–2114
15. Hofmann, J. (1997) FASEB J. 11, 649–669
16. Haneda, M., Kikkawa, R., Sugimoto, T., Koya, D., Araki, S., Togawa, M., and

Shigeta, Y. (1995) J. Diabetes Complicat. 9, 246–248
17. Koya, D., and King, G. L. (1998) Diabetes 47, 859–866
18. Ranganathan, G., Ong, J. M., Yukht, A., Saghizadeh, M., Simsolo, R. B., Pauer,

A., and Kern, P. A. (1995) J. Biol. Chem. 270, 7149–7155
19. Iverius, P. H., and Ostlund-Lindqvist, A. M. (1986) Methods Enzymol. 129,

691–704
20. Nilsson-Ehle, P., and Schotz, M. C. (1976) J. Lipid Res. 17, 536–541
21. Goers, J. F., Petersen, M. E., Kern, P. A., Ong, J., and Schotz, M. C. (1987)

Anal. Biochem. 166, 27–35
22. Ong, J. M., Kirchgessner, T. G., Schotz, M. C., and Kern, P. A. (1988) J. Biol.

Chem. 263, 12933–12938
23. Chomczynski, P., and Sacchi, N. (1987) Anal. Biochem. 162, 156–159
24. Wion, K. L., Kirchgessner, T. G., Lusis, A. J., Schotz, M. C., and Lawn, R. M.

(1987) Science 235, 1638–1641
25. Ranganathan, G., and Kern, P. A. (1999) in Lipase and Phospholipase Proto-

cols (Doolittle, M. H., and Reue, K., eds) pp. 329–336, Humana Press, Inc.,
Totowa, NJ

26. Raisonnier, A., Etienne, J., Arnault, F., Brault, D., Noe, L., Chuat, J. C., and
Galibert, F. (1994) Comp. Biochem. Physiol. 385–398

27. Ranganathan, G., Davis, R., Yukht, A., Ong, J., and Kern, P. A. (1994) Circu-
lation 67th session (abstr.)

28. Ishizuka, T., Cooper, D. R., Arnold, T., Hernandez, H., and Farese, R. V. (1991)
Diabetes 40, 1274–1281

29. Ong, J. M., and Kern, P. A. (1989) J. Biol. Chem. 264, 3177–3182
30. Saffari, B., Ong, J. M., and Kern, P. A. (1992) J. Lipid Res. 33, 241–249
31. Kern, P. A., Ranganathan, G., Yukht, A., Ong, J. M., and Davis, R. (1996) J.

Lipid Res. 37, 2332–2340
32. Ranganathan, G., Vu, D., and Kern, P. A. (1997) J. Biol. Chem. 272, 2515–2519
33. Yukht, A., Davis, R. C., Ong, J. M., Ranganathan, G., and Kern, P. A. (1995)

J. Clin. Invest. 96, 2438–2444
34. Ong, J. M., Saffari, B., Simsolo, R. B., and Kern, P. A. (1992) Mol. Endocrinol.

6, 61–69
35. Liu, J. P. (1996) Mol. Cell. Endocrinol. 116, 1–29
36. Ishizuka, T., Hoffman, J., Cooper, D., Watson, J., Pushkin, D., and Farese, R.

(1989) FEBS Lett. 249, 234–238
37. Farese, R. V., Standaert, M. L., Francois, A. J., Ways, K., Arnold, T. P.,

Hernandez, H., and Cooper, D. R. (1992) Biochem. J. 288, 319–323
38. Adams, J., and Gullick, J. (1989) Biochem. J. 257, 905–911
39. Junco, M., Webster, C., Crawford, C., Bosca L., and Parker, P. J. (1994) Eur.

FIG. 7. Effect of PKC inhibitors on LPL activity. A, the cells were treated with increasing concentrations of calphostin C for 4 h and heparin
releasable LPL activity was measured. Control LPL activity was 3.15 6 0.23 mmol of FFA/hr/mg of protein. B, the cells were treated with 1 mM

calphostin C for varying time intervals, and heparin releasable LPL activity was measured as described under “Materials and Methods.” Control
LPL activity was 2.57 6 0.17 mmol of FFA/hr/mg of protein. All experiments were performed in triplicate and expressed as the mean 6 S.E.

Role of PKC in LPL Regulation9126



J. Biochem. 223, 259–263
40. Eto, A., Akita, Y., Saido, T. C., Suzuki, K., and Kawashima, S. (1995) J. Biol.

Chem. 270, 25115–25120
41. Shea, T. B., Beermann, M. L., Griffin, W. R., and Leli, U. (1994) FEBS Lett.

350, 223–229
42. Kwon, Y. K., and Hecht, N. B. (1993) Mol. Cell. Biol. 13, 6547–6557
43. Kolch, W., Heidecker, G., Kochs, G., Hummel, R., Vahidi, H., Mischak, H.,

Finkenzeller, G., and Marme, D. R. U. (1993) Nature 364, 249–252
44. Deloulme, J. C., Prichard, L., Delattre, O., and Storm, D. R. (1997) J. Biol.

Chem. 272, 27369–27377
45. Schubert, C., Carel, K., DePaolo, D., Leitner, W., and Draznin, B. (1996)

J. Biol. Chem. 271, 15311–15314
46. Lewis, R. E., Volle, D. J., and Sanderson, S. D. (1994) J. Biol. Chem. 269,

26259–26266
47. Pykalisto, O., Smith, P. H., and Brunzell, J. D. (1975) J. Clin. Invest. 56,

1108–1116
48. Craven, P. A., Davidson, C. M., and DeRubertis, F. R. (1990) Diabetes 39,

667–674

Role of PKC in LPL Regulation 9127


	Role of Protein Kinase C in the Translational Regulation of Lipoprotein Lipase in Adipocytes
	Repository Citation

	Role of Protein Kinase C in the Translational Regulation of Lipoprotein Lipase in Adipocytes
	Digital Object Identifier (DOI)

	Role of Protein Kinase C in the Translational Regulation of Lipoprotein Lipase in Adipocytes*
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


