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Insulin Regulates Hepatic Apolipoprotein B Production Independent of the
Mass or Activity of Akt1/PKB�

Crystal S. Au, Amy Wagner, Taryne Chong, Wei Qiu, Janet D. Sparks, and Khosrow Adeli

nsulin is known to be a downregulator of apolipoprotein B (apoB) via the phosphatidylinositol 3-kinase (PI3K) pathway. Akt,

lso known as protein kinase B (PKB), is a serine/threonine kinase downstream target of PI3K. Recent studies in the

ructose-fed hamster model of insulin resistance have shown that hepatic very-low-density lipoprotein (VLDL) secretion is

ssociated with reduced phosphorylation of Akt, suggesting a potential link between Akt expression and/or activity and apoB

roduction in hepatocytes. We hypothesized that overexpression of Akt1 downregulates apoB production. An expression

ector with a constitutively active form of Akt1 was transfected in the rat hepatoma McArdle cells (McA RH-7777), McA cells

tably expressing human apoB-15 and apoB-48 (15% and 48% of total apoB length), and human hepatoma HepG2. The

verexpressed Akt1 was phosphorylated at Ser473 independent of acute insulin stimulation, suggesting that it was catalyt-

cally active. Despite dosage-dependent overexpression of Akt1 in both McA and HepG2 cells, neither intracellular nor

ecreted protein mass of intact apoB or transfected human apoB-15/apoB-48 was significantly affected by high intracellular

evels of Akt1. Radiolabeling experiments also yielded no difference in the amount of newly synthesized apoB when

omparing transfected and mock-transfected cells. Transfection in conjunction with high-dose insulin did not significantly

ecrease the secretion of either apoB-100 or apoB-48 in McA cells, or apoB-100 in HepG2 cells. HepG2 cells were more

ensitive to the inhibitory effects of insulin on apoB secretion compared to McA cells, but neither model responded to Akt1.

verall, the data suggest that acute insulin-mediated inhibition of apoB may not be mediated by Akt1 and that insulin

ignaling molecules upstream of Akt1 may be more important in mediating control of apoB secretion.
2004 Elsevier Inc. All rights reserved.
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POLIPOPROTEIN B (apoB) is an essential component of
the highly atherogenic very-low-density lipoproteins

VLDL) (reviewed in).1 In fact, apoB and VLDL are assembled
n a 1:1 ratio,2 and therefore the amount of apoB is directly
orrelated with the level of atherosclerotic particles in circula-
ion. It has been well established that insulin is a key regulator
f apoB in various models,3-10 although the exact mechanism
emains unknown. It is believed that apoB is not regulated to a
arge extent at the transcriptional level as the cellular levels of
poB mRNA seemed unaffected by various stimuli including
nsulin.8,11 Studies in rat hepatocytes first shed light on the

echanism of insulin inhibition of apoB secretion. Using the
hosphatidylinositol 3-kinase (PI3K) inhibitor wortmannin, the
nsulin effect on apoB secretion was abolished, suggesting that
nsulin inhibits apoB secretion via the PI3K pathway.12 In
ddition, insulin increased PI3K activity associated with insulin
eceptor substrate-1 (IRS-1) and significantly increased the
mount of PI3K present in endoplasmic reticulum (ER), the
ocation of apoB biogenesis.13 Furthermore, brefeldin A, an
nhibitor of protein transport from ER to Golgi, inhibited apoB
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ecretion, suggesting that the export of apoB from ER was
equired in the insulin effect.12

Akt, also known as protein kinase B (PKB), is a serine/
hreonine kinase downstream target of PI3K.14,15 This kinase
as multiple roles in the cell, including the mediation of insulin
esponse and cell survival signalling.16 Three isoforms have
een identified thus far in the mammalian cells: Akt1,17,18

kt2,19,20 and Akt3.21,22 All three isoforms are expressed ubiq-
itously but differentially in tissues and during developmental
tages.16 Activation pattern of the isoforms also differs depend-
ng on the tissue.23 At present, the biological significance of
hese isoforms is unclear.

At the N-terminal region of Akt there is a pleckstrin homol-
gy (PH) domain, which serves as a membrane-targeting mod-
le.24 The PH domain has been shown to bind to phospholip-
ds,25,26 specifically phosphatidylinositol-3,4,5-trisphosphate
PtdIn(3,4,5)P3]27 and phosphatidylinositol-3,4-bisphosphate
PtdIn(3,4)P2].28-30 For Akt1, phosphorylation at 2 residues,
hr308 and Ser473, must occur to activate the kinase.31 The
rst step towards activation is the translocation of Akt to the
lasma membrane in a 3� phosphoinositide lipid-dependent
anner, such as that elicited by insulin-like growth factor-1

IGF-1)24 or insulin.32,33 The translocation to the plasma mem-
rane promotes Ser473 phosphorylation, which is in turn nec-
ssary for PDK1-mediated phosphorylation of Thr308.34 The
ecessity for translocation to occur has been exploited in con-
truction of a constitutively active Akt, which contains a src
yristoylation sequence directing the kinase to the plasma
embrane.32,35

Many studies support the idea that Akt plays an essential role
n insulin signaling via the PI3K pathway. In 3T3-L1 adipo-
ytes, a constitutively active Akt could stimulate glucose up-
ake and translocation of GLUT4.32,35 Single-gene knockout

ice deficient in Akt2 are impaired in many aspects of insulin
ignaling, exemplified by high blood glucose despite high se-
um insulin, low glucose disposal, and decreased rate of glu-

36
ose uptake.
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229INSULIN REGULATES ApoB INDEPENDENT OF Akt1
In insulin resistance, a pathological state in which response
o physiological insulin levels is perturbed, there are apparent
efects in signaling including decreases in insulin receptor
ass and kinase activity, and in the amount and phosphoryla-

ion of IRS-1 and -2, PI3K activity, glucose transporter trans-
ocation, and the activity of intracellular enzymes.37 In the
ructose-fed hamster, an animal model of insulin resistance and
yslipidemia, hepatic Akt phosphorylation for both Ser473 and
hr308 was significantly reduced relative to controls upon

nsulin stimulation, while the protein expression was increased
ue to compensation.38 Reduced Akt phosphorylation in the
ructose-fed hamster hepatocytes was accompanied by a sig-
ificant increase in VLDL–apoB secretion.38 Decreased Akt
ctivity has also been found in the insulin-resistant C57BL/Ksl-
epr db/db mice39 and glucose-induced insulin resistance ap-
ears to be associated with defective Akt activation.40 How-
ver, fatty acid–induced insulin resistance does not seem to
ffect Akt phosphorylation.41

Given the evidence that Akt is important in insulin signaling
ia the PI3K pathway and that the regulation of apoB by insulin
s also PI3K-dependent, it is feasible that Akt activation may
ediate the insulin modulation of apoB. As Akt1 is the most

tudied isoform, and evidence suggests that incubation of rat
epatocytes with insulin activates primarily Akt1 with very
mall effects on Akt2 and no effect on Akt3,23 Akt1 was chosen
s the isoform for the present study. Therefore, the primary
oal of this study was to overexpress a constitutively active
kt1 and determine the effects on apoB production. We hy-
othesized that overexpression of Akt1 would downregulate
poB synthesis and secretion in the rat hepatoma McArdle
McA) RH-7777, as well as in human hepatoma HepG2 cells.

MATERIALS AND METHODS

McA RH-7777 and HepG2 cells were obtained from ATCC (Man-
ssas, VA). Alpha minimal essential medium (�MEM) and Dulbecco’s
odified Eagle’s medium (DMEM) were purchased from Wisent

Montreal, Canada). DMEM and �MEM without methionine, cysteine
r glutamine were bought from Sigma (Oakville, Canada). Certified
rade fetal bovine serum (FBS), G418 antibiotic, and Lipofectamine
eagent were supplied by Invitrogen Life Technologies (Burlington,
anada). Bovine serum albumin, phenylmethyl sulfonyl fluoride

PMSF), and trypsin (tissue culture grade) were from Sigma. Trasylol
aprotinin) was acquired from Bayer (Etobicoke, Canada). [35S]methi-
nine protein labeling mixtures were purchased from PerkinElmer Life
ciences (Woodbridge, Canada). Prestained protein standards (rainbow
arkers) and Amplify were from Amersham (Baie d’Urfe, Canada).
ll chemicals used for sodium dodecyl sulfate polyacrylamide gel

lectropheresis (SDS-PAGE) were from BioRad (Mississauga, Can-
da). Polyclonal apoB antibodies were obtained from Midland Bio-
roducts (Boone, IA). Zysorbin was from Zymed Laboratories
Markham, Canada). Rabbit anti-mouse Akt and rabbit anti-phospho-
erine 473 Akt were obtained from Cell Signaling Technology (Bev-
rly, MA). Goat anti-rabbit IgG–horse radish peroxidase (HRP) sec-
ndary antibody was purchased from Sigma. Polyvinylidene difluoride
PVDF) membrane was obtained from PerkinElmer Life Science.

ell Culture

McA RH-7777 and stably transfected McA RH-7777 cells were
rown in culture flasks at 37°C, 5% CO2 in DMEM supplemented with
0% FBS and 100 U penicillin and 100 U streptomycin. For the stably

ransfected cells, 250 �g/mL of G418 was also added to the media. R
ells were passaged every 3 to 4 days. HepG2 cells were grown in
ulture flasks at 37°C, 5% CO2 in �MEM supplemented with 10% FBS
nd 100 U penicillin and 100 U streptomycin.

ransfection With Akt1 Construct

For experiments involving the transfection of cells with the Akt1
onstruct, cells were seeded at a density of 5 � 105 per 35-mm well in
6-well plate the day before transfection. For each transfection, 1 to 4
g of plasmid DNA in 100 �L of media was mixed with 15 �L of
ipofectamine reagent in 100 �L media and incubated for 30 minutes
t room temperature. During that time, the media for the cells were
hanged to serum-free media. After the 30-minute incubation, the
ixture was added to the cells and incubated for 4 to 5 hours at 37°C.
he media was then changed back to serum-containing media with the
ppropriate antibiotics and allowed to grow to 100% confluency (48
ours).

DS-PAGE and Immunoblotting

For experiments involving insulin treatment, 100 nmol/L of insulin
as added directly into the well and incubated for the designated period
f time. If blotting for proteins other than phospho-Ser473-Akt, cells
ere lysed in cell solubilizing buffer (phosphate-buffered saline con-

aining 1% Nonidet P-40, 1% deoxycholate, 5 mmol/L EDTA, 1
mol/L EGTA, 2 mmol/L PMSF, 10 �g/mL aprotinin). For phosphor-

lated Akt, cells were lysed in special solubilization buffer containing
phosphatase inhibitor mixture (150 mmol/L NaCl, 10 mmol/L tris

hydroxymethyl]aminomethane pH 7.4, 1 mmol/L EDTA, 1 mmol/L
GTA, 2 mmol/L PMSF, 10 �g/mL aprotinin, 100 mmol/L sodium
uoride, 10 mmol/L sodium pyrophosphate, and 2 mmol/L sodium
anadate).
The mini-gels (8 � 5 cm) were composed of 4% stacking and 8%

esolving gels. Following electrophoresis, proteins were transferred
lectrophoretically onto PVDF membranes using a BioRad Wet Trans-
er System. The membranes were blocked with 5% fat-free dry milk
owder solution and then incubated with primary antibody. After
ashing, the membranes were then incubated with a secondary anti-
ody conjugated to peroxidase. After another round of washing, mem-
ranes were incubated in an enhanced chemiluminescence (ECL) de-
ection reagent for 1 minutes and exposed to Kodak X-Omat Blue XB-1
lm (Eastman Kodak, Rochester, NY). Films were developed and
uantitative analysis was performed using densitometry. Determination
f the molecular weight of electrophoretically separated proteins was
ased on comparison with prestained markers of known molecular
eight.

easurement of Akt1 Activity

Akt phosphotransferase activity of McA cells stimulated with insulin
as measured using an immunoprecipitation kinase assay kit according

o manufacturer’s instructions (Upstate Biotechnology, Lake Placid,
Y). McA cells were incubated for 2 minutes in complete (c)DMEM
ith and without added 100 nmol/L insulin prior to lysis in ice-cold
uffer containing 1 �mol/L microcystin to ensure complete inactiva-
ion of phosphatases. As a positive control, L6 myotubes were stimu-
ated for 2 minutes with 15 nmol/L IGF-1 prior to lysis. Akt1 was
mmunoprecipitated from each lysate by incubation with anti-Akt/
KB, PH domain SKB1. This antibody recognizes the PH of Akt1 and
hows 30% cross-reactivity to the PH domain of Akt2. In parallel
ncubations, nonimmune mouse IgG was used to assess nonspecific
inding. Active enzyme immunocomplexes were isolated by centrifu-
ation and washed extensively followed by incubation with Akt/SGK-
pecific substrate peptide and [�-32P]adenosine triphosphate (ATP)
�3,000 Ci/mmol) for 10 minutes at 30°C with continuous shaking.

eactions were terminated by addition of trichloroacetic acid (TCA;
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230 AU ET AL
nal 13.3% vol/vol), and phosphorylated substrate present in the su-
ernatant was isolated by binding to phosphocellulose filters. After
xtensive washing, filters were radioassayed by �-scintillation count-
ng. Nonspecific binding radioactivity was subtracted from each sample
nd results were expressed as fold increase in label incorporation of
ells incubated with agonist versus no agonist.

etabolic Labeling and Immunoprecipitation

For metabolic labeling and immunoprecipitation experiments, cells
ere preincubated in methionine-free media at 37°C for 1 hour and
ulsed with 50 to 100 �Ci/mL of [35S]methionine for 15 minutes to 1
our. For experiments involving oleate treatment, the preincubation
edia also contained 360 �mol/L oleate: bovine serum albumin (BSA)

n 8:1 molar ratio. At various time points, the media were either
ollected or discarded. The cells were then washed twice with PBS.
hase media (20% FBS DMEM � 10 mmol/L methionine with 360
mol/L oleate for McA cells or 10% FBS �MEM � 10 mmol/L
ethionine for HepG2 cells) were added at this time for pulse-chase

xperiments and incubated for 2 hours. The media were then collected
nd cells were lysed in cell solubilization buffer (PBS containing 1%
onidet P-40, 1% deoxycholate, 5 mmol/L EDTA, 1 mmol/L EGTA,
mmol/L PMSF, 10 �g/mL aprotinin). The lysates were clarified by

entrifugation and supernatants were collected for immunoprecipita-
ion.

Immunoprecipitation was performed by adding 5 �L of antibody to
ach sample and incubating overnight at 4°C. Zysorbin (50 �L) was
hen added to each sample and incubated for 1 hour. The pellets of
mmunoprecipitates were washed 3 times with wash buffer (10 mmol/L
RIS-HCl pH 7.4, 2 mmol/L EDTA, 0.1% SDS, 1% TritonX-100).
inally, the immunoprecipitates were prepared for SDS-PAGE by
esuspending and boiling in SDS-PAGE sample buffer. The gels were
omposed of 4% stacking and 4.5% or 6% resolving gels. After
lectrophoresis, the gels were fixed and incubated in Amplify before
eing dried and exposed to Kodak X-Omat Blue XB-1 film at �80°C
or 2 to 72 hours. To determine the radioactivity associated with apoB
ragments, the corresponding bands were excised from the gel, di-
ested, and quantified by liquid scintillation counting.

RESULTS

ransfection of Akt1 Construct in McA RH-7777 Resulted in
osage-Dependent Overexpression

To test our hypothesis that overexpression of Akt1 can
egulate apoB expression, we first established the possibility of
ntroducing our Akt1 construct into McA RH-7777 cells by the
iposomal method. To assess the success of transfection, we
xamined the level of Akt1 expression in McA RH-7777 cells.
ecause the Akt1 insert in the plasmid was tagged with c-myc,
sing an anti–c-myc antibody detected only the Akt1 that was
roduced as a result of the transfection. The empty vector
USEamp(�) was used for mock transfections. Transfection
ith 0, 0.5, 1.0, or 2.0 �g of plasmid Akt1 showed a dosage-
ependent expression of Akt1 after 48 hours, as determined by
mmunoblotting and densitometry (Fig 1). Relative to transfec-
ion with the empty vector for which no c-myc–containing
rotein was detected, 2 �g of Akt1 plasmid resulted in an
xpression that was 14-fold higher over gel background. Cell
iability was not compromised at 2 �g of plasmid DNA as
here was no change in cell morphology or cell number.

nsulin Increased Akt1 Activity in Wild-Type McA Cells

In wild-type McA cells, insulin stimulation resulted in a

2-fold (SD 6.4) increase in Akt1 activity relative to unstimu- p
ated cells, which is similar to the positive control of IGF-1–
timulated L6 myotubes that achieved a 11.4-fold (SD 4.1)
ncrease in activity (data not shown). The assay was performed
n 3 independent experiments. This established that McA cells
ere sensitive to insulin. Interestingly, Akt2 activity only in-

reased by 30% upon insulin stimulation (data not shown).

verexpressed Akt1 Was Phosphorylated at Ser473 in
ransfected McA Cells Independent of Acute Insulin
timulation

Using an antibody that detected all isoforms of Akt, a band
ith a higher than expected apparent weight (perhaps due to the
resence of the c-src sequence, the myc-tag, and/or the addition
f myristic acid) was observed with Akt1 transfection. At 2 �g
f the Akt1 construct, the protein level was increased by
pproximately 12-fold over the endogenous level independent
f insulin stimulation (Fig 2A). Even though our Akt1 construct
as myristoylated, we needed to determine whether the ex-
ressed Akt1 following the transfection was active. Using an
nti-phospho-Ser473-Akt antibody, the band with the higher
olecular weight was again observed in transfected cells. The

ndogenous level of phospho-Ser473 Akt was too low to be
etected, but the level was 2–2.5 fold higher in the transfected
ells over gel background (P � .05) (Fig 2B). The addition of
00 nmol/L insulin for 10 minutes did not significantly increase
he phosphorylation in either the untransfected or transfected
ells (Fig 2B). Data were normalized to micrograms of total

Fig 1. Transfection of Akt1 construct in McA RH-7777 resulted in

osage-dependent overexpression. McA-RH7777 cells were trans-

ected with the c-myc Akt1 plasmid at the indicated concentration for

hours using Lipofectamine in DMEM, after which the media was

eplaced by 20% FBS in DMEM � 250 �g/mL G418. Cells were lysed

8 hours after transfection and subjected to 8% SDS-PAGE and

ransferred onto a PVDF membrane. Primary antibody used was

ouse anti–c-myc (1:1,000). Secondary antibody used was goat anti-

ouse IgG-HRP. Mean � SEM values are from 3 independent exper-

ments in duplicates. *P < .05 compared to mock transfection.
rotein in the sample.
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231INSULIN REGULATES ApoB INDEPENDENT OF Akt1
verexpression of Akt1 in McA B15 and McA B48 Cells Did
ot Affect the Amount of Cellular or Secreted ApoB

Using McARH-7777 cells that were stably expressing hu-
an apoB truncated fragments (McA B15 and McA B48,
hich expressed 15% and 48% of the total apoB DNA length,

espectively), immunoblotting was performed to determine
hether the overexpression of Akt1 affected the total amount
f human apoB constructs produced by the cells. Using the
ouse 1D1 antibody, which is specific to N-terminal region of

uman apoB but not rat apoB, no differences in the level of
ellular or secreted apoB-15 (data not shown) or apoB-48 were
etected despite dosage-dependent expression of activated
kt1 48 hours after transfection (Fig 3). Data were normalized

o total cellular protein in each sample.

verexpression of Akt1 in McA B15 and McA B48 Cells Did
ot Affect the Amount of Newly Synthesized ApoB

Although the immunoblot could detect the total mass of the
xpressed apoB protein, it could not directly measure the syn-
hesis and secretion of newly synthesized apoB. Insignificant
ifferences in the total mass of apoB may mask small but
ignificant changes in synthesis and/or degradation. Therefore
etabolic labeling was performed to determine the status of

ewly synthesized apoB fragments in the cell and in the media.
ysates of McA B15 or McA B48 cells and their media were

mmunoprecipitated with goat anti-human apoB antibody after
35

Fig 2. Overexpressed Akt1 is phosphorylated at Ser473 in trans-

ected cells independent of acute insulin stimulation. McA RH-7777

ells were transfected with the empty vector or the c-myc Akt1

lasmid (2 �g of DNA) for 4 hours using Lipofectamine; 48 hours after

ransfection, 100 nmol/L insulin was added to cells for 10 minutes.

ells were then lysed and subjected to 8% SDS-PAGE and transferred

nto a PVDF membrane. Primary antibodies used were rabbit anti-

kt (1:1,000) and rabbit anti-phospho-Ser473 Akt (1:1,000), for graphs

n panels A and B, respectively. Secondary antibody used was goat

nti-rabbit IgG-HRP. Mean � SEM values are from 2 independent

xperiments in triplicates. *P < .05 compared to cells with mock

ransfection and without insulin treatment.
ulsing for 1 hour with 50 �Ci/mL [ S]methionine. No dif- i
erences in the level of cellular or secreted apoB-15 (data not
hown) or apoB-48 were detected despite dosage-dependent
xpression of activated Akt1 48 hours after transfection (Fig 4).
ata were normalized to total radiolabeled protein determined
y TCA precipitation.

verexpression of Activated Akt1 in McA Cells With
vernight Insulin Treatment Did Not Affect ApoB Levels

It is known that the synthesis of apoB-100 requires approx-
mately 14 minutes.42 As such, short-term (10-minute) insulin
reatment may not be long enough to affect apoB expression
nd therefore overnight treatment was attempted. Metabolic
abeling was performed to compare the status of newly synthe-

Fig 3. Overexpression of Akt1 in McA B48 cells does not affect the

rotein mass of cellular or secreted apoB in the absence of insulin.

cA B48 cells were transfected with the empty vector or the c-myc

kt1 plasmid at the indicated concentration for 4 hours using Lipo-

ectamine. Cells were lysed 48 hours after transfection and subjected

o 6% SDS-PAGE, and transferred onto a PVDF membrane. Primary

ntibody was mouse 1D1 for apoB. Secondary antibody used was

oat anti-mouse IgG-HRP. (A) Cellular human apoB-48. (B) secreted

uman apoB-48. Mean � SEM values are from 4 independent exper-
ments in duplicates.
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232 AU ET AL
ized apoB with or without Akt1 transfection and with or
ithout insulin treatment (Fig 5). Overnight high-dose insulin

reatment (100 nmol/L) alone decreased the secretion of both
poB-100 and apoB-48 by approximately 15% and 25%, re-
pectively; however, neither of these reached statistical signif-
cance. For apoB-100, all combinations of treatments yielded

Fig 4. Overexpression of Akt1 in McA B48 cells does not signifi-

antly affect the amount of newly synthesized apoB in the absence of

nsulin. McA B48 cells were transfected with the empty vector or the

-myc Akt1 plasmid at the indicated concentration for 4 hours using

ipofectamine; 48 hours after transfection, cells were placed in media

acking methionine and cysteine for 1 hour. Cells were then pulsed

ith 50 �Ci/mL [35S]methionine for 1 hour, after which both the

edia and cells were harvested. Goat anti-human apoB antibody

as added to each sample and rotated overnight. Samples were

mmunoprecipitated for 1 hour. After washing, samples were sub-

ected to 8% SDS-PAGE and autoradiography. Bands were quantified

y liquid scintillation counting. (A) ApoB-48 in cells; (B) apoB-48 in

edia. Mean � SEM values are from 3 independent experiments in

riplicates.
pproximately the same amount apoB (Fig 5A). There was a e
rend towards a decrease in secretion of apoB-48 in McA
H-7777 (P � .06) with the combined insulin/Akt1 treatment;
owever, this may be due to the insulin effect alone (Fig 5B).

verexpression of Activated Akt1 in HepG2 With Overnight
nsulin Treatment Did Not Affect ApoB Levels

After having observed that the level of secreted apoB was
ot significantly decreased with high-dose insulin in McA
H-7777 cells, we performed a similar metabolic labeling
xperiment in HepG2 cells, as apoB secretion in this cell line is
nown to respond to insulin treatment. Overnight high-dose

Fig 5. ApoB-100 and apoB-48 secretion by McA RH-7777 trans-

ected with Akt1 and treated overnight with high insulin levels. McA

H-7777 cells were transfected with the empty vector or the c-myc

kt1 plasmid (2 �g of DNA) for 4 hours using Lipofectamine. After 24

ours, cells were incubated with 100 nmol/L insulin overnight. The

ext day, cells were placed in 20% FBS DMEM lacking methionine

nd cysteine supplemented with 360 �mol/L oleate for 1 hour. Cells

ere then pulsed with 50 �Ci/mL [35S]methionine for 30 minutes and

hased with 10 mmol/L cold methionine for 2 hours, after which both

he media and cells were harvested. Rabbit anti-rat apoB antibody

as added to each sample and rotated overnight. Samples were

mmunoprecipitated for 1 hour. After washing, samples were sub-

ected to 5.5% SDS-PAGE and autoradiography. Bands were quanti-

ed by liquid scintillation counting. (A) ApoB-100 in media; (B)

poB-48 in media. Mean � SEM values are from 3 independent
xperiments in triplicates.
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233INSULIN REGULATES ApoB INDEPENDENT OF Akt1
nsulin treatment (100 nmol/L) alone significantly decreased
he secretion of apoB-100 by approximately 41% (P � .0001)
Fig 6). Akt1 transfection alone did not decrease the secretion
f apoB-100, but in fact appeared to increase apoB secretion by
bout 40% but failed to reach statistical significance (P � .09).
owever, dual treatment with insulin and Akt1 decreased apoB
y approximately 25% relative to untransfected and non–insu-
in-treated cells (P � .02). When comparing �Akt1/�insulin
o �Akt1/�insulin, there was a 48% decrease in apoB secre-
ion in Akt1-overexpressing cells treated with insulin. In agree-
ent with results in rat hepatoma cells, the overexpression of
kt1 did not seem to attenuate the secretion of apoB-100 in
epG2 cells.

DISCUSSION

In the present study, we tested the hypothesis that overex-
ression of Akt1 can regulate apoB expression. We first estab-
ished that it was possible to transfect McA RH-7777 cells, a rat
epatoma cell line frequently used in apoB studies, with our
kt1 construct and achieve dosage-dependent overexpression.
espite overexpression of Akt1 in McA B15 and McA B48

ells, total cellular apoB or secreted apoB was not affected as
etermined by immunoblotting. Similarly, the amount of newly
ynthesized apoB was also unchanged with Akt1 overexpres-
ion. Wild-type McA cells were found to be responsive to
nsulin, as shown by a significant increase in Akt1 activity.
sing an antibody specific for a phosphorylated Ser residue at
osition 473, we demonstrated that the overexpressed Akt1 was
hosphorylated, implying that the kinase was active. In fact, it
s likely that the activity was already at a maximal level since
cute, high-dose insulin stimulation did not further increase
hosphorylation. Overnight high-dose insulin treatment alone
id not significantly decrease the secretion of either apoB-100
r apoB-48. No change was detected in the amount of secreted
poB-100 despite different combinations of insulin and/or Akt1
reatments. However, there was a trend towards a decrease in
poB-48 secretion in McA RH-7777 with combined insulin/
kt1 treatment, but this could be attributed to the insulin

nhibition of apoB alone. These findings suggest that overex-
ression of Akt1 in McA RH-7777 cells does not affect apoB
ynthesis or secretion. Transfection was also performed in
epG2 cells with similar results, supporting the observations in
cA cells.
In wild-type McA cells, Akt1 activity was significantly in-

reased upon insulin stimulation, demonstrating that this cell
ine was sensitive to insulin stimulation and that the pathway
eading to Akt was intact. The use of a constitutively active Akt
as proven to be useful in determining its function.32,35 How-
ver, in any overexpression experiment, there is the question of
hether the overexpressed protein is active. For Akt1, phos-
horylation at Thr308 and Ser473 is required for activation.31

e detected high levels of phosphorylated Akt1 in transfected
ells using an antibody specific for phosphorylated serine res-
due at position 473. The presence of protein bands with higher
han expected molecular weight is probably indicative of the
dded length due to the c-src sequence, the myc-tag, and/or
yristoylated status of the kinase. The functionality of the

verexpressed Akt1 was assumed due to its phosphorylation

tatus. o
We also found that overexpression of Akt1 in McA B15 and
cA B48 cells did not affect the total amount of cellular or

ecreted apoB, nor did it affect the amount of newly synthe-
ized apoB. With cellular apoB, our observations are not sur-
rising since insulin itself does not seem to affect the intracel-
ular pool of apoB.7 However, it was expected that secreted
poB would be affected given the ample support for insulin
nhibition of apoB secretion in various systems.3-10 One expla-
ation is that apoB secretion in McA RH-7777 cells may be
ess sensitive to insulin than other cell types.43 To eliminate this
ossibility, another system, the human hepatoma HepG2, was
sed to confirm our results. In agreement with our data in McA
ells, despite sensitivity of apoB secretion to insulin-mediated
nhibition, Akt1 overexpression still did not decrease apoB
ecretion in HepG2. In fact, a curious trend was observed in
hich Akt1 appeared to increase apoB secretion when com-
aring transfected versus untransfected cells (Akt1 v no Akt1 or
kt1 with insulin v insulin alone), even though this did not

each statistical significance (Fig 6). One possible explanation
s that Akt has been suggested to inhibit Raf-1 of the mitogen-
ctivated protein kinase (MAPK) pathway via cross-talk.44

reliminary results from MAPK pathway inhibition studies
sing chemical inhibitors from our group suggest that inhibi-
ion of MAP and ERK kinase (MEK) may affect apoB secre-
ion in HepG2 cells (unpublished data).

The lack of inhibition of apoB by Akt1 can also be an
ndication that the insulin effect occurs upstream of Akt and

Fig 6. Overexpression of activated Akt in HepG2 with overnight

nsulin treatment did not affect apoB levels. HepG2 cells were trans-

ected with the empty vector or the c-myc Akt1 plasmid (4 �g of

NA) for 4 hours using Lipofectamine. After 24 hours, cells were

ncubated with 100 nmol/L insulin overnight. The next day, cells

ere placed in �MEM lacking methionine and cysteine for 1 hour.

ells were then pulsed with 50 �Ci/mL [35S]methionine for 15 min-

tes and chased with 10 mmol/L cold methionine for 2 hours, after

hich both the media and cells were harvested. Goat anti-human

poB antibody was added to each sample and rotated overnight.

amples were immunoprecipitated for 1 hour. After washing, sam-

les were subjected to 6% SDS-PAGE and autoradiography. Bands

ere quantified by liquid scintillation counting. Mean � SEM values

re from 2 independent experiments in triplicates. *P < .05 compared

o conditions without insulin treatment.
nly involves parts of the insulin cascade, perhaps only to the
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oint of PI3K. Consistent with this explanation, insulin regu-
ation of apoB was found to be dependent on the activation and
he number of insulin receptors.4 Inhibition of PI3K with wort-

annin abolished the insulin effect on apoB secretion, suggest-
ng that PI3K is involved.12 In addition, insulin increased PI3K
ctivity associated with IRS-1 and increased the amount of
I3K present in the ER.13 On the other hand, cellular Akt is
ostly found in the cytoplasm (or plasma membrane when

ctivated), and therefore may not be involved in the PI3K effect
n apoB in the ER.
Another explanation for the current findings is the specific

soform of Akt used in the study. Mice deficient in Akt2
isplayed many diabetes-like symptoms,36 while Akt1 knock-
uts showed impaired growth with intact glucose homeosta-
is.45 These knockout experiments seem to suggest that Akt
soforms have unique roles; however, one should keep in mind
hat the distribution of isoforms are also different. Although
oth Akt1 and Akt2 are present in the liver, Akt2 is the
redominate isoforms in insulin-responsive tissues.45 Therefore
ne cannot rule out the involvement of Akt1 in insulin signal-

ng, but perhaps Akt1 activation alone is insufficient. Also, i
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timulation of rat hepatocytes with insulin induced the activa-
ion of Akt1 and Akt2 with similar kinetics.23,46 Therefore, it is
ikely that Akt1 may have overlapping function with Akt2
hen overexpressed in hepatocytes.
An alternative reason for the inability of Akt1 to downregu-

ate apoB could be that PI3K is not acting via the insulin
ignaling pathway in the inhibition of apoB. The lipid product
f PI3K, phosphoinositol-3,4,5-trisphosphate (PIP3), can re-
ruit other families of PH-containing signaling proteins in
ddition to protein serine-threonine kinases, including protein
yrosine kinases (Tec family), exchange factors for guanosine
riphosphate (GTP)-binding proteins (Grp1 and Rac exchange
actors), and adaptor proteins (GAB-1).47 Therefore, it is fea-
ible that other pathways may be involved.

In conclusion, we found that overexpression of active Akt1
lone did not significantly affect the total or newly synthesized
evels of both cellular and secreted apoB in McA RH-7777 and
n HepG2 cells. This may be an indication that even though
nsulin modulation of apoB involves PI3K, molecules upstream
f Akt or in parallel pathways may be more important in the

nsulin-mediated inhibition of apoB secretion.
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