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Fonseca MC, Franca A, Florentino RM, Fonseca RC, Lima
Filho ACM, Vidigal PT, Oliveira AG, Dubuquoy L, Nathanson
MH, Leite MF. Cholesterol-enriched membrane microdomains are
needed for insulin signaling and proliferation in hepatic cells. Am J
Physiol Gastrointest Liver Physiol 315: G80—G94, 2018. First pub-
lished February 22, 2018; doi:10.1152/ajpgi.00008.2018.—Hepato-
cyte proliferation during liver regeneration is a well-coordinated
process regulated by the activation of several growth factor receptors,
including the insulin receptor (IR). The IR can be localized in part to
cholesterol-enriched membrane microdomains, but the role of such
domains in insulin-mediated events in hepatocytes is not known. We
investigated whether partitioning of IRs into cholesterol-enriched
membrane rafts is important for the mitogenic effects of insulin in the
hepatic cells. IR and lipid rafts were labeled in HepG2 cells and
primary rat hepatocytes. Membrane cholesterol was depleted in vitro
with metyl--cyclodextrin (MBCD) and in vivo with lovastatin. In-
sulin-induced calcium (Ca®*) signals studies were examined in
HepG2 cells and in freshly isolated rat hepatocytes as well as in whole
liver in vivo by intravital confocal imaging. Liver regeneration was
studied by 70% partial hepatectomy (PH), and hepatocyte prolifera-
tion was assessed by PCNA staining. A subpopulation of IR was
found in membrane microdomains enriched in cholesterol. Depletion
of cholesterol from plasma membrane resulted in redistribution of the
IR along the cells, which was associated with impaired insulin-
induced nuclear Ca®* signals, a signaling event that regulates hepa-
tocyte proliferation. Cholesterol depletion also led to ERK1/2 hyper-
phosphorylation. Lovastatin administration to rats decreased hepatic
cholesterol content, disrupted lipid rafts and decreased insulin-in-
duced Ca®" signaling in hepatocytes, and delayed liver regeneration
after PH. Therefore, membrane cholesterol content and lipid rafts
integrity showed to be important for the proliferative effects of insulin
in hepatic cells.

NEW & NOTEWORTHY One of insulin’s actions is to stimulate
liver regeneration. Here we show that a subpopulation of insulin
receptors is in a specialized cholesterol-enriched region of the cell
membrane and this subfraction is important for insulin’s proliferative
effects.
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INTRODUCTION

The process of cell proliferation during liver regeneration is
mediated largely by several growth factors, which act through
specific receptor tyrosine kinases (RTKSs) to restore liver func-
tion after either liver damage or resection (13, 26). Insulin is
one of such growth factors, but the mechanism by which it
regulates cell proliferation is less well understood when com-
pared with hepatocyte growth factor (HGF) and epidermal
growth factor (EGF) (9). RTK-induced hepatocyte prolifera-
tion depends on increases in nucleoplasmic Ca>* (44), which is
mediated by inositol 1,4,5-trisphosphate (InsP3). This pathway
is activated when RTKs involved in cell proliferation translo-
cate from the plasma membrane to the nucleus to locally
generate InsPs and increase intracellular Ca?t (2, 18, 44, 47).

The mechanism by which the RTKs translocate to the
nucleus varies among the different growth factors. Transloca-
tion of the HGF receptor (c-met) to the nucleus depends on the
adaptor protein Gabl and importin 1 (18). In contrast, EGF
receptor (EGFR) internalization occurs in a dynamin/clathrin-
dependent manner (9), while the insulin receptor (IR) reaches
the nuclear compartment in a clathrin/caveolin-dependent
event (2). Even though the internalization pathways differ
among these receptors, at the plasma membrane each RTK is
suggested to be differentially associated with cholesterol-en-
riched membrane microdomains known as lipid rafts (42, 53,
68). Lipid rafts are dynamic assemblies of cholesterol and
sphingolipids in the lipid bilayer that can include or exclude
proteins to variable extents, working as signaling scaffolds for
a number of receptors (53). Association of IR to lipid rafts in
the membrane has been described in preadipocytes in which
these structures are essential for insulin-induced cell metabo-
lism (48). In addition, caveolae, which are a subtype of lipid
rafts, participate in the functioning and endocytosis of the IR
(2, 12, 55). Moreover, depleting caveolin in hepatocytes, the
major raft protein involved in the assembly of caveolae, sig-
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nificantly reduces translocation of IR to the nucleus and cell
proliferation (2). However, the effect of cholesterol depletion
on insulin-mediated Ca>" signaling and the importance of cell
membrane integrity for liver regeneration and insulin signaling
are so far unknown. Here we investigated the role of choles-
terol-enriched membrane microdomains in hepatocyte insulin
signaling and liver regeneration.

MATERIALS AND METHODS

Animals. Male Wistar rats (200 g) obtained from Centro de Bio-
terismo-Federal University of Minas Gerais (CEBIO-UFMG, Minas
Gerais, Brazil) were used for all studies. Animals were maintained on
a standard diet and housed under a 12-h light-dark cycle. All proce-
dures were approved by the Ethics Committee in Animal Experimen-
tation of UFMG and followed National Institutes of Health Guidelines
For The Care And Use Of Laboratory Animals.

Cells and cell culture. The liver cancer cell line HepG2 was
obtained from the American Type Culture Collection (ATCC HB-
8065). Cells were cultured at 37°C in 5% CO, in DMEM (Invitrogen/
Thermo Fisher Scientific, Carlsbad, CA) supplemented with 10% fetal
bovine serum, 1 mM sodium pyruvate, 50 units/ml penicillin, and 50
mg/ml streptomycin. Rat hepatocytes were isolated from livers of
male Wistar rats (200 g; CEBIO-UFMG). Briefly, livers from control
and lovastatin-treated animals were perfused with Hank’s A and then
Hank’s B medium containing 0.05% collagenase (Roche Applied
Science, Indianapolis, IN) and passed through a 40-pm nylon mesh
filter. Primary hepatocytes were cultured at 37°C in 5% CO»-95% O
in Williams” medium E (Invitrogen/Thermo Fisher Scientific, Carls-
bad, CA) containing 10% fetal bovine serum, 50 units/ml penicillin,
and 50 g/ml streptomycin and plated on collagen-coated coverslips
(50 pg/ml; BD Biosciences, San Jose, CA). Hepatocytes were used
4-6 h after isolation, as previously described (14). The round shape
of the cells is the proper and well-accepted morphology of this cell
type to study calcium and other intracellular signaling events in
hepatocytes in vitro. Hepatocytes viability was greater than 85%
assessed by trypan blue exclusion test.

To disrupt the cholesterol-bearing lipid rafts in vitro, hepatocytes or
HepG2 cells were incubated with 10 mM metyl-B-cyclodextrine
(MBCD) or (2-hydroxypropyl)-y-cyclodextrin (HYCD) for 45 min at
37°C (40, 46, 50). Control dishes were treated with culture medium
alone.

Detection of Ca?™ signals. Cells were loaded with 6 wM Fluo-
4/AM (Invitrogen, Grand Island, NY) for 30 min at 37°C in 5% CO..
Then, coverslips containing the cells were transferred to a custom-
built perfusion chamber on the stage of a Zeiss LSM 510 confocal
microscope. Nuclear and cytosolic Ca®>* signals were monitored in
individual cells during stimulation with 300 nM insulin, 100 nM AVP,
50 ng/ml EGF, or 100 ng/ml HGF (Sigma, St. Louis, MO) using a
X63, 1.4 NA objective lens, as previously described (14, 17, 18).
Changes in fluorescence were normalized by the initial fluorescence
(FO) and were expressed as (F/FO) X 100 (11, 29).

Imaging Ca®™ signaling in vivo. Control or lovastatin-treated rats
were starved for 6—8 h and then submitted to a surgical procedure for
in vivo liver imaging as previously described (32). All the experi-
ments were performed according to the circadian timing of the animal.
Then, livers were loaded with the Ca®>* probe Fluo-4/AM at 50 pM
in saline solution for 10 min by soaking the organ into a chamber
containing the probe. Careful preparation of the Fluo-4 AM dye, as
well as optimization of incubation time and temperature, were neces-
sary to ensure an optimal labeling of the organ. Ca®>* signals were
detected and measured by time-lapse confocal microscopy (Nikon
Al). Insulin (600 nM) was injected intravenously during 2 min after
30 s of imaging, and changes in fluorescence were normalized by the
initial fluorescence (FO) and expressed as (F/FO) X 100. Another
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control group was constituted of nontreated animals injected with
saline instead of insulin (data not shown).

Immunobloting. HepG2 cells and primary hepatocytes were har-
vested as described, and protein content was quantified according to
Bradford protein assay. Whole cell protein lysate (25 pg) was sepa-
rated by 12% SDS-PAGE gel. For protein detection, specific primary
antibodies against IR (rabbit, 1:1,000; Abcam, Cambidge, UK), 3-ac-
tin (mouse, 1:1,000; Santa Cruz Biotechnology, Dallas, TX), Caveo-
lin-1 (rabbit, 1:1,000; Santa Cruz Biotechnology, Dallas, TX), ERK1/
2-pERK1/2 (mouse, 1:1,000; Abcam, Cambridge, UK) and AKT-p-
AKT (rabbit, 1:1,000; Sigma-Aldrich) were used. The primary
antibody incubation proceeded for 2 h at room temperature. After
being washed, blots were incubated with horseradish peroxidase-
conjugated specific secondary antibody (anti-mouse or anti-rabbit,
1:5,000; Sigma-Aldrich) at room temperature for 1 h. Immuno detec-
tion was carried out using enhanced chemiluminescence. Western blot
digital images (8-bit) were used for densitometric analysis in ImageJ
(National Institutes of Health, Bethesda, MD). In brief, the mean gray
value, expressed in arbitrary units for each band, was calculated by
subtracting the mean gray value of a region of interest in a background
area from the mean gray value of individual ROIs of identical
dimensions encompassing each individual band. To measure relative
phosphorylation of ERK1/2, cell protein lysates (25 pg/lane) were
separated in parallel in two gels. The first gel was used to probe for the
phosphorylated form of ERK1/2 (pERK1/2), and the second gel was
used to detect total ERK1/2 (ERK total). The relative expression of
pERK1/2 was then calculated by dividing the densitometric values of
pERK1/2 by those of ERK total. Western blot analysis was performed
with protein extracts from three independent experimental conditions.

Immunofluorescence. Confocal immunofluorescence was performed
as previously described (11). To microscopically visualize membrane
domains enriched with GM1, a marker of cholesterol-enriched mi-
crodomains, hepatocytes or HepG2 cells were plated onto coverslips
and incubated for 10 min with CTxB-Alexa 555 (1 g/ml) (goat, 1:250;
Cayman Chemical, Ann Harbor, MI), washed, and then incubated for
10 min with anti-CTxB antibody for the same time for patching. After
being washed, cells were fixed with paratormaldehyde (4% in PBS) at
25°C for 20 min. Cells were then labeled with the specific primary
antibodies against c-met (mouse, 1:250; Abcam), EGFR (rabbit,
1:250; Abcam), or IR (rabbit, 1:250; Abcam) and subsequently
incubated with appropriate fluorescent secondary antibody conjugated
to Alexa 488 (1:5,000) (Invitrogen, Grand Island, NY). For Cav-1
labeling in tissue, liver sections from control and lovastatin-treated
animals were fixed in 10% neutral buffered formalin and embedded
in paraffin. Five-micromolar tissue sections were dewaxed, and
antigen retrieval was performed in citrate buffer containing 0.6%
hydrogen peroxide. Then, sections were incubated overnight anti-
Cav-1 (rabbit, 1:200; Santa Cruz Biotechnology, Dallas, TX) and
subsequently incubated with a specific secondary antibody conju-
gated to Alexa 555 (Invitrogen, Grand Island, NY). Images were
obtained using a Zeiss LSM 510 confocal microscope using a X63,
1.4 NA objective lens. Single slices were collected with a length of
0.2 pm. Z-stacks were reconstructed from a 30-slice image. At
least 20 slices from 30 cells of each group were individually
analyzed in different regions of interest at the cell membrane.
Fluorescence intensity of each slice and channel were quantified
using ImageJ (National Institutes of Health).

MTT assay. MTT assay is widely used for measuring the metabolic
activity of cells based on their reduction potential. Studies in mam-
malian cells showed that the reduced pyridine nucleotide cofactor
NADH is responsible for most MTT reduction (4). Therefore, to
perform the assay, 10* HepG2 cells were seeded per well in a 96-well
plate with 200 pl of DMEM containing 10% FBS, 1% antibiotic-
antimitotic and kept for 24 h. Cultured cells were exposed to 10 mM
MBCD or HYCD for 45 min. After the exposition period, the drugs
were removed and 60 pl of fresh medium were added in each well.
Then, 50 pl of 2H-tetrazolium (Thermo Fisher Scientific, Walthan,
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MA) solution (5 mg/ml) were added and the cells were incubated for
4 h. Afterwards, 40 pl of SDS solution/4% HCIl were placed and
incubated for 12 h. Absorbance was quantified at 595 nm in a
spectrophotometer. For each experimental condition, four different
measurements were taken.

Glucose quantification. Glucose content in the blood or media was
measured using an enzymatic colorimetric assay method (Analisa,
Belo Horizonte, Brazil), according to the manufacturer’s instructions.
Concentration was calculated through the equation: (standard concen-
tration/standard absorbance) X sample absorbance and expressed by
percentage of control (2).

Measurement of bromodeoxyuridine incorporation. Cell prolifera-
tion was measured by bromodeoxyuridine (BrdU) incorporation using
an enzyme linked immunosorbent assay (Roche Applied Science,
Indianapolis, IN), according to the manufacturer’s instructions.
HepG2 cells were plated in 96-well culture plates, starved for 24 h
after adhered, and then treated with MBCD or HyCD for 45 min. Cells
were then treated with 10% serum or different concentrations of
insulin (300, 600, 1,200 nM) for 15 min, washed with PBS, and
subsequently incubated with BrdU labeling solution in serum-free
medium. BrdU incorporation was measured with a multiplate reader
after 16 h, as described previously (2).

Lovastatin treatment and partial hepatectomy. Animals were
treated intraperitoneally with saline solution or 15 mg-kg ™ !-day ! of
lovastatin solution during 14 days before partial hepatectomy (PH)
(5). The 70% PH was performed in adult male Wistar control and
lovastatin-treated rats, as described (2, 23). Animals continued to be
administrated with saline or lovastatin until the day of death. After 48
or 120 h of regeneration, livers were surgically removed and analyzed

Fig. 1. The insulin receptor (IR) is located in
membrane microdomains enriched in choles-
terol. A: representative confocal immunoflu-
orescence of a single confocal slice of the IR,
epidermal grwoth factor receptor (EGFR),
and c-Met receptors (each receptor was la-
beled in green at left) and GM1 ganglioside
labeled in red (middle) in HepG2 cells.
Merged images show colocalization of IR
and EGFR with GM1 but not c-Met with
GM1 (right). B: quantification of fluores-
cence intensity on regions of interest, as
represented by the tiny white squares in A.
Superposition of the peaks indicates colocal-
ization of green and red structures. (At least
20 slices from 30 cells of each group were
individually analyzed). C: single confocal
plane images of rat hepatocytes labeled for
IR in green and GM1 in red (fop) and z-stack
images of the same cells (bottom). Merged
images show colocalization of IR with GM1.
D: high-resolution images of 3 regions of
interest showing colocalization of green (IR)
and red (GM1) structures. E: quantification
of fluorescence intensity on delimited mem-
brane regions of interest selected from sev-
eral single slices of the merged images rep-
resented on D (representative small squares).
Superposition of the peaks indicates colocal-
ization of green and red structures. (At least
20 slices from 30 cells imaged of each group
were individually analyzed). Scale bar =
10 uM.
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for measurement of liver/body weight ratio and cell proliferation
index. Livers of nontreated and nonhepatectomized animals subjected
to surgical stress (sham) were considered as controls.

Quantification of serum and liver cholesterol. Liver samples were
collected during hepatectomy and submitted to lysis for 1.5 hin a 4°C
ice-cold buffer solution containing 100 mM Tris-HCI (pH 8.0), 150
mM NaCl, 2 mM MgCl,, 1% Triton X-100, 5 mM iodoacetamide,
0.025% NaN3, 1 mM PMSF, 1 mM di-isopropylfluorophosphate, and
0.02 U/ml of aprotinin, with gentle stirring. Then, lysates were
submitted to the Folch lipid extraction method, as described previ-
ously (14). For serum cholesterol analysis, blood samples were
collected previously to the hepatectomy surgery, centrifuged and also
submitted to Folch lipid extraction (14). Dried nonpolar lipids were
subjected to cholesterol quantification using an Amplex Red Choles-
terol Assay Kit (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions.

Immunohistochemistry. Sections from sham, control, and lovasta-
tin-treated animals’ livers were fixed in 10% neutral buffered formalin
and embedded in paraffin. Sections of 5pum were dewaxed and antigen
retrieval was performed in citrate buffer containing 0.6% hydrogen
peroxide. Nonspecific binding was blocked with 10% normal goat
serum. Then, liver sections were immunostained with PCNA antibod-
ies (1:50; DAKO Corporation, England, UK) or anti-insulin antibody
(1:100, Abcam, Cambridge, UK) for 2 h at room temperature. After
being washed in Tris-HCI buffer, sections were incubated for 30 min
at room temperature with the byotinylated Link Universal Streptavi-
din-HRP (DAKO). The reactions were revealed by applying 3,3'-
diaminobenzidine in chromogenic solution (DAKO). Sections were
mounted in Hydromount (Fisher Scientific, Leicestershire, UK). Con-
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trols in which primary antibodies were omitted showed no specific
staining. Histological images were obtained on a micro-camera
(Olympus Q-color 5) coupled to a light microscope (Olympus BX43),
captured with a plan-apochromatic objective (X20), and analyzed
with Image-Pro Plus 4.5 (Media Cybernetics). To evaluate prolifera-
tion pattern, slice fields were randomly selected and a binary image
was created to perform automatic quantification of positive PCNA
nuclei.

Statistics. Results are expressed as mean values = SD. Prism
(GraphPad, La Jolla, CA) was used for data analysis. Groups of data
were compared using Student’s z-test or one-way ANOVA (which
was used because data sets included only one independent variable)
followed by Bonferroni posttests, and P < 0.05 was taken to indicate
statistical significance.

vy

Fluorescence

RESULTS

23150 The IR resides in cholesterol-enriched membrane microd-
E §100 omains. Insulin regulates multiple effects in the liver, including
;-; 50 metabolism and hepatocyte proliferation (2, 37). It has been
S8 . suggested that membrane integrity and spatial localization of

X\ the IR in the plasma membrane are key regulators of insu-
& lin-mediated signaling events (63). Therefore, to investigate
whether the IR is associated with cholesterol-enriched mem-
brane domains, primary rat hepatocytes and HepG2 cells were
F stained for IR and the lipid raft marker GM1 and visualized by
confocal microscopy. We observed that IR colocalizes with
GM1 in both cell types (Fig. 1, A and C, fop, and D). The peak
of fluorescence emission intensity for IR and GM1, captured in
a 0.2 pm-single-slice image, confirmed the close proximity of
IR with GM1-enriched membrane microdomains (Fig. 1B, top
left, and E). Besides insulin, other growth factors such as EGF
and HGF are well known to regulate proliferation in hepato-
cytes (37). In addition, the EGF receptor is also localized to
these membrane domains in different cancer cell lines (27, 30,
63, 67). However, less is known about the membrane location
of EGFR and c-met in hepatocytes. We observed that, similar
to the IR, EGFR colocalizes with GM1-enriched membrane
Hepatocytes H area, while c-met does not (Fig. 1A, middle and bottom, and
Fig. 1B, top right for EGFR and bottom for c-met). Therefore,
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Fig. 2. Metyl-B-cyclodextrin (MBCD; 10 mM) treatment efficiently disrupts
the lipid rafts without compromising cell viability. A: control and MBCD (10
mM)-treated HepG?2 cells were labeled with CTxB to identify the lipid rafts.
Regions of interest (ROI 1 and 2) show a zoom of the GM1 labeling in certain
membrane areas. B: quantification of fluorescence intensity of A [control cells:
98.65 = 4 arbitrary units (a.u.) vs. MBCD-treated cells: 58.8 * 3.7 a.u.; *P <
0.05; n = 159 cells analyzed for each group]. C: bright-field images of MTT
assay show cellular viability of control, MBCD, and (2-hydroxypropyl)-y-
cyclodextrin (HYCD)-treated cells. D: quantification of MTT assay in C. 1%
Triton was used as a positive control of the technique (control: 100 = 0%;
Triton-X: 19.63 * 0.4%; MBCD: 97.41 = 2.3%; HYCD: 102.2 = 0.7%; *P <
0.05; n = 3 individual experiments). E: Z-stack of control and MBCD-treated
HepG2 cells immunostained for the insulin receptor (IR) (green). F: quantifi-
2.0 ns cation of delimited (yellow traces) cell area covered with IR in HepG2 cells
(n = 55 cells of 3 different experiments for each group were analyzed). G:
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$?{ :z T Z-stack of control and MBCD-treated hepatocytes immunostained for IR
s' < - (green). H: quantification of delimited (yellow traces) cell area covered with IR
= 05 in hepatocytes (n = 55 cells of each 3 different experiments were analyzed;
0.0 N & *P < 0.05; values expressed as means * SD). I: immunoblots for IR shows

éé° & that there is no difference in the expression of IR between control and

([ 00\ MBCD-treated HepG2 cells (control: 1.25 + 0.27 vs. MBCD: 1.53 = 0.11;

N n = 3 individual experiments). The values indicate the means = SD. *P <
0.05, difference between groups was statistically significant; ns, not significant.
Data were analyzed by one-way ANOVA followed by Bonferroni posttests.
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Fig. 3. Disruption of lipid rafts abolishes intracellular calcium
signaling induced by insulin. A: confocal images of HepG2 cells
loaded with Fluo-4/AM (6 wM) and stimulated with insulin
(300 nM). A and D: control (A) and metyl-B-cyclodextrin
(MBCD)-treated cells (D) were analyzed. Images were pseudo-
colored according to the scale shown at bortom. Scale bar = 10
pm. B and E: observe that MBCD treatment nearly abolished
the amplitude of Ca®* signaling. Graphical representation of the
fluorescence increase in the nucleus (blue traces) and cytosol
(red traces) of a control (B) and an MBCD-treated cell (E),
stimulated with insulin, pointed with an arrow. C and F:
summary of insulin stimulation studies. G and J: confocal
images of hepatocytes loaded with Fluo-4/AM (6 pM) and
stimulated with insulin (300 nM). Control (G) and MBCD-
treated hepatocytes (J) were analyzed. H and K: Graphical
representation of the fluorescence increase in the nucleus
(blue traces) and cytosol (red traces) of a control (H) and an
MCBD-treated cell (K) stimulated with insulin. 7 and L:
summary of insulin stimulation studies (HepG2: control
nucleus = 221.3 £ 12%, control cytosol = 164 = 5%; n =
at least 50 cells for each condition; hepatocytes: control
nucleus = 142.3 = 2%, control cytosol = 58 *= 2,2%; n = at
least 50 cells for each condition. Values are means * SD of
the peak Fluo-4 fluorescence acquired during the observation
period, expressed as %baseline. *P < 0.01, difference be-
tween groups was statistically significant; ns, not significant.
Data were analyzed by one-way ANOVA followed by Bon-
ferroni posttests.
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Fig. 4. Calcium signaling induced by epidemral growth factr
(EGF) or hepatocyte growth factor (HGF) is not affected due
lipid rafts disorganization. A: confocal images of HepG2 cells
loaded with Fluo-4/AM (6 pM) and stimulated with EGF (50
ng/ml). A and D: control (A) and metyl-B-cyclodextrin (MBCD)-
treated cells (D) were analyzed. Images were pseudocolored
according to the scale shown at bottom. Scale bar = 10 pum. B
and E: graphical representation of the fluorescence increase in
the nucleus (blue traces) and cytosol (red traces) of a control (B)
and an MBCD-treated cell stimulated with EGF (E), pointed with
an arrow. C and F: summary of EGF stimulation studies. (control
nucleus = 552.3 = 18%; control cytosol = 444 = 11%; n = at
least 50 cells for each condition). G: confocal images of HepG2
cells loaded with Fluo-4/AM (6 pM) and stimulated with HGF
(100 ng/ml). G and J: control (G) and MBCD-treated cells (J)
were analyzed. Images were pseudocolored according to the
scale shown at bottom. Scale bar = 10 wm. H and K: graphical
representation of the fluorescence increase in the nucleus (blue
traces) and cytosol (red traces) of a control (H) and an MBCD-
treated cell stimulated with HGF (K). I and L: summary of HGF
stimulation studies (control nucleus = 589.3 = 11%; control cy-
tosol = 498 = 6%; n = at least 50 cells for each condition).
Values are means = SD of the peak Fluo-4 fluorescence ac-
quired during the observation period (expressed as % of base-
line) and include the response from 55 control HepG2 cells and
55 MBCD-treated HepG2 cells, for each stimulus. The values
indicate the means = SD. *P < 0.01, difference between groups
was statistically significant; ns, not significant. Data were ana-
lyzed by one-way ANOVA followed by Bonferroni post tests.
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the degree of association between RTKs and cholesterol-
enriched domains at the plasma membrane varies among dif-
ferent receptors.

Disruption of lipid rafts redistributes the IR in hepatocytes
and impairs insulin-induced Ca*™* signaling. IR activation in
hepatocytes leads to InsPs-dependent nucleoplasmic Ca®™ sig-
naling that induces proliferation (2, 47). In 3T3-L1 preadi-
pocytes, inhibition of cholesterol biosynthesis disrupts lipid
rafts, which affects IR activation (48). Thereby, we tested
whether disruption of lipid rafts through cholesterol depletion
would affect insulin signaling in the liver. Cells were treated

A
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with 10 mM MBCD for 45 min. MBCD efficiently disrupted
GMI1-enriched microdomains, as expected (46), observed by
the reduction of fluorescence intensity and change in the
pattern of cholera toxin labeling (Fig. 2, A and B). MBCD
treatment did not affect cell viability (Fig. 2, C and D).
Triton-X treatment was used as a positive control and treatment
with HYCD, an inactive analogue of MBCD (46), was used as
negative control (Fig. 2, C and D). A reduction in the cell
surface area labeled with IR was also observed (Fig. 2, E-H).
To exclude the possibility of IR sequestration by MBCD, we
performed Western blot of the cells after treatment with the
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Fig. 5. Cell proliferation induced by insulin is reduced and pERK1/2 levels are increased when lipid rafts are disrupted. A: bromodeoxyuridine (BrdU) uptake
in HepG2 cells before and after insulin (300, 600, and 1,200 nM, 14 h) stimulation. Ten percent of serum was used as additional positive control for cell
proliferation [0% serum = 100%, 10% serum = 176 % 12%, insulin (300 nM) = 135 * 8%, insulin (600 nM) = 146 * 8%, insulin (1,200 nM) = 157 * 8%);
n = at least 3 individual experiments in triplicate]. B: BrdU uptake in control and metyl-B-cyclodextrin (MBCD)-treated (45min) HepG?2 cells before and after
insulin (300, 600, and 1,200 nM, 14 h) stimulation. Ten percent serum and (2-hydroxypropyl)-y-cyclodextrin (HYCD) was used as additional positive and
negative controls, respectively, for cell proliferation [0% serum = 100%, 10% serum = 176 = 12%, MBCD + 10% serum = 110 £ 11%, insulin (300
nM) = 135 £ 8%, MBCD + insulin (300 nM) = 94.2 = 4.1%, insulin (600 nM) = 146 = 8%, MBCD + insulin (600 nM) = 85 * 6%, insulin (1,200
nM) = 157 = 8%, MBCD + insulin (1,200 nM) = 84 * 8%; n = 3 experiments in triplicate]. C and D: C and D: HepG2 cells (C) and rat hepatocytes (D)
(control, insulin stimulated, MBCD treated) were stimulated with insulin and pERK1/2 levels were evaluated by immunoblot. MBCD + insulin samples shown
in C and D were run on a separate gel. Densitometric analysis of the C and D, respectively, shows an increase on pERK1/2 levels in cells treated with MBCD
[HepG2: control = 0.29 = 0.03 arbitrary units (a.u.), insulin (300 nM) = 6.61 * 1.6 a.u.,, MBCD + insulin = 30.7 = 0.5 a.u.; hepatocytes: control = 9.3 * 1.5
a.u., insulin (300 nM) = 31.19 = 0.8 a.u, MBCD + insulin = 66.33 £ 9.4 a.u.; n = 3 independent experiments]. pERK and ERK blots shown in C and D are
from the same experiments for each sample analyzed. The values indicate the means = SD. *P < 0.01, difference between groups was statistically significant;
ns, not significant. Data were analyzed by one-way ANOVA followed by Bonferroni posttests.
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drug. As observed, this IR reorganization was not due to a
reduction of the total content IR in the cell, as demonstrated by
Western blot (Fig. 21).

To verify the relative importance of lipid raft integrity to
insulin-induced Ca>* signals, HepG2 cells and primary hepa-
tocytes were treated with MBCD (10 mM) for 45 min and then
stimulated with insulin (300 nM). HepG2 cells and primary
hepatocytes loaded with the Ca®*-sensitive dye Fluo-4/AM
were examined by time-lapse confocal microscopy under con-
trol and MBCD-treated conditions. Nuclear and cytosolic Ca®*
signals were monitored. In control cells, insulin induced a
transient Ca>" response (Fig. 3, A—C, for HepG?2 cells and Fig.
3, G-I, for hepatocytes). However, insulin-induced Ca** sig-
naling was abolished in MBCD-treated cells (Fig. 3, D-F for
HepG2 cells and Fig. 3, J-L, for hepatocytes). In contrast,
cholesterol removal did not alter the pattern of Ca>" signals
induced by either EGF or HGF (Fig. 4). Together, these results
provide evidence that lipid rafts are important for proper
insulin-induced Ca®* signaling in particular in hepatocytes.

Removal of membrane cholesterol impairs insulin-induced
cell proliferation. The increase in nuclear Ca®* triggered by
insulin stimulates liver growth (2). Therefore, we investigated
whether disruption of lipid rafts affects cell proliferation.
HepG2 cells were synchronized in GO by serum withdrawal
and treated with MBCD for 45 min, and then, bromodeoxyu-
ridine (BrdU) incorporation was measured. Insulin (300, 600,
and 1,200 nM) and 10% fetal bovine serum each induced
significant increases in BrdU uptake when compared with
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unstimulated control cells, as expected (Fig. 54). However, BrdU
uptake was reduced in cholesterol-depleted cells, relative to insu-
lin-stimulated control cells. HYCD was used as a negative control,
showing the specificity of cholesterol removal for the reduction in
insulin-induced cell proliferation (Fig. 5B). Additionally, ERK1/2,
a MAPK kinase protein involved in the regulation of cell prolif-
eration, was highly phosphorylated in HepG2 cells and primary
hepatocytes pretreated with MBCD and then stimulated with
insulin in comparison to control cells (Fig. 5, C and D). This
finding is consistent with the previous observation that hyperphos-
phorylation of ERK1/2 inhibits cell proliferation (7, 38). Thus,
cholesterol removal impairs the hepatic mitogenic effects of in-
sulin. A role for lipid rafts in the more well-known metabolic
effects of insulin has already been demonstrated (21, 59). For
instance, in 3T3-L1 adipocytes in which lipid rafts were disrupted,
insulin-induced glucose uptake was diminished due to reduced
phosphatidylinositol 3-kinase (PI3K)-Akt/PKB activation, a path-
way that takes part in cell metabolism (21, 59). We therefore
evaluated whether glucose metabolism induced by insulin would
also be affected by disrupting lipid rafts in hepatocytes. We
observed a significant reduction in Akt phosphorylation in cells
previously treated with MBCD (Fig. 6, A and B). In addition,
MBCD-treated cells also exhibited diminished medium glucose
uptake (Fig. 6, C and D). These data collectively provide evidence
that membrane content of cholesterol plays a significant role for
the proper regulation by insulin of glucose metabolism as well as
cell proliferation in hepatocytes.
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MBCD MBCD
Control Insulin + Insulin Control Insulin + Insulin

60kDa == == &S @ pAKT 60kDa .

1.5

S0kDaz s i - cokoa [ A+

Fig. 6. The glucose uptake induced by insulin is re-
duced in cells treated with metyl-B-cyclodextrin
(MBCD). A and B: HepG2 (A) and hepatocytes (B)
(control, insulin stimulated, MBCD treated) were incu-
bated with insulin for 15 min, and pAKT levels were
evaluated by immunoblot. Densitometric analysis of
the A and B, respectively, shows a decrease on pAKT
levels in cells treated with MBCD [HepG2: con-
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All samples shown in A were run on the same gel but
lanes were removed for final presentation. C and D:
quantification of glucose uptake in the culture medium
of HepG2 and hepatocytes for the control and MBCD-
treated group. Incubation with (2-hydroxypropyl)-vy-
cyclodextrin (HYCD) was used as a negative control
[HepG2: control = 100%, control + insulin (300 nM) =
50.93 = 7.2%, MBCD + insulin = 83.15 = 8.4%,
HYCD + insulin = 52.15 = 5.4%;hepatocytes: con-
trol = 100%, insulin (300 nM) = 80.91 £ 2.25%,
MBCD + insulin = 96.95 = 3.9%, HYCD + insu-
lin = 81.22 = 3.2%; n = 3 individual experiments].
The values indicate the means = SD. *P < 0.01,
difference between groups was statistically significant;
ns, not significant. Data were analyzed by one-way
ANOVA followed by Bonferroni posttests.
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design. B: daily weight along the experiment (n = 5
animals each group). C: analysis of total cholesterol
content of serum (left) and liver (right) samples from
control and lovastatin-treated animals (serum-control
animals: 239 = 14 mg/dl vs. lovastatin animals:
213 * 28 mg/dl; liver-control animals: 2.6 = 0.4 mg/g
of tissue vs. lovastatin-treated animals: 1.7 = 0.2 mg/g
of tissue; n = 5 animals, 3 samples each, per group). D:
immunofluorescence images of liver section from con-
trol and lovastatin-treated animals after 14 days of
lovastatin administration show a disruption in caveo-
lin-1 distribution and organization. Regions of interest
1 and 2 (ROI 1 and 2) are shown in right insets (n =
5 animals per condition). E: immunoblots of total liver
lysates. Graph at bottom represents densitometric anal-
ysis of IR in the liver after lovastatin treatment [control
animals = 1.57 = 0.01 arbitary units (a.u.) vs. lovas-
tatin-treated animals = 1.58 = 0.01; n = 5 animals per
group, in triplicate]. F: immunoblots of total liver
lysates. Graph represents densitometric analysis of
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Lovastatin abolishes Ca?™ signaling induced by insulin and
delays liver regeneration. To investigate the importance of
lipid rafts for hepatic insulin signaling in vivo, we used
lovastatin to inhibit HMG-CoA reductase, the major regulatory

enzyme in cholesterol biosynthesis (reviewed by Ref. 62). Rats
treated with 15 mgkg !-day ! of lovastatin for 14 days
showed a reduction in total liver cholesterol with no significant
changes in either their body weight or total serum cholesterol
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Fig. 8. In vivo treatment with lovastatin inhibits calcium
signaling induced by insulin on rat hepatocytes and on in
vivo intact liver. A and B: graphical representation of the
fluorescence increase in the nucleus (blue traces) and cyto-
sol (red traces) of a hepatocyte extracted from a control
animal (A) and lovastatin-treated animal (B) stimulated with
insulin (300 nM) and vasopressin (100 nM) (control nu-
cleus = 165.3 £ 2.5%; control cytosol = 124 = 1%; n =
50 cells from 3 animals per condition) (lovastatin nu-
cleus = 102.3 £ 3%; lovastatin cytosol = 124 * 2.6%; n =
50 cells from 3 animals per condition). C: graph showing the
ratio of insulin responsive hepatocytes/vasopressin respon-
sive hepatocytes from control and lovastatin-treated ani-
mals. Observe a reduced number of insulin responsive cells
on the lovastatin group (control = 1.1 % 0.3 cells vs. lova-
statin = 0.44 = 0.2 cells; n = 5 individual experiments per
group, 50 cells for each group). D: graphical representation
of the in vivo fluorescence increase of hepatocytes from the
liver of control animals (blue traces) and lovastatin-treated
animals (red traces) stimulated with insulin (600 nM) (n =
4 animals per group). E: summary of in vivo calcium
studies in the liver induced by insulin (control = 143 £ 3%
vs. lovastatin = 111 = 1%; n = 5 animals per group).
F: graph showing the percentage of insulin-responsive
cells of control and lovastatin-treated groups. Observe
the reduced number of responsive hepatocytes of the
liver from lovastatin-treated animals (control = 98 * 1%
vs. lovastatin = 20 = 4%; n = 5 animals and 5 fields
analyzed per group). G: confocal images of livers loaded
with Fluo-4/AM (6 pM), stimulated with insulin (600 nM)
and imaged in vivo. Images were pseudocolored according
to the scale shown at the bottom. Scale bar = 40 pM.
Objective lens: X20. The values indicate the means = SD.
*P < 0.01, difference between groups was statistically
significant; ns, not significant. Data were analyzed by one-
way ANOVA followed by Bonferroni posttests.
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(Fig. 7, A-C). In addition, upon lovastatin treatment, Cav-1, a
well-known component of the lipid rafts in hepatocytes (16,
22), changed its labeling pattern (Fig. 7D) as well as increased
its expression level in the liver when compared with control
saline-treated animals (Fig. 7F). These observed modifications
were not accompanied by difference in the expression level of
the insulin receptor (Fig. 7E).

To determine the effect of lovastatin on insulin-induced
Ca®" signals, hepatocytes from control and lovastatin-treated
animals were isolated, loaded with Fluo-4/AM, and then ex-
amined by time-lapse confocal microscopy. Insulin-induced

A
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Ca®" signals were impaired in hepatocytes from the lovas-
tatin-treated animals, while vasopressin-induced Ca2" sig-
nals were not affected. To investigate whether lovastatin
abolishment of the Ca®>" signaling induced by insulin was
not due to the depletion of intracellular Ca>* stores, vaso-
pressin, another well-known intracellular Ca?" mobilizing
agonist in liver cells (41), was used to show the integrity of
the intracellular Ca?" store compartments. The ratio be-
tween insulin/vasopressin-responsive cells was also dimin-
ished in the lovastatin-treated group, when compared with
the control group (Fig. 8C).

Liver-to-body weight ratio (%)
O=NWhHhO

Fig. 9. In vivo treatment with lovastatin delays liver
regeneration. A and B: liver/body weight ratio in control
animals and subjected to lovastatin treatment after 48
[sham = 3.82 = 0.15%, partial hepatectomy (PH) 48-h
control = 2.6 £ 0.14% and PH 48-h lovastatin =
1.6 £ 0.09%; A] and 120 h (sham = 3.82 *= 0.16%, PH
120 h control = 3.6 = 0.01% and PH 120 h lova-
statin = 3.6 = 0.08%; B) of 70% partial hepatectomy
(n = 5 animals per condition). C: immunohistochemis-
try images of liver section from control and lovastatin-
treated animals 48 h (sham = 9.3 = 2.5%, PH 48-h
control = 35 = 7%, PH 48-h lovastatin = 20 * 5%)
and 120 h (sham = 9.3 = 2.5%, PH 120-h control =
13.2 £ 1.6%, PH 120-h lovastatin = 27.4 = 3.2%) af-
ter PH (n = 5 slices per animal and 5 animals per
group). PCNA staining in the nucleus (red arrows)
allows identification of proliferation cells in each group.
Scale bar = 50 pwm. Objective lens: X10. D and E:
quantification of PCNA-positive cells in control and
lovastatin-treated animals after 48 h (D) and 120 h (E)
of partial hepatectomy (n = 5 slices per animals and 5
animals per condition). *P < (.01, difference between
groups was statistically significant; ns, not significant.
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To determine whether lovastatin altered insulin-induced
Ca®* signals in vivo, Ca>* was measured in hepatocytes in
intact livers of control and lovastatin-treated rats. A prominent
reduction in the Ca®" signaling response to intravenous insulin
(600 nM) was observed in the livers of lovastatin-treated
animals (Fig. 8, D, E, and G; see also supplemental files S1 and
S2; supplemental material for this article is available online at
the Journal website). The number of insulin-responsive hepa-
tocytes in the lovastatin group was also reduced (Fig. 8F).
These findings show that disruption of lipid rafts decreases
insulin-induced Ca®" signaling in hepatocytes in vivo.

Hepatocytes have a unique capability to switch from a
quiescent to a proliferative state in response to a reduction in
cellular mass after surgical resection (13). The activation of
certain membrane receptors is crucial for this process. To
investigate the role of lipid rafts in liver regeneration, control
and lovastatin-treated animals were subjected to 70% PH.
Liver weight/body weight ratio was lower in lovastatin-treated
animals than in controls, measured 48 h after PH (Fig. 9, A and
B). No differences were observed between the groups 120 h
after PH. To complement these observations, PCNA staining
was performed in the liver slices of control and lovastatin-
treated animals. The number of PCNA-positive cells was
significantly greater in the control group than in the lovastatin-
treated group, measured 48 h after PH (Fig. 9, C and D). In
contrast, the opposite was observed 120 h after PH. Lovastatin-
treated animals had a higher number of PCNA-positive cells
when compared with the control group (Fig. 9, C and E). Since
insulin acts mainly in the first hours during the process of liver
regeneration (13, 37), we aimed to check the distribution of the
IR after 48 h of PH in liver slices of both groups. Although not
very striking, it can be noticed that the control group presents
an increased accumulation of the IR in the nucleus, which
stimulates cell proliferation (Fig. 104). On the other hand,
lovastatin-treated animals show IR mainly along the cell mem-
brane (Fig. 10A4). Taking together, these findings support the
idea that cholesterol membrane reduction that might cause
disruption of lipid rafts leads to impaired insulin signaling,
resulting in delayed liver regeneration.

DISCUSSION

This work suggests that membrane cholesterol removal im-
pairs insulin-induced Ca** signals, which in turn contributes to
a reduced hepatic cell proliferation.

Liver regeneration after partial hepatectomy can be divided
into several phases (13, 37, 66). In the first 2 h after injury,
hepatocytes are activated to reenter cell cycle to proliferate.
Thereby, an intense proliferation of hepatocytes leads to the
restoration of much of the liver parenchyma during the follow-
ing 48 h. Finally, the regeneration process finishes with re-
placement of liver mass occurring mainly because of prolifer-
ation of preexisting hepatocytes rather than by the activation of
a progenitor cell compartment (10, 13). This entire process is
coordinated by growth factors, cytokines, hormones, and fac-
tors from the extracellular matrix, a number of which have the
ability to initiate and modulate the intracellular Ca>* signals in
hepatocytes (2, 20, 24), including insulin.

Since its discovery, insulin has been described as an ana-
bolic hormone with a wide range of effects on cellular metab-
olism, inducing the uptake of glucose from the bloodstream, as
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Fig. 10. Insulin receptor (IR) changes its distribution after lovastatin treatment
followed by 70% hepatectomy. Immunohistochemistry images of liver sections
from sham, control and lovastatin-treated animals 48 h after partial hepatec-
tomy (PH). As can be seen immunohistochemistry, images never detect the IR
in the hepatocyte nucleus in sham and lovastatin-treated group (observe the
membrane concentration of IR) (fop and bottom) but occasionally detect it in
control animals (middle) 48 h after PH. Arrows: IR staining on cell membrane
or in hepatocyte nuclei; scale bar = 40 wm. Objective lens: X100.

well as stimulating synthesis and inhibiting the degradation of
glycogen, proteins, and lipids (57). In addition to these well-
known effects on metabolism, insulin plays an important role
in stimulating cell proliferation. Insulin-induced mitogenic
effects were first described nearly 100 yr ago (17) by obser-
vation of the effects of insulin addition to chicken fibroblasts in
culture. Multiple subsequent lines of evidence also point to
insulin as a potent mitogen, including for 3T3 cells (25), rat
hepatocytes, and hepatoma cells (2, 28), renal cell lines (60),
and melanoma cells (33) among others (reviewed by Ref. 57).
In the liver, insulin has strong metabolic (35, 49); revised by
Ref. 1) and mitogenic effects (2, 23, 36), having significant
functions during the process of hepatic regeneration through
the activation of its receptor, located in the plasma membrane.
Here we show that there is a close interaction between the IR
and the cholesterol-enriched membrane microdomains in liver
cells. As we clearly demonstrated here, HGF as well as EGF,
other important growth factors also involved in liver regener-
ation, do not depend on membrane cholesterol integrity to
trigger nuclear Ca®>* increase in hepatocytes and therefore cell
proliferation. In addition, we also showed that cholesterol
integrity at the plasma membrane level is important for the
insulin/IR pathway that triggers signaling events that culminate
in nuclear Ca" increase, known to be an absolute requirement
for insulin to regulate hepatocyte proliferation (2).

The metabolic actions of insulin in the liver are mainly
mediated by the PI3K-Akt/PKB pathway. Akt is activated at
the plasma membrane upon IR-mediated phosphorylation of
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PI3K (59). Previous studies have shown that when membrane
cholesterol is depleted in 3T3-L1 adipocytes, AKT phosphor-
ylation and glucose uptake are reduced (48). The current work
extends this concept by providing evidence that disruption of
cholesterol-enriched membrane microdomains due to choles-
terol removal impairs the metabolic effects induced by insulin,
as well as liver regeneration after PH.

Since its formulation more than 20 yr ago (6, 52, 54), the
lipid raft theory became a turning point regarding cell signal-
ing, especially with regards to membrane receptors. Treatment
with MBCD, which disrupts rafts due to cholesterol removal
(39, 40, 46), provides insights regarding how insulin signaling
is affected once lipid content of liver cell membranes is
modified. However, it is important to mention that although
treatment of cells with this cyclodextrin leads to a selective
extraction of cholesterol from the plasma membrane, hence
disrupting the lipid rafts, it may also impair the formation of
clathrin-coated endocytic vesicles (45). In addition, it was
previously showed that acute cholesterol depletion specifically
decreased the rate of internalization of transferrin receptor,
nevertheless, receptor trafficking back to the cell surface was
not affected (58). Thereby, the precise mechanism by which
cholesterol depletion with MBCD impairs insulin signaling is
still opened to further investigation.

It has been shown that a subpopulation of IR on the plasma
membrane is associated with caveolin-enriched membrane do-
mains (3, 15), but the functional significance of this has not
been clear. We showed that lovastatin treatment rearranged
caveolin organization on the cell membrane and led to an
overexpression of this protein. This may be due to ERK
activation, because there is a close cross talk between Cav-1
and ERK (19), in which phosphorylation of ERK leads to
upregulation of Cav-1 in hepatocytes (34). A relevant increase
in hepatic Cav-1 was also found in cirrhosis and chronic
alcoholic fatty liver (51, 65), indicating its essential role for
cholesterol trafficking and lipid homeostasis (43, 55). In addi-
tion, although ERK activation is closely related to cell prolif-
eration, in the setting of chronically increased p-ERK, prolif-
erative activity becomes inhibited due to accumulation of
p2lcipl, an inhibitor of cell cycle entry (7, 38). Therefore,
besides contributing to Cav-1 overexpression, hyperactivation
of ERK also led to arrest of hepatocytes in the cell cycle
causing an impairment in cell proliferation.

Lovastatin is a potent inhibitor of HMG-CoA reductase,
which decreases cholesterol biosynthesis (reviewed by Ref.
62). In fact, we observed that animals treated with lovastatin
had a marked reduction in total cholesterol in the liver, without
weight loss. It is suggested that lovastatin may induce cell
cycle arrest in G; phase. This robust antiproliferative activity
remains intact in many cancer cells (64). Lovastatin is a potent
mitotic inhibitor in several cell types, including B-lympho-
cytes, glial cells, and mesangial cells (8, 56, 61). However, the
precise mechanism by which this drug is able to induce cell
arrest is not completely understood. Uptake of glucose in cells
treated with statins is also significantly reduced, which may
contribute to the antiproliferative effect of this drug (31).
Regarding liver cell proliferation, lovastatin reduced the size
and number of preneoplastic nodules in a model of chemical
carcinogenesis in rat liver (5). In addition, Ca®>" signals in-
duced by insulin, HGF, EGF, etc. in the liver are important for
hepatocyte proliferation (18, 44, 47). The current work pro-

LIPID RAFTS IN INSULIN SIGNALING AND LIVER REGENERATION

vides evidence that lovastatin impairs insulin-induced Ca**
signaling in the liver, resulting in delayed liver regeneration. In
our current work, we are not stating that statins are preventing
liver regeneration, since after 120 h of hepatectomy both
control and statin-treated animals presented the same level of
regeneration. Hence, it is possible that the impairment in
insulin-induced Ca®" signaling affects hepatocyte reentry into
cell cycle in the early phase of liver regeneration.

These findings provide the first in vivo evidence for the
general importance of cholesterol membrane in liver regener-
ation. However, further studies are needed to unravel the
importance of these membrane microdomains in each specific
phase of liver regeneration, as well as their role in different
liver cell types throughout the process of regeneration.
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