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Hepatic overexpression of sterol carrier protein-2 inhibits
VLDL production and reciprocally enhances biliary

lipid secretion
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Abstract We examined in vivo a role for sterol carrier pro-
tein-2 (SCP-2) in the regulation of lipid secretion across the
hepatic sinusoidal and canalicular membranes. Recombi-
nant adenovirus Ad.rSCP2 was used to overexpress SCP-2 in
livers of mice. We determined plasma, hepatic, and biliary
lipid concentrations; hepatic fatty acid (FA) and cholesterol
synthesis; hepatic and biliary phosphatidylcholine (PC)
molecular species; and VLDL triglyceride production. In
Ad.rSCP2 mice, there was marked inhibition of hepatic fatty
acids and cholesterol synthesis to <62% of control mice.
Hepatic triglyceride contents were decreased, while choles-
terol and phospholipids concentrations were elevated in
Ad.rSCP2 mice. Hepatic VLDL triglyceride production fell
in Ad.rSCP2 mice to 39% of control values. As expected, bil-
iary cholesterol, phospholipids, bile acids outputs, and bil-
iary PC hydrophobic index were significantly increased in
Ad.rSCP2 mice. These studies indicate that SCP-2 overex-
pression in the liver markedly inhibits lipid synthesis as well
as VLDL production, and alters hepatic lipid contents. In
contrast, SCP-2 increased biliary lipid secretion and the
proportion of hydrophobic PC molecular species in bile. il
These effects suggest a key regulatory role for SCP-2 in he-
patic lipid metabolism and the existence of a reciprocal re-
lationship between the fluxes of lipids across the sinusoidal
and canalicular membranes.—Amigo, L., S. Zanlungo, J. F.
Miquel, J. M. Glick, H. Hyogo, D. E. Cohen, A. Rigotti, and
F. Nervi. Hepatic overexpression of sterol carrier protein-2
inhibits VLDL production and reciprocally enhances biliary
lipid secretion. J. Lipid Res. 2003. 44: 399—-407.
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Hepatic fatty acid (FA), triglyceride, and cholesterol
metabolism are highly regulated processes determined by
the concerted feedback regulation of genes governing
their synthesis, lipoprotein uptake and production, and
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biliary lipid secretion (1-7). Regulation of FA and choles-
terol synthesis are highly interrelated processes and share
common transcription regulatory factors (8, 9). Even
though the physiological role(s) for sterol carrier pro-
tein-2 (SCP-2) gene products remain elusive, several stud-
ies suggest a number of important transport and catalytic
functions of these proteins in the regulation of lipid me-
tabolism (10-14).

SCP-2 gene products not only bind cholesterol, FA, FA-
acyl-CoA, and phospholipids, but also enhance trafficking
of these lipids within cells (15-18). Experiments in cul-
tured cell systems transfected with cDNAs encoding for
the SCP-2/sterol carrier protein X (SCP-X) products dem-
onstrated the role of these proteins in microsomal mem-
brane utilization of FA for phospholipids, triglyceride,
and cholesterol ester synthesis (19-22). Overexpression of
SCP-2 in rat hepatoma cells enhanced intracellular choles-
terol cycling, increased plasma membrane cholesterol
content, and inhibited cholesterol esterification and HDL
production (23). In addition, studies in mice with disrup-
tion of the SCP-2/SCP-X gene have shown a failure in the
oxidation of 2-methyl-branched FA and the side chain of
cholesterol. Furthermore, liver triglyceride and choles-
terol ester concentrations significantly decreased in these
SCP-2-knockout mice, suggesting that these animals have
altered phospholipid, fatty acid, and triglyceride metabo-
lism (24, 25). We have recently shown that transient he-
patic overexpression of SCP-2 in mice altered plasma LDL
cholesterol (LDL-C) and HDL-C concentrations, and de-
creased hepatic apolipoprotein B (apoB), apoE, and
apoAl, and LDL receptor (LDLR) expression (26). These

Abbreviations: apo, apolipoprotein; bw, body weight; FA-acyl-CoA,
long chain fatty acids-acyl CoA; SCP-2, sterol carrier protein-2; SCP-X,
sterol carrier protein-X.
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various changes were associated with a simultaneous en-
hancement of the enterohepatic circulation of cholesterol
and bile acids and intestinal cholesterol absorption. These
data, together with the studies of SCP-2 knockout mice,
strongly support the concept that SCP-2 has a coordinate
regulatory role in hepatic lipid metabolism by modulating
expression of various genes involved in cholesterol, bile
acid, FA, and triglyceride metabolism.

Since SCP-2 proteins are located in peroxisomes as well
as in endoplasmic reticulum and cytosol (22, 27-29), we
speculate here that the SCP-2 gene could have important
regulatory functions on VLDL production. Specifically, we
postulate that hepatic SCP-2 gene products inhibit VLDL
production by preferentially channeling phospholipids
and sterols to the canalicular pole rather than to the sinu-
soidal domain of the hepatocyte. The reciprocal relation-
ship between plasma and biliary lipid secretion has been
previously reported (3, 30). To further examine whether
SCP-2 indeed plays an interrelated physiological role in li-
poprotein and biliary lipid metabolism in vivo, we deter-
mined the effect of adenovirus-mediated SCP-2 gene
transfer into the mouse liver on FA synthesis and VLDL
production, as well as biliary cholesterol and phospholip-
ids secretion and composition.

EXPERIMENTAL PROCEDURES

Animals and diet

Adult male C57BL/6 mice over 8 weeks of age were used in all
experiments as previously described (26). Briefly, they had free
access to commercial rodent diet Prolab RMH 3000 (PMI Nutri-
tional International Inc., Brentwood, MO). Animals were sub-
jected to experimental protocols approved by the Research Advi-
sory Committee of our institution. All experiments were carried
out during the dark phase of reversal diurnal cycle between 8
AM to 1 PM (dark phase, 8 AM to 8 PM).

Recombinant adenoviruses preparation
and administration

The recombinant adenovirus Ad.rSCP2 was generated by ho-
mologous recombination in 293 cells as described previously (26,
31, 32). Briefly, the adenoviral backbone used for the construc-
tion of the vector-containing rat scp2 cDNA under control of the
CMV enhancer/promoter was derived from a replication-defi-
cient first-generation type-5 adenovirus with deletions of E1 and
E3 genes. The control adenovirus Ad.EIA contained the same E1
and E3 deletions without the transgene expression cassette.
Large-scale production of recombinant adenoviruses was per-
formed after purification from infected 293 cells (33). Viruses
were administered intravenously as previously described (26). An-
imals were studied 7 days after adenoviral infection during the
dark phase of a reversed diurnal cycle. Western blotting of liver
homogenates for SCP2 was performed using a rabbit polyclonal
anti-rat SCP2 serum from each sample as previously described
(26, 34, 35).

Bile and blood sampling

Bile was collected through a common bile duct fistula for 30
to 60 min in preweighed tubes and stored at —20°C. Blood was
removed by puncture of the inferior vena cava with a heparin-
ized syringe. Plasma was immediately separated by centrifugation
at 10,000 rpm X 10 min at 4°C and stored at —20°C.
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Plasma lipoprotein separation, lipid analyses, and
liver histology

Plasma lipoprotein separation was performed by Superose
6-fast protein liquid chromotography gel filtration of fresh plasma
specimens (36). For other determinations, liver, bile, and plasma
samples were frozen at —20°C until processing. Total plasma and
lipoprotein cholesterol, and triglyceride concentrations were mea-
sured by enzymatic kits (Sigma Chemicals Co., St. Louis, MO).
Hepatic triglycerides were extracted, solubilized, and measured
as previously described (37). Hepatic and biliary cholesterol, bil-
iary phospholipids, and bile acids were determined by routine
methods (30, 38, 39). Molecular species of phosphatidylcholine
(i.e., sn-1 and sn-2 fatty acyl compositions) were determined as
previously described (40, 41). Hydrophobic index is a concentra-
tion-weighted average of HPLC-determined hydrophobicities of
individual phosphatidylcholines present in a mixture and was de-
termined according to Hay et al. (41, 42). Conventional liver bi-
opsies were performed in 4 Ad.EIA and 5 Ad.rSCP2 mice. Speci-
mens were stained with hematoxilin-eosin and were blindly
analyzed by a pathologist.

Hepatic fatty acid and cholesterol synthesis in vivo

After a 2-h fasting period, rates of hepatic fatty acid and cho-
lesterol synthesis were measured at the mid-dark phase of the di-
urnal cycle (10 AM). Each mouse received 50 mCi [3H] water
(Amersham Pharmacia Biotech, Piscataway, NJ) by intraperito-
neal injection as previously described (43, 44). One hour after
radiolabel injection, animals were anesthetized and ~0.5 ml of
blood was obtained from the inferior vena cava for determina-
tion of water-specific activity in plasma. After liver removal, tissue
specimens were saponified and digitonin-precipitable sterols
were isolated (43, 44). For determination of fatty acid synthesis,
liver homogenates were extracted twice with 10 ml of petroleum
ether after acidification with 1 ml 1 N HCI (43). Results were ex-
pressed as mmol of [*H]water incorporated into fatty acids, or
digitonin-precipitable sterol nmol/h/g liver weight.

Hepatic triglyceride production

To measure hepatic VLDL triglyceride production, we used
the well-characterized method of Triton WR-1339 (tyloxapol)
(Sigma Chemicals Co.) injection to block peripheral removal of
newly secreted VLDL (45-47). Food was removed from the cages
at 8:30 PM the day prior to the experiment at the beginning of
the light phase of the diurnal cycle, when animals normally eat a
scarce amount of food. (Rodents usually ingest the major pro-
portion of their daily food during the dark phase of the diurnal
cycle.) An aliquot of blood was drawn from a tail vein the next
day for determination of basal triglyceride concentration in
plasma. Triton WR-1339 was intravenously injected at a dose of
35 mg/kg body weight in 50 pl of saline solution. Three hours
later, blood was drawn from the inferior vena cava. We chose this
dose of Triton WR-1339 and the 3 h postinjection sampling pe-
riod because preliminary experiments demonstrated that higher
doses, or longer time periods after Triton WR-1339 injection,
were deleterious for animals infected with the SCP-2 recombi-
nant adenovirus. All animals participating in this series of experi-
ments tolerated well the administration of Triton WR1339 and
looked healthy during the period of anesthesia and bleeding. An
aliquot of plasma post-Triton WR1339 injection was stored for to-
tal triglyceride determination, while plasma lipoproteins were
immediately isolated for VLDL triglyceride measurements. For
the calculation of VLDL triglyceride production, we assumed
that intestinal contribution to the plasma VLDL pool was mini-
mal. Plasma volume was calculated assuming a value of 0.071 ml/g
body weight (45).
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Statistics

Data are presented as mean *= SE. The two-tailed unpaired
Student’s #test was used to compare the sets of data. Statistically
significant differences were considered at P < 0.05.

RESULTS

To evaluate the relevance of SCP-2 in hepatic lipid me-
tabolism, we studied C57BL/6 mice that transiently over-
expressed SCP-2 in the liver by adenovirus-mediated gene
transfer. Controls included noninfected saline-injected
animals or mice infected with a control adenovirus that
lacks a cDNA transgene (Ad.EIA). Hepatic SCP-2 expres-
sion was increased by 8-fold in Ad.rSCP2infected mice 7
days postinfection (26). Mice looked healthy and body
weight remained within the normal range in SCP-2-over-
expressing mice. Similar mild elevations of alanine ami-
notransferase and aspartate aminotransferase were ob-
served in the serum of both groups of infected mice. The
acute phenotypic changes induced by Ad.rSCP2 on plasma
lipid concentration, biliary lipid secretion and hepatic
cholesterol, phospholipids, and triglyceride concentra-
tions are shown in Table 1. Liver weight significantly in-
creased in Ad.rSCP2-infected mice compared with control
saline-injected mice and Ad.ElA-infected mice. In
both adenovirus-infected groups of mice, liver histology
showed minor changes with scarce parenchymal cell bal-
looning, scattered necrotic hepatocytes around the peri-
portal areas, and absence of significant inflammation. No
differences were found between Ad.EIA and Ad.rSCP2
groups of animals. When compared with control Ad.E1A-
infected mice, total plasma cholesterol and triglyceride
levels were unchanged in Ad.rSCP2 animals, whereas bil-
iary lipid outputs were significantly increased. An unex-

TABLE 1. Acute phenotypic differences among sterol carrier protein-2
recombinant adenoviral infection, control adenoviral infection and
noninfected saline-injected mice

Parameter Saline Ad.EIA Ad.rSCP2
Body weight (g) 22+0.5 22 0.6 2105
Liver weight (g) 1.1+0.03 1.0=*x0.03 1.3=*0.04
Total plasma lipid
concentration (mg/dl)
Cholesterol 87 2.0 80 = 2.1 90 *+ 4.2
Triglycerides 18 = 3.2 29 + 3.4 25 + 4.0
Biliary lipid secretion
(nmol/min X100 g bw)
Bile acids 248 *+ 31 232 + 29 387 + 44«
Phospholipids 50 =5 46 = 3 78 * 3¢
Cholesterol 55 *0.5 51 *0.7 11 = 0.4¢
Hepatic lipid content
(mg/g liver wt)
Total cholesterol 2.0=*0.3 24+0.2 3.9 *0.6¢
Cholesterol esters 032*+03 039*01 051=*0.2
Triglycerides 224*+57 131%55 3.1 *1.0¢
Phospholipids (organicP) 1.0 £ 0.06 1.0*=0.04 1.4 * 0.06¢

Determinations were performed 7 days after IV administration of
adenoviruses or saline. Values represent the mean * SE. There were 6-8
fasted mice in each group. All experiments were performed during the
mid-dark phase of the reversed diurnal cycle.

“ Significantly different at P < 0.01 compared with control groups.

Amigo et al.

pected finding was the remarkable 4-fold decrease of
hepatic triglyceride concentration and the significant in-
crease in total hepatic cholesterol and phospholipids con-
centrations found in Ad.rSCP2 mice. Taken together, these
results confirmed that hepatic SCP-2 expression has a
significant role in the regulation of hepatic cholesterol,
phospholipids, and triglyceride metabolism, as well as bil-
iary lipid secretion.

As previously reported (26), plasma lipoprotein choles-
terol distribution was altered in Ad.rSCP2 mice compared
with the Ad.EIA mice: plasma LDL-C concentration in-
creased by 100%, whereas HDL-C levels decreased by
25%. VLDL-C was not changed (results not shown). Since
we previously found a significant decrease in hepatic apoB
and apoE expression in Ad.rSCP2-infected mice (26), we
hypothesized that lipid availability for VLDL assembly and
VLDL secretion by the liver was impaired. We therefore
studied hepatic FA and cholesterol synthesis, as well as
VLDL production in vivo. As shown in Table 2, SCP-2
overexpression decreased in vivo hepatic synthesis of cho-
lesterol and free fatty acid (FFA) by 40% and 56%, respec-
tively. Furthermore, hepatic VLDL triglyceride secretion
was markedly reduced by 63% in Ad.rSCPZinfected mice
(Fig. 1). As shown in Fig. 2, post-Triton WR1339 plasma
VLDL-C concentration was significantly decreased, which
was consistent with the inhibition of hepatic VLDL pro-
duction in Ad.rSCP2-infected mice compared with con-
trol virus-infected animals. The increase in hepatic cho-
lesterol concentration was consistent with conserved
feedback inhibition of hepatic cholesterol and fatty acid
synthesis and hepatic LDLR expression (26) found in
Ad.rSCP2infected mice compared with control virus-infected
animals.

On the other hand, biliary bile acid, phospholipids, and
cholesterol outputs were significantly increased as a con-
sequence of hepatic SCP-2 overexpression (Table 1). Pro-
portionally, the increased lipid output was more pro-
nounced in biliary cholesterol secretion, a finding
probably related in part to the increased biliary bile acid
output and the augmented intestinal cholesterol absorp-
tion (26). Since biliary cholesterol output is tightly cou-
pled to phospholipids output and hepatic FA metabolism
was markedly modified in Ad.rSCPZinfected mice, we

TABLE 2. Effect of SCP-2 recombinant adenoviral infection on
hepatic cholesterol and fatty acid synthesis, triglyceride secretion,
and lipid content in mice

Hepatic Lipid Synthesis

Group Cholesterol Fatty Acids
umol/h/100 g bw

A. Saline 1.7 = 0.04 15.1 = 2.9

B. Ad.E1A 3.4 +0.16 223+ 1.6

C. Ad.rSCP2 1.8 £ 0.34¢ 9.7 + 2.3¢

All values are expressed as mean * SE. Experiments (4-6 fasted
animals in each group) were performed during the mid-dark phase of
the diurnal cycle.

“ Significantly different at P < 0.001 compared with group B.
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Fig. 1. Effect of Triton TW1339 administration on VLDL triglyc-
eride production in mice with adenovirus-mediated sterol carrier
protein-2 (SCP-2) gene transfer. Food was removed from the cages
at 8:30 PM at the beginning of the light phase of the diurnal cycle
(reversed dark phase from 8 AM to 8 PM, the physiological period
of food ingestion) the day prior to the experiment. An aliquot of
blood was drawn from a tail vein the next day for determination of
basal triglyceride concentration in plasma. Triton WR-1339 was in-
travenously injected at a dose of 35 mg/kg bw. Three hours later,
blood was drawn from the inferior vena cava. An aliquot of plasma
post-Triton WR1339 injection was stored for total triglyceride deter-
mination, while plasma lipoproteins were immediately isolated for
VLDL triglyceride measurement. For the calculation of VLDL tri-
glyceride production, we assumed that intestinal contribution to
the plasma VLDL pool was minimal. Plasma volume was calculated
assuming a value of 0.071 ml/g bw.

Saline

tested the hypothesis that the composition of biliary phos-
phatidylcholines, the principal form of phospholipids in
bile, might have changed to favor biliary cholesterol solu-
bilization and transport. As shown in Table 3, SCP2 over-
expression led to significant changes in the proportions of
hepatic and biliary phosphatidylcholine molecule species.
There was a 100% increase in the hydrophobic index
of biliary phosphatidylcholines in Ad.rSCP2 relative to

Ad.EIA mice (Fig. 3). These differences were not associ-
ated with changes in the hydrophobic index of hepatic
phosphatidylcholines.

DISCUSSION

These studies provide the first description in the live an-
imal of the multiple and pleotrophic alterations in he-
patic cholesterol and triglyceride metabolism, biliary lipid
secretion and composition, and lipoprotein metabolism
that result from adenovirus-mediated overexpression of
SCP-2 gene products in the mouse liver. The marked
acute changes in hepatic VLDL production, accompanied
by major changes in plasma lipoprotein cholesterol con-
centration, biliary lipid output, and phosphatidylcholine
composition, supported the concept that SCP-2 might
play an important role in the control of hepatic FA and
cholesterol trafficking, influencing through these mecha-
nisms the expression of other genes responsible for the
package and secretion of lipids as nascent lipoproteins.
The major metabolic changes induced by overexpression
of the SCP-2 gene, including the present and prior (26)
series of experiments, are outlined in Fig. 4. The central
effects were initiated in the liver and determined major
changes in serum lipoprotein cholesterol concentrations,
hepatic lipid concentration, association with marked in-
hibition of fatty acid and relative decrease in cholesterol
synthesis, inhibition of VLDL production, enhanced cho-
lesterol absorption, and increase in biliary bile acid,
phospholipids, and cholesterol secretion rates. In con-
trast, but consistent with present observations, disruption
of the SCP2 gene in mice determined a phenotype charac-
terized by a decrease of bile acid secretion rate and pool
size, decrease hepatic cholesterol content, and intestinal
absorption (48). SCP-2-knockout mice also presented sig-
nificantly decreased liver triglyceride and cholesterol ester

VLDL IDL/LDL HDL

25

20

Cholesterol Content
(ug/fraction)

Fraction number

Fig. 2. Effect of Triton TW1339 administration on plasma lipoprotein cholesterol distribution in mice with
adenovirus-mediated SCP-2 gene transfer. Mice were treated as described in Fig. 1. Cholesterol was measured
in lipoprotein fractions. Curves correspond to one representative lipoprotein cholesterol profile of pooled
plasma obtained from two mice in each group. More than 85% of post-Triton TW1339 plasma triglycerides
were present in VLDL in the three groups of mice. Square, control saline-injected; open circle, Ad.E1A-

infected mice; closed circle, Ad.rSCP2-infected mice.
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TABLE 3. Effect of SCP-2 recombinant adenoviral infection on
molecular species of phosphatidylcholine in mice liver and bile

A. Saline B. Ad.E1A C. Ad. rSCP2
Liver
Phosphatidylcholine
species
16:1-20:4 15 *0.6 2.1+05 22+0.3
16:1-18:2 2.7+0.2 2.1+ 0.6 1.6 £ 0.2¢
16:0-22:6 9.7+ 18 10.9 = 2.1 124 0.2
16:0-20:4 10.1 = 1.6 10.7 £ 0.8 14.4 = 4.6
16:0-18:2 43.8 + 3.0 414 £ 3.0 34.8 + 3.8¢
16:0-18:1 + 18:020:4 227+ 1.1 247 £ 28 28.4 * 1.5°
18:0-18:2 81+1.8 7615 5.2+ 0.1°
18:0-18:1 1.3 *04 04*03 09*1.0
Bile
Phosphatidylcholine
species

16:1-20:4 3.97£050 390+ 041 288 *0.27¢
16:1-18:2 278 £ 0.47 298 £0.21 290 £ 0.54
16:0-22:6 508 =058 440 +0.54 5.37 = 1.80
16:0-20:4 8.04 =048 755+ 117 9.65+2.71
16:0-18:2 62.60 £ 2.14 61.50 * 2.48 54.15 * 5.34¢
16:0-18:1 + 18:0-20:4 14.30 + 2.42 16.30 = 1.50 20.90 * 2.67¢
18:0-18:2 3.10 £0.26 3.37 =044 410 = 0.68“
18:0-18:1 0.12 £0.03 0.05*£0.02 0.07 = 0.02¢

Values represent the mean * SE.
@ P < 0.05 group C compared with groups A and B.
b P<0.05 group C compared with group A.

concentrations, suggesting that these animals also have al-
tered phospholipids, fatty acid, and triglyceride metabo-
lism (24, 25). It is important to emphasize that the present
studies of acute SCP2 gene overexpression in the liver
may not reciprocally parallel the experimental findings of
the SCP-2-knockout mice. In this model, the SCP2 gene is
permanently deleted from all tissues; therefore, a number
of adaptative mechanisms should have developed in the
live animal, particularly in lipid cell trafficking. Presum-
ably, one example of this adaptative mechanism was the
increased expression of liver fatty acid binding protein
found in SCP-2 knockout mice; this protein probably re-
placed some of the functions of SCP2 (48). The inhibition
of hepatic VLDL triglyceride production was expected
since hepatic apoB and apoE expressions were markedly
reduced in Ad.rSCP2 mice (26). The expressions of both
apoB (5-7) and apoE (49, 50) are critical for VLDL syn-
thesis and secretion. It is known that SCP-2 interacts directly
with free FA and acyl-CoA FA (11, 14) and thus, it is con-
ceivable that hepatic FAs in SCP-2-overexpressing mice
were diverted from triglyceride synthesis to other meta-
bolic pathways, including newly synthesized biliary phos-
phatidylcholine, decreasing VLDL production. Reduced
FA synthesis determined by SCP-2 overexpression might
have also contributed to the lower hepatic VLDL triacyl-
glycerol production observed in Ad.rSCP2Z-infected mice.
Hepatic SCP-2 overexpression also decreased nonfasting
plasma HDL-C concentration and increased LDL-C levels.
These changes were correlated with decreased expression
of hepatic apo Al and LDLR as previously reported (26).
The relative inhibition of hepatic cholesterogenesis
found in the Ad.rSCP2 mice was correlated with increased
concentration of hepatic cholesterol and the expected
feedback regulation in hepatic LDLR expression, suggest-

Amigo et al.

Liver
i ]

-

0,08 %

é: Bile
E 0,12 *

0,04 I /

0 7.

Saline Ad.E1A Ad.rSCP2

Fig. 3. Hepatic and biliary phosphatidylcholine (Pc) hydropho-
bic index. Liver and bile specimens were obtained as described in
Table 1. There were four mice in each group. Values represent the
mean * SE. *Significantly different at P < 0.01 compared with con-
trol groups.

ing that the feedback regulation of the genes that control
hepatic cholesterol metabolism was operating normally in
the Ad.»SCP2Zinfected mice. Interestingly, hepatic FA syn-
thesis and VLDL triglyceride production were also re-
duced in SCP-2-overexpressing mice. The complex co-
ordinate regulation of hepatic FA and cholesterol
metabolism was found after SCP-2 overexpression, sug-
gesting the potential involvement of the sterol regulatory
element binding proteins (SREBPs) in mediating the
biological activity of SCP-2. These membrane-bound tran-
scription factors regulate the expression levels of HMG-
CoA reductase and other enzymes involved in the choles-
terol and FA biosynthetic pathways, and the expression of
the LDLR (51). In fact, genetic manipulation of some
SREBPs in mice has shown marked effects in FFA metabo-
lism (52, 53). Further studies are required to evaluate
whether the decreased cholesterol and FA synthesis ob-
served in the liver of SCP-2-overexpressing mice was in-
deed mediated by decreased transcriptional regulatory ac-
tivity of SREBPs.

It is important to note that inflammatory mediators re-
leased in response to viral infection may induce distur-
bances in lipid metabolism (54). Nevertheless, several
lines of evidence suggest that the observed effects on lipid
metabolism in this study were not nonspecific effects of vi-

Role of sterol carrier protein-2 in hepatic lipid metabolism 403

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

EXTRAHEPATIC ¢—— LDL ﬁ

TISSUES
LIVER :M}‘ - SMALL

! INTESTINE

r.lzu

—

Acstyl -CoA o {

HODI \ Acetyl CoA
1 {
L\ ﬂ | CHYLO.

f ’_z-l Remnants ch ohsl‘ml
F chomw ’ Enteroiymphatic g

. \ Ciroulation

' ey Chol.ester

U

] ‘:\, \ ¥ A ; ‘ /holssmrol

Bile Acid Cholestarol

\ - v
BILE DIET
EXT:;;ES:;TW@ f \
LIVER " DUO @ Q - SMALL
1 INTESTINE
HOL | Acetyl -CoA o

\ . | CHYLO.

Remnants

Enteralymphatlc
Clreulation

%

Chol.ester

| Cholesterol
Bile Acl Chol es}eml
H_J
BILE DIET

Fig. 4. Enterohepatic cholesterol metabolism in the mouse with adenovirus-mediated hepatic overexpres-
sion of SCP-2 gene. This figure summarizes the effects of the acute hepatic overexpression of SCP-2 gene on
the enterohepatic flux of cholesterol through the plasma as lipoproteins and through the intestine after se-
cretion into bile. The normal situation is represented in the upper panel and the effects of SCP-2 gene over-
expression in the lower one. The thickness of the lines showing cholesterol fluxes represents semiquantita-
tive values. The five more significant changes of cholesterol metabolism found in the Ad.rSCP2 mice are
remarked in gray arrows as follows: /) VLDL production is reduced with presumably a lower formation of
LDL in the Ad.rSCP2 mice. 2) Plasma LDL cholesterol concentration increases due to a lower expression of
hepatic LDL receptor (LDLR) (24). 3) Plasma HDL concentration decreases, presumably because of a
marked inhibition of hepatic Al synthesis (26) in the Ad.rSCP2 mice. 4) Hepatic cholesterogenesis is inhib-
ited as expected, because of the enhanced cholesterol concentration and the diminution of sinusoidal LDLR
expression in the experimental animal. 5) The cholesterol and bile acid fluxes are markedly increased, a
phenomenon that is associated with enhanced intestinal cholesterol absorption.
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ral infection. First, the deleterious effects of viral infection
were similar in both infected groups of animals, as judged
by the scarce necrosis found in the livers and the mild ele-
vations of serum transaminases. Moreover, high-resolution
immunohistochemistry of thin liver sections of Ad.rSCP2
mice showing subcellular distribution of SCP2 in round
organelles highly suggestive of peroxisomes (26) also
showed normal appearance of other organelles, including
mitochondria. Second, bile flow and lipid secretion, both
complex energy-dependent functions of hepatocytes,
were maintained within the normal range. Bile flow and
biliary lipid secretion require the functional and subcellu-
lar integrity of sinusoidal receptors and transporters, en-
ergy production, lysosomal processing, intracellular pro-
tein, and vesicular-mediated transport and canalicular
excretion through a number of putative solute carriers
(55, 56). In addition, administration of control Ad.E1A vi-
ruses increased hepatic cholesterogenesis, an effect that
was reversed by the increase hepatic cholesterol content
in the Ad.rSCP2 mice, probably as the consequence of en-
hanced intestinal cholesterol absorption found in these
animals (26). Similarly, total serum cholesterol concentra-
tion was unchanged in SCP2-overexpressed mice, a result
consistent with previous studies showing that recombinant
adenoviral infection, per se, does not change total plasma
cholesterol levels (57).

We hypothesize that the triggering event involved in the
multiple effects of hepatic SCP-2 overexpression on lipid
metabolism in mice was the increased FA and cholesterol
cycling and intracellular cholesterol and phosphatidylcho-
line redistribution. This possibility is consistent with the
results of previous studies in SCP-2-transfected cultured
rat hepatoma cells (23) and in the whole animal (26). It
was apparent that the velocity of the bidirectional flux of
cholesterol and phosphatidylcholine between endoplas-
mic reticulum and plasma membranes was critically de-
pendent upon SCP-2 expression levels. Consequently,
SCP-2 transfection might specifically determine free cho-
lesterol and phosphatidylcholine accumulation in the
plasma membrane of hepatocytes, with a simultaneous re-
duction in cholesterol esterification, triglyceride synthesis,
and VLDL and HDL production. These latter changes are
correlated with decreased apoB, apoAl, and apoE expres-
sion (26), VLDL production, and reduced plasma HDL-C
levels.

Increasing evidence has now accumulated supporting
the concept that SCP-2 plays a physiological role in he-
patic cholesterol, phospholipids, and lipoprotein metabo-
lism, as well as in biliary lipid secretion. We can postulate
that the effect of SCP-2 overexpression on biliary phos-
pholipids and cholesterol output may be related to vec-
torial enrichment of biliary lipids in some specific cana-
licular plasma membrane domains associated with a
reciprocal effect of lipids through the sinusoidal mem-
brane. Specific canalicular membrane domains could rep-
resent the immediate source of cholesterol to be re-
cruited for bile secretion, particularly those enriched
with the ABCG5-ABCGS transporters responsible for canalic-
ular cholesterol secretion (58) and the MDR2 transporter
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responsible for canalicular membrane phosphatidylcho-
line flipping and biliary lipid vesicle secretion (2). Consis-
tent with this possibility, SCP-2 can regulate cholesterol
distribution between different kinetic domains of the
plasma membrane (59). Furthermore, SCP-2 transfection
in rat hepatoma cells determined cholesterol accumula-
tion in the plasma membrane (23). On the other hand,
previous studies have shown that cholesterol hypersecre-
tion was correlated with a significant increase in the con-
centration of cholesterol in the canalicular membrane
(39). Cholesterol-rich plasma membrane regions may ex-
ist in liver plasma membranes and correspond to deter-
gentresistant domains, such as caveolae and lipid rafts,
which seem to participate in cellular cholesterol efflux in
nonhepatic cells (60). Whether the increase of biliary
lipid secretion found in the Ad.7SCPZinfected animal is as-
sociated with overexpression of the canalicular ATP bind-
ing cassette transporters remains to be elucidated.

Our results in Ad.rSCP2infected mice are consistent
with the hypothesis of the existence of a common meta-
bolically active pool of cholesterol and phospholipids for
VLDL production and biliary secretion, as previously pos-
tulated (3, 30). SCP-2 preferentially channels cholesterol
and phospholipids into bile and reciprocally decreases the
availability of hepatic lipids for VLDL assembly and secre-
tion, which in this case is paralleled by a marked inhibi-
tion of hepatic expression of apoB and apoE, two key apo-
lipoproteins that regulate VLDL production. Under
these circumstances, cholesterol and phosphatidylcho-
line, which are the lipid components of nascent VLDL
surface monolayer (5-7), will accumulate and eventually
be delivered to the apical pole of the hepatocyte and into
bile. Our data demonstrate that hepatic overexpression of
SCP-2 favored biliary secretion of more hydrophobic
phosphatidylcholine molecular species. These phosphati-
dylcholine species pack more tightly with cholesterol (61),
and this could provide a mechanism by which SCP-2 in-
creases biliary cholesterol secretion. Recent studies have
shown that more hydrophilic phosphatidylcholine species
promote rapid cholesterol crystallization in bile, whereas
more hydrophobic species retard cholesterol crystalliza-
tion (62). Both the detailed mechanisms by which SCP-2
overexpression directly influences hepatocellular traffick-
ing of biliary phosphatidylcholines and the relevance of
this finding for biliary cholesterol precipitation and gall-
stone formation remain to be established.

In summary, these studies support two important con-
cepts. First, that hepatic SCP-2-mediated lipid trafficking
represents a major physiological regulatory mechanism
for cholesterol, FA and lipoprotein metabolism, and bil-
iary lipid secretion. Second, these results strongly support
the concept that SCP-2 preferentially channels lipids to
the apical pole of the hepatocyte, while simultaneously de-
creasing sinusoidal lipoprotein secretion. Therefore,
SCP-2 expression levels in the liver may serve an impor-
tant physiological role in lipid homeostasis. Pharmacolog-
ical manipulation of the SCP-2 gene could modulate he-
patic overproduction of VLDL and biliary lipid secretion.
If so, SCP2 may be a novel target for drug development
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aimed to treat dyslipidemias, atherosclerosis, and gall-
stone disease. Xl
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