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Apolipoprotein A-l Modulates Processes Associated with
Diet-Induced Nonalcoholic Fatty Liver Disease in Mice
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Apolipoprotein A-I (apoA-l) is the main protein of high-density lipoprotein (HDL). We investigated the involvement of apoA-I in
diet-induced accumulation of triglycerides in hepatocytes and its potential role in the tfreatment of nonalcoholic fatfty liver dis-
ease (NAFLD). ApoA-I-deficient (apoA-I7) mice showed increased diet-induced hepatic triglyceride deposition and disturbed
hepatic histology while they exhibited reduced glucose tolerance and insulin sensitivity. Quantification of FASN (fatty acid syn-
thase 1), DGAT-1 (diacylglycerol O-acyltransferase 1), and PPARy (peroxisome proliferator-activated receptor y) mRNA expression
suggested that the increased hepadtic triglyceride content of the apoA-I7~ mice was not due to de novo synthesis of triglycerides.
Similarly, metabolic profiing did not reveal differences in the energy expenditure between the two mouse groups. However,
apoA-I"~ mice exhibited enhanced intestinal absorption of dietary tfriglycerides (3.6 + 0.5 mg/dL/min for apoA-I7~ versus 2.0 +
0.7 mg/dL/min for C57BL/6 mice, P < 0.05), accelerated clearance of postprandial triglycerides and a reduced rate of hepatic
very low density lipoprotein (VLDL) triglyceride secretion (9.8 + 1.1 mg/dL/min for apoA-I"~ versus 12.5 + 1.3 mg/dL/min for C57BL/6
mice, P < 0.05). In agreement with these findings, adenovirus-mediated gene transfer of APOA-l, ., IN APOA-I"" mice fed a
Western-type diet for 12 wks resulted in a significant reduction in hepatic triglyceride content and an improvement of hepatic his-
tology and architecture. Our data extend the current knowledge on the functions of apoA-l, indicating that in addition to its well-
established properties in atheroprotection, it is also an important modulator of processes associated with diet-induced hepatic
lipid deposition and NAFLD development in mice. Our findings raise the interesting possibility that expression of therapeutic forms
of apoA-I by gene therapy approaches may have a beneficial effect on NAFLD.
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INTRODUCTION

Apolipoprotein A-I (apoA-I) is a single
polypeptide of 243 amino acids with a
molecular mass of 28.1 kDa, mainly pres-
ent in plasma as a component of high-
density lipoprotein (HDL) (1). ApoA-I is
expressed primarily by the intestine and
the liver, although other tissues also
express it. Intestinally derived apoA-I
enters the circulation associated with
chylomicrons and then it is rapidly trans-
ferred to HDL during conversion of chy-
lomicrons into chylomicron remnants by

lipoprotein lipase (2,3), and hepatic
apoA-I is secreted in the circulation in a
lipid-free, or minimally lipidated form
(2,4).

Lipid-free or minimally lipidated
apoA-I plays an important role in the de
novo biogenesis of HDL (1). In the early
steps of this pathway, apoA-I acquires
phospholipids and cholesterol via its in-
teractions with the ATP-binding cassette
A1 (ABCA1). Through a series of inter-
mediate steps that are currently poorly
understood, apoA-I is gradually lipi-
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dated and eventually forms discoidal
particles that are then converted to
spherical by the action of the plasma en-
zyme lecithin:cholesterol acyl transferase
(LCAT). Both discoidal and spherical
HDL particles interact functionally with
scavenger receptor—class B type I (SR-BI)
and this interaction is believed to be im-
portant for some of the atheroprotective
functions of HDL. ApoA-I is a coactiva-
tor of LCAT in plasma (5). In vitro studies
suggested that apoA-I is absolutely re-
quired for the activation of plasma LCAT
(6-8). Similarly, in vivo studies showed
that mice deficient in apoA-I (apoA-1")
(9) have a plasma LCAT activity level
that corresponds to 20-25% of their wild-
type (WT) counterparts (10), further con-
firming the important role of apoA-I in
the activation of LCAT.

Additional functions of apoA-I were
discovered as a result of studies of ab-
normal and/or diseased states. For ex-
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ample, some mutations in apoA-I have
been implicated in pathological condi-
tions, such as Tangier disease (11-13). In
contrast, apoA-I, . (14,15), a natural
variant form of apoA-I, has been found
to have a beneficial effect on atheroscle-
rosis, although the precise mechanism
has not been fully elucidated. In rare
cases of combined hyperlipidemia,
apoA-I can also be found as a component
of triglyceride-rich lipoproteins, in which
it interferes with their metabolism in
plasma. Despite the key role that lipopro-
teins play in the trafficking of plasma
lipids and the contribution of apoA-I in
lipoprotein metabolism, to date very little
is known on the effects of apoA-I on
triglyceride deposition to the liver, a pro-
cess that constitutes the first step in the
development of diet-induced nonalco-
holic fatty liver disease (NAFLD).

In humans, NAFLD ranges from a
simple accumulation of triglycerides in
the liver (hepatic steatosis) to hepatic
steatosis with inflammation, fibrosis and
cirrhosis (nonalcoholic steatohepatitis
[NASH]) (16,17). Even though hepatic
deposition of triglycerides is an impor-
tant process, additional parameters such
as disturbances in hepatic lipid homeo-
stasis; increased generation of reactive
oxygen species and, consequently, oxida-
tive stress; changes in mitochondrial
function; DNA damage; microbial infec-
tions; and release of various cytokines
are also required for the establishment of
NAFLD and its progression to NASH
(17-20). Since NAFLD is also present in
patients with metabolic syndrome, it has
been proposed that it should be included
as the hepatic component of metabolic
syndrome (18). Even though aging, hor-
monal imbalance and genetic predisposi-
tion may contribute to NAFLD (19), a
Western-type diet and sedentary lifestyle
that result in excess body fat, physical in-
activity and imbalance in caloric load are
the most common contributors to the
disease (20).

Here we studied the role of apoA-I in
NAFLD development. Our data reveal a
significant role of apoA-I in modulating
diet-induced hepatic triglyceride accu-

mulation, and raise the interesting possi-
bility that therapeutic variants of apoA-I
may find important applications in the
treatment of NAFLD in future gene ther-
apy approaches.

MATERIALS AND METHODS

Animal Studies

The apoA-I’/ ~(9) and the C57BL/6
mice used in our studies were purchased
from Jackson Laboratories (Bar Harbor,
ME, USA). Male mice 10-12 wks old were
used in these studies. Mice in each group
were caged individually (one mouse per
cage) and were allowed unrestricted ac-
cess to food and water under a 12-h
light/ dark cycle. To ensure similar aver-
age cholesterol, triglyceride and glucose
levels and starting body weights, groups
of 10 mice were formed after determining
the fasting cholesterol, triglyceride and
glucose levels and body weights of the in-
dividual mice. Mice were fed the standard
Western-type diet (Mucedola SRL, Milan,
Italy) for the indicated period, and body
weight and fasting plasma cholesterol and
triglyceride levels were determined at the
indicated time points after diet initiation.
At the end of each experiment, mice were
killed and plasma and liver samples were
collected. Carcasses were stored at -80°C.
All animal studies were governed by the
European Union directive for the protec-
tion and welfare of animals used for ex-
perimental and other scientific purposes
(http:/ / eur-lex.europa.eu/LexUriServ /
LexUriServ.do?uri=0]J:L:1986:358:0001:
0028:EN:PDF). In our experiments we
took into consideration the 3Rs (reduce,
refine, replace) and we minimized the
number of animal experiments to the ab-
solute minimum. To date there is no in
vitro system to mimic satisfactorily the
lipid and lipoprotein transport system
and the in vivo mechanisms leading to
NAFLD, making the use of experimental
animals mandatory. All procedures used
in our studies involved minimal distress
to the mice tested. The work was author-
ized by the appropriate committee of the
Laboratory Animal Center of the Univer-
sity of Patras Medical School.
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Indirect Calorimetry Studies

We performed indirect calorimetry
studies using the Phenomaster small ani-
mal calorimetry system (TSE Systems,
Bad Homburg, Germany). Groups of
apoA-TI"/~ and C57BL/6 mice were accli-
mated in the calocages for 48 h and then
energy expenditure (EE) was determined
on the basis of the CO, volume (VCO,)
(mL/h) produced and VO, (mL/h) con-
sumed over an additional 24-h period. A
total of 72 measurements of VCO, and
VO, were collected. The EE per mouse
(expressed in J/h) for each measurement
was calculated by the formula EE =
(15.818 x VO,, + (5.176 x VCO,) (21).
Then, the average EE of the 72 different
measurements was determined and
plotted as a function of mouse body
weight (g), and analysis of covariance
(ANCOVA) was performed between the
two groups of mice (21).

Generation and Large-Scale
Production of the Recombinant
Attenuated Adenovirus Expressing
Ap°A'|Milano

For the generation of the genomic
DNA expressing apoA-I, ;. we used
the QuickChange-XL (Stratagene, La
Jolla, CA, USA) site-directed mutagene-
sis kit as described (22). The mutagenic
primers used were: 5'-TTGGC CGCGC
GCCTT GAG-3' (forward) and 5'-
CTGGC GCAGC TCGTC GCT-3' (re-
verse) with the pCA13-AIgN vector (23),
which contains the genomic human
apoA-I sequence, as template. The recom-
binant adenoviruses were constructed as
described previously (24). The titer of the
virus preparation was 2 x 10" pfu/mL.
The recombinant attenuated adenovirus
AdGFP-apoA-l, .., independently ex-
presses green fluorescent protein (GFP)
and apoA-I,;,. . under the control of
two different CMV (cytomegalovirus)
promoters.

Cell Culture Studies

HTB13 cells (SW1783, human astrocy-
toma) were grown to confluence in me-
dium containing 10% fetal calf serum.
Confluent cultures were washed twice
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Figure 1. Histological analyses of liver sections from apoA-I"~ and C57BL/6 mice. Panels
(A) and (B) are representative pictures of H&E-stained hepatic sections from C57BL/6 (A)
and apoA-I""mice (B) at wk 24 on a Western-type diet. (C, D) Representative pictures of
reticulin-stained hepatic sections from C57BL/6 (C) and apoA-I""mice (D) at wk 24 of the
experiment. All pictures were taken under original magnification, 20x. (E, F) Percentage (E)
and average surface area (F) of lipid loaded cells in the livers of apoA-lI7~ and C57BL/6

mice fed a Western-type diet for 24 wks.

with phosphate-buffered saline (PBS),
switched to culture medium containing
2% heat-inactivated horse serum, and
then infected with AAGFP-apoA-I,. . at
a multiplicity of infection of 5. At 24 h
postinfection, cells were washed twice
with PBS, and fresh serum-free medium
was added. Following an additional 24 h
of incubation, medium was collected
and analyzed by Western blotting as de-
scribed below.

Western Blot Analysis

Western blot analysis for apoA-I was
performed as described previously (24),
using a goat anti-human apoA-I anti-
body (cat# K45252G; Biodesign Interna-
tional, Saco, ME, USA) as primary, and a
rabbit anti-goat antibody (cat # sc-2768;
Santa-Cruz Biotechnology, Sant Cruz,
CA, USA) as secondary. For analysis of
culture medium, 100 uL of medium was

extensively dialyzed in H,0 and then
lyophilized. The dry powder was then
reconstituted in 20 uL. H,O and analyzed
by Western blotting. For analysis of
plasma samples, 10 uL of plasma was
used. For peroxisome proliferator-
activated receptor y (PPARy) detection,
liver specimens were homogenized in
radioimmunoprecipitation assay buffer
with a minibead beater (Biospec,
Bartlesville, OK, USA). Then 10 g of
protein extracts were resolved on 12%
sodium dodecyl sulfate—polyacrylamide
gel electrophoresis, and Western blot
analysis was performed with a PPARy-
specific antibody (cat # sc7273; Santa
Cruz Biotechnology).

Plasma Lipid Determination
Following a 16-h fasting period,

plasma samples were isolated from the

experimental mice. Plasma cholesterol,
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triglyceride and free fatty acid levels
were measured as described previously
(24).

Fractionation of Plasma Lipoproteins
by Density Gradient
Ultracentrifugation

For the determination of plasma cho-
lesterol and triglyceride levels in various
plasma lipoproteins, 0.5 mL of pools of
plasma from five apoA-I"'~ and five
C57BL/6 mice were fractionated by den-
sity gradient ultracentrifugation over a
10-mL KBr density gradient, as described
previously (24). The cholesterol and
triglyceride content of different density
fractions were determined as described
above.

Measurement of Total Hepatic
Cholesterol and Triglyceride Content
Total hepatic cholesterol (free + esteri-
fied) and triglyceride determination was
performed as described previously (25).
Results are expressed as milligram of
cholesterol or triglycerides per gram of
tissue + standard error of the mean.

Body Weight Determination and Body
Mass Composition Analysis

At the indicated time points during
the course of the experiments, mice in
each group were briefly anesthetized
with isofluorane and their body weight
was determined by a Mettler® precision
microscale. At the end of each experi-
ment, at least six mice from each group
were sacrificed. Body mass composition
was determined as described previously
(25,26).

Histological Analysis of Tissue
Samples

At the end of each experiment, mice
were killed and liver and visceral fat
specimens were collected and either
stored at —80°C or fixed in 10% formalin.
We obtained 4-um-thick sections from
the formalin-fixed paraffin-embedded
tissue for further histological analyses.
Conventional hematoxylin and eosin
(H&E) histological staining was per-
formed to evaluate the microscopic mor-
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Figure 2. Biochemical parameters of apoA-lI"~ and C57BL/6 mice fed a Westermn-type diet for a period of 24 wks. (A) Changes in hepatic
triglycerides (TG) and cholesterol (Chol); (B) body weight; (C) plasma cholesterol; and (D) plasma triglycerides of mice fed a Western-
type diet for 24 wks. (E .F) Cholesterol and triglyceride content, respectively, of the different density lipoprotein fractions following separa-
tion of plasma lipoproteins by density gradient ultracentrifugation. The different lipoprotein fractions are indicated. (G) Average food
consumption of apoA-I7~ and C57BL/6 mice at wk 0 of the experiment. (H) Fasting plasma glucose levels of the mice af wk 0 and 24 of

the experiment.

phology of the liver tissue samples. To
assess the tissue structural integrity and
architecture, the reticular fiber network
was outlined with application of the reti-
culin stain according to the manufac-
turer’s instructions (Bioptica, Milan,
Italy). Stained sections were visualized
with an Olympus BX41 bright-field mi-
croscope. Histomorphometry was per-
formed with Adobe Photoshop software.
Specifically, five representative hepatic
sections from each animal were used for
histomorphometric measurements (num-
ber and average surface area of lipid-
laden hepatocytes). From each section
we photographed three different areas
using a Nikon Eclipse 80i microscope
with a Nikon DXM 1200C digital camera
(original magnification 20x). The digital
images were imported into Adobe Photo-
shop CS2 and a grid was added. For
each area the number of lipid vacuoles
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that were intersected by the grid was de-
termined and calculated independently
by one pathologist (DJ Papachristou) and
one investigator (KE Kypreos) in a
blinded fashion. These data were then
used to assess the total number of fat
vacuoles accumulated within the hepato-
cytes of each section. Oil red O staining
of hepatic sections was performed for the
visualization of the unsaturated hydro-
phobic lipids according to the manufac-
turer instructions (Oil Red O Stain kit,
#RRSK14; Biostain Ready Reagents,
Manchester, UK).

Determination of Postprandial
Triglyceride Kinetics following Oral
Administration of Olive Oil

Groups of five apoA-I"/~ or C57BL/6
mice were tested. Determination of the
postprandial triglyceride kinetics was
performed as described previously (25).
Values were expressed in milligrams per
deciliter + standard error of the mean.

Rate of Intestinal Secretion of
Triglyceride-Rich Chylomicrons and
Hepatic VLDL Triglyceride Production

To determine the rate of intestinal
triglyceride secretion in the plasma of
Determination of Daily Food
Consumption

Food intake was assessed by deter-

our experimental mice we measured the
total rate of plasma triglyceride input
(intestinal and hepatic) and then sub-
tracted the rate of hepatic triglyceride se-
cretion, as described previously (28).
Briefly, to determine the total rate of
triglyceride input in the plasma of mice,

mining the difference in food weight
during a 7-d period to ensure reliable
measurements, as described previously
(26,27).
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groups of five apoA-I~/~ or C57BL/6
mice were tested. Prior to the experi-
ment, mice were fasted overnight for

16 h. The following day animals were
gavaged with 0.3 mL of olive oil and
placed back to their cages for 1 h (in our
experimental setup dietary triglyceride
absorption, measured as a postgavage
increase in plasma triglyceride levels,
becomes apparent at ~ 1 h following
oral administration of olive oil). Imme-
diately after, mice were injected with tri-
ton-WR1339 at a dose of 500 mg/kg
body weight, as a 15% solution
(weight/volume) in 0.9% NaCl, as de-
scribed previously (22,24,29,30). Triton-
WR1339 is known to inhibit the catabo-
lism of triglyceride-rich lipoproteins by
coating plasma lipoproteins and pre-
venting their interactions with lipopro-
tein lipase and lipoprotein receptors
(31). Then, serum samples were isolated
at 30, 60, 90, 120, 150 and 180 min, after
injection with triton-WR1339. The in-
crease in plasma triglyceride levels re-
flects the total (intestinal plus hepatic)
triglyceride input because triton-
WR1339 prevents plasma triglyceride
clearance. As a baseline control, serum
samples were isolated approximately

1 min after injection with the detergent.
Plasma triglyceride levels at each time-
point were determined as described
above and linear graphs of triglyceride
concentration versus time were gener-
ated. The rate of plasma triglyceride ac-
cumulation expressed in milligrams per
deciliter per minute was calculated from
the slope of the linear graphs. Then,
slopes were reported as mean + stan-
dard error of the mean. Total plasma
triglyceride supply equaled the sum of
intestinal and hepatic triglyceride
secretion.

The rate of hepatic VLDL triglyceride
secretion was measured as described
previously (28). Groups of four to six
apoA-I17/~ and C57BL/6 mice were used.

Subtraction of the rate of hepatic
triglyceride secretion from the total
plasma triglyceride input yielded the
rate of intestinal secretion of triglyceride-
rich chylomicrons following an oral fat
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Figure 3. Expression levels of lipogenic genes and indirect calorimetry analysis. (A) Rela-
tive mRNA expression of FASN, PPARy and DGAT-1 genes. (B) Protein levels of hepatic
PPARy in the livers of C57BL/6 and apoA-I7~ mice fed a Western-type diet for 24 wks.
(C) Relative mMRNA expression of FASN, PPARy and DGAT-1 in unfreated apoA-lI"~ mice or

apoA-I"~ mice treated with the apoA-I

Milano

—-expressing or a control AAGFP adenovirus.

Error bars indicate the standard error of the mean. (D) Linear regression plot of EE (J/h)
versus mouse body weight (g) for the C57BL/6 and apoA-I7~ mouse groups.

load, expressed as mean + standard error
of the mean.

Fasting Glucose Determination,
Glucose Tolerance Test and Insulin
Sensitivity Test

The glucose tolerance test (GTT) and
insulin sensitivity test (IST) were per-
formed as described previously (26).

Real-Time Polymerase Chain Reaction
Analysis of Gene Expression

We extracted total RNA from fresh-
frozen liver tissue using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA)
according to manufacturer’s instructions.
Reverse transcription and real-time poly-
merase chain reaction (PCR) for the
genes fatty acid synthase (FASN), PPARY,
diacylglycerol O-acyltransferase 1
(DGAT1) and the housekeeping gene
glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was performed in a single
tube using the Rotor-gene SYBR Green
Real-Time One-Step RT-PCR kit (Qiagen,
Valencia, CA, USA), in a Rotor-Gene RG-
3000 cycler by CORBETT, Research
(Mortlake, Sydney, Australia). Primers

for FASN were forward: AGG TGG TGA
TAG CCG GTA TGT and reverse: TGG
GTA ATC CAT AGA GCC CAG; for
PPARy were forward: GGA AGA CCA
CTC GCA TTC CTT and reverse: GTA
ATC AGC AAC CAT TGG GTC A, for
DGAT1 were forward: GTG CCA TCG
TCT GCA AGA TTC and reverse: GCA
TCA CCA CAC ACC AAT TCA G and
for GAPDH were forward: AGG TCG
GTG TGA ACG GAT TTG and reverse:
GGG GTC GTT GAT GGC AAC A.
Primers were synthesized by Lab Sup-
plies EPE (Athens, Greece) and their se-
quences were found in PrimerBank
(http:/ / pga.mgh.harvard.edu/primer-
bank). Results were analyzed with the
REST 2009 Software. Data were normal-
ized for GAPDH expression and reported
as relative (%) induction + standard error
of the mean.

Statistical Analysis

Data are reported as mean + standard
error of the mean. * indicates P < 0.05
and ** indicates P < 0.005. Comparison of
data from two groups of mice was per-
formed with the Student ¢ test. Analysis
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Figure 4. Glucose tolerance test (A, B) and insulin sensitivity test (C, D) of apoA-I7~ and
C57BL/6 mice at wk 0 (A, C) and 24 (B, D) of the experiment.

of the metabolic data was performed by
ANCOVA. Tests were performed with
SPSS software.

RESULTS

ApoA-17~ Deficiency Enhances
Hepatic Triglyceride Accumulation
and the Development of NAFLD in
Mice

To test the effects of apoA-I on hepatic
triglyceride accumulation, groups of
10-12-wk-old male apoA-I"'~ and WT
C57BL/6 mice were placed on a Western-
type diet for 24 wks. H&E staining of
liver sections from WT C57BL/6 and
apoA-I"/~ mice at the beginning of the
experiment (wk 0) did not reveal any sig-
nificant accumulation of hepatic lipids in
the form of lipid droplets within the he-
patocytes of these mice (data not shown).
However, at wk 24, both C57BL/6 and
apoA-I7/~ mice showed accumulation of
hepatic lipids (Figures 1A, B). Statistical
analysis following histomorphometric
evaluation of the H&E sections revealed
that the number of lipid droplets within
hepatocytes was significantly elevated in
the apoA-I~~ mice than in the C57BL/6
mice (P = 0.0001) (Figures 1A, B, E, F).
The observed steatosis was diffuse and
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of the mixed (macro- and microvesicular)
type. In agreement with these data, stain-
ing of hepatic sections with reticulin
showed that in apoA-I"~ mice fed a
Western-type diet for 24 wks, NAFLD
was much more progressed and resulted
in a significant disruption of the normal
architecture of the liver extracellular reti-
culin fibrils (Figure 1D), compared with
C57BL /6 mice (Figure 1C).

Biochemical measurement of total he-
patic cholesterol (free + esterified) and
triglyceride content showed that
apoA-T”/~ mice fed a Western-type diet
for 24 wks had a total hepatic cholesterol
content of 4.0 £+ 3.9 mg per gram of liver,
whereas C57BL /6 mice had 10.5 +
0.9 mg/g of liver (Figure 2A) (P < 0.05).
In contrast, apoA-I”/~ mice had a triglyc-
eride content of 295.5 + 15.8 mg/g of he-
patic tissue, whereas C57BL/6 mice had
a significantly lower hepatic triglyceride
content (155.7 + 10 mg/ g of hepatic tis-
sue, P < 0.005) (Figure 2A).

Body Weight, Body Fat Content and
Plasma Lipid Levels of Mice Fed a
Western-Type Diet for 24 wks

To test the effects of apoA-I deficiency
on body weight gain, the weights of
apoA-T17~ and C57BL/6 mice fed a West-

| MOL MED 18:901-912, 2012

ern-type diet were monitored every
6 wks for a total period of 24 wks.

As expected, C57BL/6 mice showed
an increase in their body weight during
the course of the experiment (27). At
wk 6, C57BL/6 mice had an average
body weight of 31.8 + 1.7 g (23.5% + 3.9%
increase compared with their starting
weight of 25.8 + 1 g at wk 0, P < 0.05). At
wk 12 their body weight was already
35.3 £0.6 g, and at wk 24 it increased
further to 42.8 £ 1.7 g (66.7% + 5.6% in-
crease compared with their starting
weight at wk 0, P < 0.05) (Figure 2B).

ApoA-I"/~ mice showed a similar in-
crease in their body weights during the
course of the experiment (Figure 2B).
Specifically, at wk 6 of the experiment,
the apoA-I~/~ mouse group had an aver-
age body weight of 26.9 + 1.3 grams
(24.8% + 2.6% increase compared with
their starting weight of 21.53 + 0.741g at
wk 0, P < 0.05). At wk 12, their average
body weight was 31.9 + 1.3 g, and at
wk 24 their body weight further in-
creased to 41.5+2.2 g (98.1% + 3.2% in-
crease, compared with their starting
weight at wk 0, P < 0.05) (Figure 2B).

To our surprise, apoA-I-deficient mice
were found to consume significantly less
food than the control C57BL/6 mice. Av-
erage daily food consumption, measured
daily during a 7-d period, showed that
apoA-I~/~ mice consumed 3.2 + 0.1 g/d
per mouse while C57BL /6 mice con-
sumed 3.8 £ 0.1 g/d per mouse (P <
0.001).(Figure 2G). At wk 24 apoA-T~/~
mice had a mean body weight that was
similar to that of C57BL/6 mice (P >
0.05) (Figure 2B), although they had a
higher body fat content than the control
mice (26 + 2 g fat for apoA-I"/~ mice and
22 +2 g fat for C57BL/6 mice, P < 0.05).

C57BL /6 mice on a high-fat diet for
24 wks had significantly elevated fasting
cholesterol levels (224.6 + 21 mg/dL)
compared with their starting cholesterol
levels at wk 0 (91.9 + 10 mg/dL) (Fig-
ure 2C), while their plasma triglyceride
levels remained normal (34.1 + 3.0 mg/
dL at wk 24 versus 8.2 + 1.1 mg/dL at
wk 0) (Figure 2D). ApoA-I’/ ~ mice also
showed a modest increase in their



plasma cholesterol levels during the
course of the experiment. At wk 24 of
the experiment plasma cholesterol levels
of the apoA-I"'~ mice were elevated
(76.9 + 1.4 mg/dL at wk 24 versus 22.4 +
7.3 mg/dL at wk 0) (Figure 2C), while
their plasma triglyceride levels re-
mained within the normal range (15.8 +
2.8 mg/dL at wk 24 versus 4.0 +
1.4 mg/dL at wk 0, P < 0.001) (Figure 2D).
Fractionation of plasma lipoproteins
by density gradient ultracentrifugation
followed by determination of total cho-
lesterol and triglycerides in the different
density fractions revealed that deficiency
in apoA-I had a profound effect on the
plasma lipoproteins of mice fed a West-
ern-type diet for 24 wks. Specifically, in
apoA-I1"/~ mice HDL cholesterol was sig-
nificantly reduced (Figure 2E). In con-
trast, in C57BL /6 mice the vast majority
of cholesterol was distributed in the
HDL density fractions (Figure 2E). Both
apoA-I1"/~ and C57BL/6 mice also had
low levels of triglyceride-rich chylomi-
crons and VLDL (Figure 2F).

Expression of Lipogenic Genes and
Indirect Calorimetry Analysis

To determine if the increased hepatic
triglyceride levels of the apoA-I~~ mice
was due to increased de novo fatty acid
and triglyceride synthesis in the liver of
these mice, we measured the mRNA ex-
pression of key lipogenic enzymes such
as FASN, DGAT-1 and PPARy by real-
time PCR. As shown in Figure 3A, we
did not observe any significant differ-
ences in the expression of these lipogenic
markers between apoA-I1"/~ and C57BL/6
mice. In agreement with these results,
Western blot analysis for PPARy (Fig-
ure 3B) followed by scanning densitome-
try did not reveal any significant differ-
ences in the average PPARy protein
abundance between C57BL/6 and
apoA-I"/~ mice fed a Western-type diet
for 24 wks.

In an effort to determine whether dif-
ferences in the EE may be a causal factor
for the differences in adipose and liver
lipid levels observed between the two
mouse groups, indirect calorimetry anal-
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ysis was performed. We chose to charac-
terize our mice at the beginning of the
experiment (wk 0) on the basis of the rec-
ommendations of Tschop and coworkers
(22) that such metabolic phenotyping
should ideally be performed early in an
experiment when body weight and body
fat content are identical between mouse
groups. Average EE was 2030 + 164 J/h
for apoA-I"/~ mice and 1930 + 65 J /h for
C57BL/6 mice (P > 0.05). ANCOVA anal-
ysis indicated that when controlled for
body weight, apoA—I’/ ~and C57BL/6
mouse groups exhibited similar EE (F =
0.368, P = 0.556, n = 8) (Figure 3D).

Increased Hepatic Deposition of
Triglycerides in the Livers of ApoA-I~~
Mice Correlates with Reduced
Glucose Tolerance and Insulin
Sensitivity

To determine if the increased hepatic
triglyceride content of the apoA-I~/~ mice
correlates with disturbances in plasma
glucose homeostasis we performed the

standard tests, GTT and IST. At wk 0
both mouse groups had similar fasting
plasma glucose levels (84.6 £ 9.5 mg/dL
for apoA—I’/’ mice and 69.5 + 1.9 mg/dL
for C57BL/6 mice, P > 0.05) (Figure 2H)
and normal responses to intraperitoneal
administration of glucose and insulin
(Figures 4A, C). Similarly, at wk 24 of the
experiment, the apoA—I’/ “mice had fast-
ing glucose levels of 93.8 + 6.5 mg/dL
while the C57BL/6 mice had fasting
plasma glucose of 107.6 + 3.7 mg/dL

(P =0,054) (Figure 2H). However,
apoA-I""~ mice showed a significant de-
terioration in their ability to clear plasma
glucose in a GTT (Figure 4B) and to re-
spond to intraperitoneal administration
of insulin in an IST, compared with
C57BL/6 mice (Figure 4D).

Rate of Hepatic Triglyceride Secretion
in ApoA-17~ and C57BL/6 Mice

One mechanism that could affect he-
patic triglyceride content is the secretion
of VLDL triglycerides in the circulation.
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Thus, to determine the effects of apoA-I
deficiency on the secretion of hepatic
triglycerides, we next performed a classi-
cal VLDL triglyceride secretion assay in
apoA-I"/~ and C57BL/6 mice. We found
that apoA-I~/~ mice had a reduced rate of
hepatic VLDL-triglyceride secretion
when compared with C57BL/6 mice.
Specifically, secretion rates were 7.43 +
0.81 mg/dL/min versus 12.52 + 1.33
mg/dL/min for apoA-I"/~ and C57BL/6
mice respectively (P < 0.005) (Figure 5A).

Rate of Intestinal Triglyceride
Secretion in ApoA-1”~ and C57BL/6
Mice

One additional mechanism that could
explain the increased sensitivity of
apoA-I~/~ mice to diet-induced NAFLD
could be increased intestinal secretion of
triglyceride-rich lipoproteins to the
plasma of these mice. To determine the
effects of apoA-I deficiency on the rate of
intestinal triglyceride secretion we first
determined the total rate (intestinal and
hepatic) of the plasma triglyceride sup-

-infected mice. The different lipoprotein fractions

ply in apoA-I"/~ and C57BL/6 mice fed a
Western-type diet, following an oral fat
load. Groups of five apoA-I"'~ and
C57BL /6 mice each were fasted for 16 h,
and then administered an oral fat load of
300 uL olive oil, as described in Materials
and Methods. At 1 h postgavage, mice
were injected with triton WR1339, and
then plasma triglyceride levels were
measured as a function of time and a lin-
ear graph of plasma triglycerides versus
time was created. As shown in Figure 5B,
both mouse strains exhibited comparable
rates of plasma triglyceride increase

(14.5 £ 1.2 mg/dL/min for C57BL/6 ver-
sus 17.11 + 1.1 mg/dL/min for apoA-I~"~
mice, P > 0.05) as determined from the
slopes of the graphs.

Then, by subtracting the rate of he-
patic triglyceride secretion (determined
above) from the total rate of plasma
triglyceride supply, the rate of intestinal
triglyceride secretion was determined as
9.83 + 1.51 mg/dL/min for the apoA-1~/~
mice and 1.93 + 1.12 mg/dL/min for the
C57BL/6 mice (P < 0.05) (Figure 5C).
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Kinetics of Postprandial Triglyceride
Clearance in ApoA-17~ and C57BL/6
Mice

Another potential mechanism that
could explain the increased sensitivity of
apoA-I~/~ mice to diet-induced NAFLD
is increased clearance of plasma triglyc-
erides in these mice. To determine the ef-
fects of apoA-I deficiency on the kinetics
of postprandial triglyceride clearance,
groups of five apoA-I"/~ and five
C57BL /6 mice were fasted for 16 h, then
administered an oral fat load of 300 uL of
olive oil. Plasma samples were then iso-
lated at 30, 60, 120, 180, 240 and 360 min
postgavage. As shown in Figure 5D,
plasma triglyceride levels in apoA-1~/~
mice started increasing at 120 min (31.4 +
6.8 mg/dL), reached a modest peak at
240 min (37.4 £ 54 mg/dL) and rapidly
declined back to baseline by 360 min
(28.4 £ 5.15 mg/dL). In contrast, control
C57BL/6 mice showed a much slower
kinetics of catabolism of postprandial
triglycerides. Specifically, plasma triglyc-
eride levels in C57BL/6 started increas-
ing as early as 60 min (61.6 + 6.6 mg/dL)
postgavage. At 120 and 180 min, plasma
triglyceride levels were 177.4 + 50.8 mg/
dL and 159.7 + 18.3 mg/dL, respectively,
and then started declining slowly, reach-
ing a concentration of 67.7 + 19.5 mg/dL
at 180 min of the experiment (Figure 5D).

Ectopic Expression of ApoA-I by a
Recombinant Attenuated Adenovirus
Significantly Reduces Hepatic
Triglyceride Content and Improves
Hepatic Histology and Architecture

To evaluate the potential of ectopic
apoA-I expression in reducing hepatic
triglyceride load, as a proof of principle
we used adenovirus-mediated gene
transfer of apoA-I,, in male apoA-I1"/~
mice fed a Western-type diet for a period
of 12 wks.

We generated a recombinant attenu-
ated adenovirus expressing apoA-I,,,..,
designated as AdGFP-apoA-I,;,_ . The
capacity of the adenovirus to infect cul-
tured cells and produce apoA-I, .~ pro-
tein was confirmed by Western blot anal-
ysis of media from infected HTB-13



(human astrocytoma) cell cultures (Fig-
ure 6A). We next proceeded with the ad-
ministration of adenoviruses to apoA-I1-/~
mice that were fed a Western-type diet
for 12 wks. Specifically, five mice were
treated with the AAGFP-apoA-I,,  ade-
novirus, five mice were treated with the
control AAGFP adenovirus, and five mice
remained untreated. We chose to treat
mice with a low dose of 8 x 10° pfu of the
adenoviruses to avoid infection-induced
inflammation and liver damage that
could affect the outcome of our experi-
ment. Following infection, mice were
switched to chow diet for 10 d, then they
were killed and plasma and livers were
collected for further analyses.

The expression of apoA-I;,.
plasma of the AAGFP-apoA-I,,_, in
fected mice was confirmed by Western
blot analysis (Figure 6B). Furthermore,
expression of apoA-I, ;. resulted in a
slight increase in the HDL cholesterol of
these mice (Figure 6C) in agreement
with previously published results (32),
whereas no significant difference was ob-
served in their triglyceride levels com-
pared with their AdGFP-infected and
noninfected counterparts (Figure 6D).

As shown in Figure 7A, H&E staining
of livers from uninfected apoA-I~/~ mice
fed a Western-type diet for 12 wks re-
vealed significant accumulation of lipids
in the hepatocytes of these mice. Simi-
larly apoA-I1~/~ mice infected with 8 x
10° pfu of the control adenovirus AdGFP
showed a similar accumulation of he-
patic triglycerides and histological signs
of inflammation (Figure 7A). In contrast,
apoA-I""~ mice infected with 8 x 10° pfu
of the AdGFP-apoA-l;,. . adenovirus
had a profoundly reduced deposition of
lipid droplets within the hepatocytes
(Figure 7B), reflecting a significant reduc-
tion of the hepatic triglycerides, and ex-
hibited a significantly improved liver
histology. Histomorphometry followed
by statistical analysis showed that the
number of lipid droplets and their aver-
age surface area were significantly re-
duced in the livers of apoA-I"/~ mice in-
fected with the apoA-I, . —expressing
adenovirus compared with the livers of

in the
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the uninfected or the control AdGFP also resulted in a significant improve-

adenovirus—infected apoA-I"'~ mice (P =
0.0001) (Figures 7G, H). Oil red O staining
(Figures 7C, D) further confirmed that
apoA-17~ mice treated with the AAGFP-
apoA-l,;,. . adenovirus (Figure 7D) had
significantly reduced hepatic lipid con-
tent compared with the apoA-T"”/~ mice
treated with the control adenovirus
AdGFP (Figure 7C). Staining with retic-
ulin stain showed that treatment of
apoA-T17~ mice with AdGFP-apoA-I

Milano
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ment in the hepatic architecture of these
mice (Figures 7E, F). These differences
could not be attributed to reduced de
novo lipogenesis following infection with
the apoA-I,,, .. —expressing adenovirus
because no changes were observed in the
hepatic mRNA expression of FASN,
DGAT-1 and PPARy between mouse
groups (Figure 3C).

Taken together, the findings establish

that ectopic expression of apoA-I re-

Milano
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sults in a significant reduction of hepatic
triglyceride content and an improvement
of hepatic histology and architecture in
apoA-T"/~ mice fed a Western-type diet
for 12 wks.

DISCUSSION

To date, the vast majority of published
studies have focused almost exclusively
on the effects of apoA-I expression on
plasma lipid levels and atherosclerosis,
whereas the involvement of apoA-I in
hepatic triglyceride deposition and
NAFLD has not been investigated thus
far. To address this question, in the pres-
ent study we tested the sensitivity of
apoA-I1"/~ mice toward diet-induced he-
patic lipid deposition and NAFLD.

Histological evaluation of liver sam-
ples from C57BL/6 and apoA-I~/~ mice
fed a Western-type diet for 24 wks re-
vealed increased levels of steatosis in the
apoA-I"/~ mice. Biochemical analyses
showed that apoA-I"/~ mice had a much
higher hepatic triglyceride content and
significantly reduced hepatic cholesterol
content than C57BL/6 mice, suggesting
that the increased steatosis of the
apoA-I7/~ mice was due to hepatic accu-
mulation of triglycerides. In an attempt
to provide a mechanistic interpretation to
our histological findings, we measured
the mRNA expression levels of key lipo-
genic enzymes such as FASN, DGAT-1
and PPARy. This analysis did not reveal
significant differences between apoA-I~'~
and C57BL/6 mice in the expression of
these lipogenic markers. Because PPARy
is the master regulator of lipogenesis we
also determined hepatic PPARy protein
expression levels. Again, no significant
difference in PPARy protein levels was
obtained between the two mouse groups.
The findings suggest that the increased
deposition of triglycerides in the livers of
apoA-I"/~ mice is not due to increased de
novo biogenesis of fatty acids and triglyc-
erides in these mice. Similarly, indirect
calorimetry analysis did not reveal any
significant differences in the EE between
the two mouse groups, suggesting that
the observed phenotypic differences can-
not be explained by differences in the EE

of the mice. Taken together, these results
suggest that the effects of apoA-I defi-
ciency on hepatic triglyceride deposition
may be mediated by its functions as a
modulator of lipoprotein metabolism in
plasma.

Therefore we performed kinetic analy-
ses, which indicated that deficiency in
apoA-I enhances intestinal absorption
and secretion of dietary triglycerides in
the plasma while it promotes a more effi-
cient catabolism of postprandial triglyc-
eride-rich lipoproteins as determined by
the rate of clearance of postprandial
triglycerides from the circulation (Fig-
ures 5A-D). It is possible that apoA-I, as
a structural component of intestinally se-
creted chylomicrons, modulates their
rate of assembly and subsequent secre-
tion in the circulation. Likewise, because
excess apoA-I is a known inhibitor of
lipoprotein lipase (33), it is possible that
deficiency in apoA-I accelerates lipopro-
tein lipase-mediated lipolysis of chy-
lomicrons, thus promoting their catabo-
lism. These possibilities warrant further
investigation in future studies.

Our results indicate that mice deficient
in apoA-I had significantly reduced he-
patic secretion of triglyceride-rich VLDL
compared with the control group. In line
with our data, in a recently reported
study Gambino and coworkers (34) iden-
tified a single-nucleotide polymorphism
in microsomal triglyceride transfer pro-
tein (MTTP), which is associated with in-
creased NAFLD and reduced apoA-I and
HDL cholesterol levels in carriers of this
polymorphism. It would be very interest-
ing to determine in the future if this
polymorphism reduces MTTP activity.

Surprisingly, in our experimental setup
apoA-T1~~ mice had higher body fat con-
tent than control C57BL/6 mice, though
the average body weights of the two
groups were similar during the course of
the experiment. Histological analysis of
visceral adipocytes did not reveal any
size difference between the two groups
(not shown). Apparently, the slightly
reduced food consumption of the
apoA-1~~ mice is counteracted by an en-
hanced intestinal absorption and post-
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prandial lipid deposition in these mice,
eventually leading to higher hepatic lipid
content and fat tissue hypertrophy.

As a proof of principle for the poten-
tial therapeutic role of apoA-I in NAFLD,
ectopic expression of apoA-I,,.
sulted in significantly reduced triglyc-
eride content in the livers of these mice
and in an improved hepatic histology
compared with mice infected with
the control AAGFP adenovirus or the
noninfected mice. We administered
apoA-I, .. because of its improved bio-
logical properties compared with WT
apoA-I (32,35,36). The inclusion of the
AdGFP-infected group was necessary to
correct for any nonspecific effects due
to the infection process. Interestingly,
only 10 d of apoA-I,;,. . expression
were sufficient to improve the histo-
pathological condition of the livers of
these mice. We hypothesize that the
natural ability of the liver to regenerate
could be a factor in the improvement of
hepatic histology following ectopic ex-
pression of apoA-I,;, .

We have recent data showing that
LCAT deficiency also promotes deposi-
tion of dietary triglycerides in the liver
and results in significant histological and
architectural alteration associated with
NAFLD in response to feeding a West-
ern-type diet (28). Previous studies in
mice (37) and in humans (38,39) indi-
cated that apoA-I is a strong activator of
LCAT activity in plasma, whereas defi-
ciency in apoA-I or mutations that affect
its function result in a significant reduc-
tion in LCAT activity (6,7,10,40,41). In
particular, it is well established in the lit-
erature that the apoA-I"/~ mice that we
used in our studies (9) have significantly
reduced plasma LCAT activity (20-25%
of their WT C57BL/6 counterparts) (10).
Thus, it is possible that the enhanced
deposition of hepatic triglycerides and
the deteriorated hepatic pathology and
architecture observed in the apoA-1"/~
mice in response to a high-fat diet could
be due, at least in part, to the reduced
LCAT activity of these mice.

In a recent report (42), it was found
that in H-ras12V transgenic mice with

re-



steatosis, apoA-I was elevated and accu-
mulated around fatty vacuoles, leading
these investigators to propose that
apoA-I promotes steatosis. Our data
allow for an alternative interpretation of
those results, suggesting that the in-
creased apoA-I presence around fat vac-
uoles may instead reflect a protective
mechanism aimed at reducing the al-
ready elevated hepatic lipid content of
H-ras12V transgenic mice.

CONCLUSION

Although NAFLD and reduced HDL
cholesterol levels coexist in individuals
with metabolic syndrome (16,17,43-45),
no clear mechanistic link between these
two conditions has been established in
the literature. Because expression of
apoA-I is absolutely essential for the for-
mation of mature functional HDL, our
data establish that the HDL metabolic
pathway is a central contributor to the
deposition of dietary triglycerides to the
liver and to the development of NAFLD
and other related metabolic dysfunctions
associated with metabolic syndrome.
Our data further support that the coexis-
tence of reduced HDL levels and NAFLD
in an individual with metabolic syn-
drome may not be a mere coincidence,
rather it underlies a strong causative re-
lationship between these two conditions.
This observation extends the role of HDL
beyond atherosclerosis, to the develop-
ment of NAFLD, a pathological compo-
nent found in patients with metabolic
syndrome. Importantly, our findings
raise the interesting possibility that ex-
pression of beneficial forms of apoA-I by
gene therapy approaches may find thera-
peutic applications for the treatment of
NAFLD in the future.
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