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Abstract

In contrast to some published studies of murine macrophages, we previously showed that ACAT inhibitors appeared to be anti-
atherogenic in primary human macrophages in that they decreased foam cell formation without inducing cytotoxicity. Herein, we
examined foam cell formation and cytotoxicity in murine ACAT1 knockout (KO) macrophages in an attempt to resolve the discrep-
ancies. Elicited peritoneal macrophages from normal C57BL6 and ACAT1 KO mice were incubated with DMEM containing acet-
ylated LDL (acLDL, 100 pg protein/ml) for 48 h. Cells became cholesterol enriched and there were no differences in the total
cholesterol mass. Esterified cholesterol mass was lower in ACAT1 KO foam cells compared to normal macrophages (p < 0.04).
Cytotoxicity, as measured by the cellular release of ['*CJadenine from macrophages, was approximately 2-fold greater in ACATI
KO macrophages as compared to normal macrophages (p < 0.0001), and this was independent of cholesterol enrichment. cDNA
microarray analysis showed that ACAT1 KO macrophages expressed substantially less collagen type 3A1 (26-fold), which was con-
firmed by RT-PCR. Total collagen content was also significantly reduced (57%) in lung homogenates isolated from ACAT1 KO
mice (p < 0.02). Thus, ACAT1 KO macrophages show biochemical changes consistent with increased cytotoxicity and also a novel

association with decreased expression of collagen type 3Al.
© 2005 Elsevier Inc. All rights reserved.
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Cholesteryl ester (CE)-enriched macrophages or foam
cells are a characteristic finding in atherosclerotic lesions
[1]. One mechanism by which macrophages become CE-
enriched is following receptor- and non-receptor medi-
ated uptake of modified apolipoprotein B containing
lipoproteins [2]. Accumulation of excess unesterified
cholesterol (UC), derived from the uptake of modified
lipoproteins, is converted into esterified cholesterol
(EC) by the action of a key enzyme, acyl-CoA:cholester-
ol acyltransferase (ACAT), localized primarily in the
endoplasmic reticulum [2]. Two isoforms of ACAT have
been described, with type 1 being more ubiquitous in dis-
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tribution (i.e., liver, kidneys, and macrophages) and type
2 found exclusively in the liver and intestine [3].

The role of ACAT in the pathogenesis of atheroscle-
rosis is an important one. Knowledge of ACAT’s critical
role in foam cell formation and atherosclerosis has led to
the development of numerous inhibitors of this enzyme
[4]. Using an in vitro model, we previously showed that
the addition of the ACAT inhibitor, 58-035, to culture
medium containing acetylated LDL (acLDL) signifi-
cantly lowered total cholesterol (TC) and EC accumula-
tion, without a significant rise in UC or cellular
["*Cladenine release (a scientifically accepted measure
of cytotoxicity) in primary human monocyte-macro-
phages (HMMs) [5]. We subsequently confirmed similar
results with a different ACAT inhibitor, CI-1011 [6].
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Whether using 58-035 or CI-1011 in cultured HMMs,
neither inhibitor induced cytotoxicity as evidenced by
the lack of significant differences in cellular ["*CJadenine
released to the medium.

In contrast, previous studies by Warner et al. [7] sug-
gested that in murine macrophages that accumulated
UC mass following acLDL treatment and ACAT inhibi-
tion, there were significant increases in toxicity. This
toxicity could be ameliorated by providing extracellular
cholesterol acceptors or with the presence of the intra-
cellular cholesterol transport inhibitor, UI8666A [7].

The influence of ACAT inhibition on cell toxicity re-
mains controversial. The ACATI1 knockout (KO) mouse
provides a useful model to directly examine the effects of
ACAT] deficiency on both macrophage foam cell for-
mation and cytotoxicity without exogenous stimulation
of other pathways. The work of Meiner et al. [8] showed
that ACAT1 KO macrophages exposed to acLDL had
significantly less EC cholesterol accumulation but no
significant differences in UC mass compared with nor-
mal macrophages. Cytotoxicity, however, was not exam-
ined in these studies.

In this study, we compare foam cell formation and
cytotoxicity in peritoneal macrophages isolated from
ACATI1 KO mice to those seen in normal macrophages.
We show that ACAT]1 deficiency does not affect total
cholesterol accumulation but does lead to differences
in intracellular cholesterol distribution and decreased
expression of collagen type 3Al and increased
cytotoxicity.

Materials and methods

Materials. Fetal bovine serum (FBS) was purchased from Gibco.
Falcon Primaria tissue culture plates were purchased from Becton—
Dickinson. [1,2-*H]Cholesteryl oleate (56.0 pCi/mmol) was purchased
from Amersham. Specific gene primers were synthesized by Genosys.
All other chemicals were of reagent grade or better.

Cell culture. Control C57BL6 adult female and male mice, which
are the background strain for the ACAT1 KO mice, were purchased
from Jackson Laboratories. Homozygotic ACAT1 KO mice were
obtained from Dr. Robert V. Farese, Jr. (Gladstone Institute, CA).
The animals were fed a normal rodent chow diet and were housed in an
TACUC approved animal facility. Elicited macrophages were isolated
from the peritoneal cavity by saline lavage four days after mice were
initially injected with 10% thioglycollate. The mice were euthanized by
placement in a CO, chamber, followed by cervical dislocation. Mac-
rophages (approximately 2x 10 cells/well) were plated on Falcon
Primaria dishes (35 mm) in DMEM containing 20% fetal bovine serum
(FBS). After 2 h nonadherent cells were aspirated and removed, and
the monolayer was rinsed four times with serum free DMEM. The cells
were then incubated overnight in DMEM containing 20% FBS. For
use in experiments the medium was removed and the cells were again
rinsed four times with serum free DMEM; the cells were then incu-
bated with various experimental media. The protocol was approved by
the Sinai Hospital Animal Research Committee.

Foam cell formation. Normal and ACAT1 KO macrophages were
incubated with either control DMEM containing bovine serum
albumin (BSA) (0.2%) or the same supplemented with acLDL

(100 pg protein/ml) for 48 h. At the end of the incubation period, the
medium was removed and cells were rinsed four times with cold
phosphate-buffered saline. The cellular lipids were extracted with
hexane:isopropranol (3:2, v/v) for 1h at room temperature [2].
Quantitation of UC and TC mass was determined by subjecting an
aliquot of the cellular lipid extract to gas liquid chromatography
(GLCQ), using stigmasterol as an internal standard [9]. Cellular protein
was measured using the Markwell modification of the Lowry proce-
dure [10]. All values were normalized to cell protein.

Cytotoxicity assay. After cells were maintained overnight in
DMEM containing 20% FBS, the medium was removed and cells were
rinsed four times with serum free DMEM. Normal and ACAT1 KO
macrophages were then incubated with DMEM containing BSA
(0.2%) and [*CJadenine (0.5 nCi/ml) for 2 h (time zero) as described by
Warner et al. [7]. The medium was aspirated, cells, rinsed again with
serum free medium, and then cells were incubated with either control
DMEM containing BSA (0.2%) or the same supplemented with
acLDL (100 pg protein/ml) for 48 h. At the end of this incubation
period, the medium was removed and subjected to centrifugation at
1500 rpm at room temperature for 15 min to pellet nonadherent cells.
An aliquot was taken for measurement of ['*CJadenine using liquid
scintillation spectroscopy. The release of ['*CJadenine to the medium
was calculated as the (["*CJadenine cpm in the medium/['*CJadenine in
the cell at time zero) x 100. The use of ['*Cladenine has been shown to
be a sensitive measurement of cell injury [11,12].

Cholesterol efflux during foam cell formation. Macrophages from
normal and ACAT1 KO mice were exposed for 24 h to DMEM con-
taining acLDL (100 pg protein/ml) radiolabeled with [1,2-*H]cho-
lesteryl oleate. At the end of the incubation period, the medium was
collected and centrifuged at 1500 rpm for 10 min to pellet nonadherent
cells. An aliquot of the medium was counted for the presence of
[1,2-*H]cholesterol released from the cells using liquid scintillation
spectroscopy; the UC and EC fractions were separated by thin layer
chromatography hexane:petroleum ether:glacial acetic acid (85:15:2, v/
v). Cellular lipids were quantitated by thin layer chromatography and
GLC, and all values were normalized to cell protein. This experimental
design is similar to that which we used in primary human monocyte-
macrophages that were exposed to ACAT inhibitors [5,6]. The
rationale is to determine if cholesterol originating from acLDL is
internalized, processed intracellularly, and then is eliminated by efflux
to the medium and if this process is different between ACAT1 KO and
normal macrophages. This experimental design differs from experi-
ments in which HDL is the cholesterol acceptor.

¢DNA microarray. Total RNA was obtained from peritoneal
macrophages isolated from 10 normal and 10 ACAT1 KO mice. The
macrophages were cultured for 48 h in DMEM containing 20% FBS,
no additional source of cholesterol was added (such as acLDL) prior to
RNA isolation. The RNA was amplified using MessageAmp RNA kit
(Ambion) and labeled by direct incorporation of Cy5-dUTP or Cy3-
dUTP in a reverse transcription reaction. Differentially labeled cDNAs
derived from normal and ACAT1 KO mice were combined and
cohybridized to microarrays containing 15,000 mouse genes. Data
points with high quality scores were selected and genes demonstrating
at least 2-fold changes in expression levels were identified using a dye-
swap design. The microarrays were performed twice and statistical
significance (p < 0.001) was determined using a weighted gene analysis
as described by Luo et al. [13].

Reverse transcriptase-PCR assay. Total RNA was extracted from
macrophages using Trizol (Sigma). Full length cDNA was generated
using 1 pg of total RNA and random primers (pd(N)g) as described in
the First-strand cDNA synthesis kit (Amersham). RT-PCR was per-
formed to verify reductions in collagen type 3A1: forward primer CCC
AGAACATTACATACCA, and reverse primer GATTAAAACA
AGATGAACAC. PCR products were run on a 6% acrylamide gel.

Collagen assay. Total collagen content was measured in lung
homogenates isolated from 3 normal and 2 ACAT1 KO mice. Briefly,
1 lobe of lung was homogenized in phosphate-buffered saline using a
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polytron (Brinkmann; Westbury, NY). Aliquots of the homogenates
were centrifuged at 11,000g for 10 min and then total collagen content
was measured using a colorimetric assay based on the specific binding
of Sirius red F3BA dye with nondenatured collagen (Sircol Assay,
Biocolor, Belfast, Northern Ireland), which is similar to a method used
to quantitate collagen content in histological tissue sections [14,15]. A
solution of rat tail collagen provided by the manufacturer was used as
a standard for this assay. Briefly, 1 ml of Sircol dye reagent was added
to 0.200 ml aliquots of lung homogenate and then incubated for
30 min at room temperature. The samples were centrifuged at 11,000g
for 10 min and the supernatant was discarded. Dye bound to the
precipitated collagen was released with a solution of 0.5 N NaOH, and
the concentration of the recovered dye was determined spectrophoto-
metrically. Total lung collagen content was normalized to total protein
content.

Statistics. Unpaired Student’s ¢ test and Tukey—Kramer HSD (for
collagen assays) were used to compare group means, with p values
<0.05 considered significant.

Results

In order to compare our previous studies of foam cell
formation using ACAT inhibitors in cultured HMMs
[5,6], we first examined foam cell formation in normal
and ACAT1 KO peritoneal macrophages by incubating
cells with DMEM alone or in the same medium contain-
ing acLDL (100 pg protein/ml) for 48 h. As shown in
Table 1, TC mass accumulation was similar between
normal and ACAT1 KO macrophages incubated with
acLDL. In addition, macrophages incubated in DMEM
alone had similar TC levels. In acLDL-treated cells there
was a trend towards increased UC in the ACATI KO
macrophages but it did not reach statistical significance.
In contrast, EC mass was significantly lower in ACAT1
KO macrophage foam cells (p < 0.04). The results were
obtained from macrophages pooled from 30 normal
and 34 ACAT1 KO mice.

Since we previously showed that UC efflux increased
during foam cell formation in primary human macro-
phages incubated with ACAT inhibitors and acLDL,
we therefore examined UC efflux in normal and ACAT]1
KO macrophages after incubation with acLDL and
without the presence of a known cholesterol acceptor
such as HDL. Cells were incubated for 24 h with
DMEM containing acLDL (100 pg protein/ml) radiola-

Table 1

beled with [1,2->H]cholesteryl oleate. The appearance of
[1,2->H]unesterified cholesterol in the medium was used
to measure cholesteryl ester hydrolysis and UC efflux.
Although efflux tended to be lower in the ACAT1 KO
macrophages, UC efflux was not significantly different
between the two macrophages (p = 0.21) (Fig. 1). The
results were obtained from macrophages pooled from
10 normal and 12 ACAT1 KO mice.

Because human macrophages do not appear to have
increased cytotoxicity in the presence of pharmacologi-
cal ACAT inhibition, we assessed cytotoxicity in normal
and ACATI KO macrophages by first incubating cells
with DMEM containing [**Cladenine (0.5 pCi/ml) for
2h (time zero) and measured adenine release after
exposing cells to control medium or acLDL for an addi-
tional 48 h. As shown in Fig. 2, ['*CJadenine release was
almost 2-fold greater in ACAT1 KO macrophages com-
pared to normal macrophages (p < 0.0001). Cholesterol
enrichment of cells did not significantly increase cyto-
toxicity over that exhibited in unloaded cells. The basal
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Fig. 1. Cholesterol efflux from normal and ACAT1 KO peritoneal
macrophages during foam cell formation. Cells were exposed for 24 h
to DMEM containing acLDL (100 pg protein/ml) radiolabeled with
[1,2-*H]cholesteryl oleate. An aliquot of the medium was counted for
the presence of [1,2-*H]cholesterol released from the cells using liquid
scintillation spectroscopy. Cellular lipids were quantitated by thin
layer chromatography, and all values were normalized to cell protein.
The results were obtained from macrophages pooled from 10 normal
and 12 ACAT1 KO mice.

Intracellular cholesterol content in wild type and ACAT1 KO peritoneal macrophage foam cells

UC (pg/mg cell protein)

EC (ng/mg cell protein) TC (pg/mg cell protein)

Wild type, basal 16.9+2.5
Wild type, foam cell 479450
ACATI KO, basal 20.7+3.6
ACAT1 KO, foam cell 60.3+£10.7"

3.0+1.5 18.0+ 1.6
212 +63" 69.1 +10.8™
1.9+£09 20.2 4 3.0
50+28" 63.8+11.7"

Cellular sterol mass in normal and ACAT1 KO peritoneal macrophages. Cells were incubated with DMEM alone or in the presence of acLDL
(100 pg protein/ml) for 24 h. Cellular lipids were extracted and quantitated by gas liquid chromatography. Values are means =+ SE of three inde-
pendent experiments (30 normal and 34 ACAT1 KO mice); FC, free or unesterified cholesterol; EC, esterified cholesterol; and TC, total cholesterol.

" p<0.04 for ACAT1 KO CE compared to loaded normal macrophages.

*

* p<0.001 compared to respective basal cells.



64 A. Rodriguez et al. | Biochemical and Biophysical Research Communications 331 (2005) 61-68

[ ACAT1KO

Hm ACAT1KO
Foam cells

Adenine release
(fold-increase of control)

1

Fig. 2. Cytotoxicity in normal and ACATl KO macrophages as
measured by the release of cellular ['*Cladenine to the medium. Cells
were incubated with DMEM containing BSA (0.2%) and [**CJadenine
(0.5 uCi/ml) for 2 h (time zero). The release of ["*Cladenine to the
medium was calculated as the (['*Cladenine cpm in the medium/
['*Cladenine in the cell at time zero) x 100. The values are means + SE
of triplicate wells (10 normal and 4 ACAT1 KO mice). *p <0.0001
compared to normal macrophages. The percent adenine release from
the normal mice was 32%.

adenine release for normal cells was 32%, a value com-
parable to that reported by Kellner-Weibel et al. [16]
in the murine J774 macrophage (44%).

Having found differences in cytotoxicity (that were
not correlated with changes in UC mass or expression
of p53 (data not shown)), we next used cDNA profiling
as a screen for other differences between normal and
ACAT1 KO macrophages. As shown in Table 2, the
most robust decreases in cDNA expression in ACATI
KO macrophages were for collagen type 3Al, among
others many related to the extracellular matrix. De-
creased steady state RNA expression was confirmed
for collagen type 3A1 (Fig. 3). We also showed that total

Table 2

188
Col3A1

Fig. 3. Steady state RNA expression of collagen type 3A1 in ACATI1
KO and normal macrophages. Total RNA was extracted from
macrophages (pooled from 10 adult ACAT1 KO and 10 adult normal
mice) using Trizol (Sigma). Lane 1, col3A1 RNA in normal macro-
phages; lane 2, col3A1 RNA expression in ACAT1 KO macrophages;
lane 3, 18S + col3A1 RNA expression in normal macrophages; and
lane 4, 18S + col3A1 RNA expression in ACAT1 KO macrophages.

collagen quantitation was 57% lower in ACAT1 KO
mice lung homogenates as compared to normal
(p <0.02) (Fig. 4).

Discussion

For the most part, the literature is mixed on whether
ACATI inhibition is atherogenic or anti-atherogenic

cDNA microarray analysis of RNA isolated from ACAT1 KO and normal mouse peritoneal macrophages

Gene

Fold-reduction in ACAT1 KO cells

M. musculus collagen a-1 COL3A1

Homo sapiens Jaggedl

musculus 47 kDa heat shock protein

musculus secreted acidic cysteine rich glycoprotein
musculus inhibitor of DNA binding 3

musculus procollagen, type 1, o-2

musculus fibronectin

musculus biglycan

musculus exportin 4

SKEKEKEEK

26
12
10

9

[V N BN S

Fold-increased in ACAT1 KO cells

musculus for immunoglobulin mu

musculus asparagines synthetase

musculus methylenetetrahydrofolate dehydrogenase
musculus ribosomal protein S6 kinase

. musculus HAS-A gene for heat stable antigen

. musculus syndecan

SKEEEK

(VS RRVS VS BRVS BN

Partial list, demonstrating the most robust responses.
» <0.001 compared to normal macrophages.
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Fig. 4. Total collagen content in lung homogenates isolated from
ACATI KO and normal mice. Collagen content was measured in lung
homogenates isolated from 3 normal mice and 2 ACATI1 KO mice.
*p < 0.02 compared to normal mice.

[17-22]. A concern has been raised regarding ACAT
inhibition in atherosclerotic disease due, in large part,
to two pieces of evidence: the correlation of cytotoxicity
(based on increased adenine release) and excess UC
mass accumulation in murine macrophage foam cells ex-
posed to these compounds [23,24] and the findings from
the double knockout animals showing increased cutane-
ous xanthomas in two studies [25,26] and increased ath-
erosclerosis in one study [27]. Our studies with HMMs
showed that ACAT inhibitors might be anti-athero-
genic, without evidence for increased adenine release
[5,6]. Moreover, human subjects exposed to the ACAT
inhibitor, CI-1011, appeared to have tolerated the med-
ication without serious adverse events and did show sig-
nificant reductions in serum triglyceride levels [28].
Part of the differences in conclusions from the various
studies could be the result of differences between mouse
and human macrophages. For this reason, our current
study compared and contrasted our previously reported
studies of the apparent benefit of ACAT inhibition on
foam cell formation, cholesterol efflux, and reduced
cytotoxicity in cultured primary human macrophages
with the same measures in ACAT1 KO macrophages.
Our studies suggest that ACAT1 KO peritoneal macro-
phages may become enriched in unesterified cholesterol.
While UC levels never reached statistically higher levels
than in wild type macrophages, a definite trend was seen
and the ratio of UC to EC changed dramatically. The
results are consistent with those reported by Meiner
et al. [8]. The results of UC efflux during foam cell for-
mation did not show significant differences between nor-
mal and ACATI1 KO peritoneal macrophage foam cells.
It has been suggested that cytotoxicity increases in
the presence of ACAT inhibition due to accumulation
of UC mass, particularly in the plasma membrane com-
partment [29]. However, recent results by Feng et al. [30]
suggested that cholesterol enrichment of the endoplas-
mic reticulum (ER), and not that of the plasma mem-
brane, increased apoptosis in murine macrophages.
Nonetheless, we did observe that cytotoxicity was signif-
icantly increased in ACAT1 KO macrophages compared

to normal cells under conditions in which neither cells
were cholesterol enriched. This indicated that ACAT]I
deficiency is associated with cytotoxicity but this oc-
curred independently of cholesterol enrichment. Kell-
ner-Weibel et al. [29] found that cytotoxicity induced
by ACAT inhibition in primary mouse peritoneal mac-
rophage foam cells could be diminished in the presence
of a modulator of intracellular cholesterol transport
inhibitor, U18666A, also suggesting that the location
of excess intracellular UC mass influences cytotoxicity.
It should also be noted that the histology of atheroscle-
rotic lesions in ACAT1 KO mice, with either an apolipo-
protein E~/~ or LDL receptor_/ ~ background, showed
an altered composition [25]. Investigators showed a pau-
city of macrophages in aortic lesions from the double
knockout animals, including decreased cholesterol crys-
tals [25]. It might be possible that the cytotoxicity ob-
served in ACAT1 KO macrophages leads to increased
cell death and this accounted for the dearth of cells
noted in advanced atherosclerotic lesions; this was sug-
gested by Fazio et al. [27], in which LDL receptor*/ B
mice transplanted with ACATI/~ macrophages
showed increased TUNEL staining in arterial lesions.

Although we found increased cytotoxicity, the levels
were not correlated to cholesterol enrichment of cells.
This lack of correlation of cytotoxicity by ACAT inhibi-
tion with cholesterol enrichment contrasts with the stud-
ies by Yao and Tabas [31], in which investigators
examined the effects of free cholesterol loading on apop-
tosis in peritoneal macrophages isolated from C57BL6
mice. The authors exposed cells for 9 h to control med-
ium, acLDL, the ACAT inhibitor 58-035, and acLDL
plus 58-035. Apoptosis (as determined by annexin V
staining) was elevated by 12% in cells incubated with
acLDL plus 58-035 but was negligible (less than 1%)
in cells incubated with control medium, acLDL, or 58-
035 alone. Clearly, the effects of ACAT inhibition on cell
cytotoxicity, in the presence or absence of cholesterol
enrichment, appear to depend on whether ACAT is
inhibited pharmacologically or by a genetic mutation,
and perhaps the duration of exposure to the ACAT
inhibitor alone. In fact, Warner et al. [7] had previously
shown that adenine release from murine macrophages
increased with duration of exposure to ACAT inhibi-
tors, with values approximately 2-fold greater in cells ex-
posed to ACAT inhibition for longer than 36 h; a value
similar to the 2-fold increase noted in the ACATI KO
cells.

Therefore, in order to better define the possible
causes or effects of ACAT deficiency on cytotoxicity,
we used cDNA microarrays to investigate effects of
ACAT!]1 deficiency on gene expression in macrophages
that had not been cholesterol enriched. As shown in Ta-
ble 2, many of the genes that were substantially reduced
or increased in ACAT1 KO macrophages are associated
with the extracellular matrix (i.e., collagen, procollagen,
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fibronectin, and syndecan), while others such as exportin
4 are involved in nucleocytoplasmic transportation of
RNA [32]. Expression of Jaggedl was also substantially
reduced in ACAT1 KO macrophages but what direct ef-
fect ACATI exerts on Jaggedl function remains un-
known. Jaggedl is a cell surface ligand that binds to
Notch receptors (important in intercellular signaling
and vasculogenesis [33]) and its expression in macro-
phages is upregulated by macrophage colony-stimulat-
ing factor, granulocyte-macrophage colony-stimulating
factor, and interleukin-3 [34]. Additional studies have
suggested an integral role of Jaggedl in cell-cell and
cell-matrix interactions [35,36]. Further work is needed
to elucidate the relationship between ACATI, collagen
type 3A1, and cytotoxicity.

A possible link between collagen and measures of cel-
lular inflammation was shown in a study by Ding et al.
[37] in which these investigators found that sera col-
lected from Sprague-Dawley rats fed oral collagen type
IT reduced production of interleukin-1, tumor necrosis
factor, nitric oxide, and malondialdehyde in synovio-
cytes. In addition, a link between ACAT and ECM reg-
ulation might be possible given that another hepatic
receptor, low-density lipoprotein-related protein, has
been shown to be regulated by ECM [38]. We know that
macrophages from ACAT1 KO mice had reduced RNA
expression of Jaggedl, hsp 47, procollagen I, fibronec-
tin, biglycan, and exportin 4, among other gene tran-
scripts. It might be possible that reduced col3A1l (and
perhaps procollagen I) expression is related to altera-
tions in hsp47 expression, a protein present in the endo-
plasmic reticulum that plays a vital role in collagen
processing [39]. Other considerations include the fact
that ACAT deficiency might decrease the activity, but
not the expression, of enzymes known to regulate the
expression of col3Al. For instance, Rosenbloom et al.
[40] have shown that inhibition of geranylgeranyltrans-
ferase I resulted in inhibition of collagen type I and type
III expression. Others have shown that activation of en-
zymes involved in TGF- signaling pathways (phospha-
tidylcholine-specific phospholipase C, protein kinase
C-8, and p38) was important in the transcription of
fibronectin [41]. Kuchich et al. [42] found that geranyl-
geranyltransferase I and acyl transferase were required
in the TGF-B stimulated pathway for elastin. These
investigators found that cerulenin, an inhibitor of pro-
tein acylation, significantly reduced elastin RNA levels
in fetal human lung fibroblasts following TGF-f stimu-
lation [42]. Thus, it might also be plausible that ACAT
deficiency might alter the activity of key enzymes in-
volved in TGF-B signaling pathways and their effect
on ECM protein expression.

Lastly, a recent report by Dove et al. [43] has shown
that ACATI deficiency is associated with decreased cho-
lesterol efflux and altered cellular morphology. The
experimental designs between our study and Dove

et al. are significant in a number of respects: (1) we
examined cholesterol efflux during foam cell formation
(similar to studies conducted with ACAT inhibitors
and human macrophages) and not during apoA-1 med-
iated cholesterol efflux and (2) we did not use 1% fetal
bovine serum (which would contain HDL) during the
adenine cytotoxicity assays. While cholesterol efflux dur-
ing foam cell formation was not significantly different
between ACAT1 KO and normal cells, the trend was
lower in ACAT1 KO cells, suggesting an overall agree-
ment between Dove et al., and our studies. We showed
increased cytotoxicity in the ACAT1 KO cells in con-
trast to Dove et al., and believe this difference resides
in the presence of FBS in their experimental design.

In summary, our studies have shown differences in
foam cell formation, cholesterol efflux, and cytotoxicity
between HMMs exposed to ACAT inhibitors and
ACATI1 KO macrophages. Studies of ACAT inhibition
in cultured murine macrophage foam cells have shown
evidence of cytotoxicity, as have our present studies with
peritoneal macrophages isolated from ACAT1 KO mice
but without the need to induce cholesterol enrichment.
In addition, collagen expression was reduced in macro-
phages and lung homogenates from the ACATI KO
mouse. Thus, ACAT1 KO macrophages show biochem-
ical changes consistent with increased cytotoxicity and
also a novel association with decreased expression of
collagen type 3Al.
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