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A high level of circulating free fatty acids (FFAs) is known to be an important trigger
for macrophage apoptosis during the development of atherosclerosis. However, the
underlying mechanism by which FFAs result in macrophage apoptosis is not well
understood. In cultured human macrophage Thp-1 cells, we showed that palmitate (PA),
the most abundant FFA in circulation, induced excessive reactive oxidative substance
production, increased malondialdehyde concentration, and decreased adenosine
triphosphate levels. Furthermore, PA treatment also led to mitochondrial dysfunction,
including the decrease of mitochondrial number, the impairment of respiratory complex
IV and succinate dehydrogenase activity, and the reduction of mitochondrial membrane
potential. Mitochondrial apoptosis was also detected after PA treatment, indicated by
a decrease in cytochrome c release, downregulation of Bcl-2, upregulation of Bax, and
increased caspase-3 activity. PA treatment upregulated the expression of adipocyte fatty
acid-binding protein (A-FABP), a critical regulator of fatty acid trafficking and lipid metab-
olism. Inhibition of A-FABP with BMS309403, a small-molecule A-FABP inhibitor, almost
reversed all of these indexes. Thus, this study suggested that PA-mediated macrophage
apoptosis through A-FABP upregulation, which subsequently resulted in mitochondrial
dysfunction and reactive oxidative stress. Inhibition of A-FABP may be a potential ther-
apeutic target for macrophage apoptosis and to delay the progress of atherosclerosis.

Keywords: adipocyte fatty acid-binding protein, mitochondrial dysfunction, apoptosis, macrophage, palmitate

INTRODUCTION

Macrophage apoptosis is an important characteristic of atherosclerosis development (1, 2).
Numerous studies have revealed that macrophage apoptosis has distinct roles in the progression
of atherosclerosis from early atherosclerotic lesions to advanced lesions. When efferocytosis, a
process of removing dead cells, is compromised, macrophage apoptosis increases the size of the
necrotic core and becomes a critical factor for plaque progression. Macrophage apoptosis can
be induced by long-term exposure to high levels of free fatty acids (FFAs), a well-known risk
factor predictive of cardiovascular death (3-5). Among the circulating FFAs, palmitate (PA) is the
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most abundant saturated fatty acid that promotes macrophage
apoptosis and the conversion of stable plaques into vulnerable
ones (6).

Although the exact mechanisms remain unclear, accumulat-
ing evidence suggests that PA can trigger oxidative stress and
mitochondrial dysfunction, and eventually lead to apoptosis in
various cell culture models (7-11). This effect may be partly due
to the uncoupling of mitochondrial respiration induced by PA
(11). PA administration results in apoptosis in cardiac myocytes,
and it is accompanied by a decrease in mitochondrial membrane
potential (Aym), mitochondrial swelling, and an inhibition of
carnitine palmitoyltransferase I activity (12). Studies in skeletal
muscle cells, pancreatic  cells, and HepG2 cells also show that
long-term exposure to FFAs has deleterious effects on mito-
chondria in multiple pathways, including increased reactive
oxidative species (ROS) generation, impairment of mitochon-
drial dynamics, and biogenesis (7, 9, 13). However, knowledge
of whether oxidative stress and mitochondrial damage mediates
PA-induced macrophage apoptosis, and how they regulate it, is
lacking.

Adipocyte fatty acid-binding protein (A-FABP; also known as
aP2 or FABP4), is a novel adipokine that has recently received
considerable attention because it integrates obesity, diabetes
mellitus, and atherosclerosis (14, 15). The main function of
A-FABP is to facilitate the intracellular trafficking of fatty acids
between cellular compartments, thereby regulating cellular lipid
metabolism and lipid signals (16). Despite its abundant expres-
sion in both adipocytes and macrophages, the proatherosclerotic
effect of A-FABP is exclusively associated with its action on
macrophages (17). The circulating A-FABP level correlates with
unstable plaque characteristics and symptomatic lesions, and it
is predictive for the occurrence of adverse cardiovascular events
(18). The underlying mechanism of this link is further confirmed
by recent findings that A-FABP also serves as a modulator of
cell proliferation and apoptosis in macrophages and DU145
prostate cancer cells (19, 20). A deficiency of A-FABP suppresses
caspase-3 activity and Bax and mitogen-activated protein kinase
expression, all of which may be involved in the apoptosis process
in different settings and cell types. The actions of A-FABP on
ingestion, transportation, esterification, and B-oxidation of fatty
acids have elicited considerable interest in further exploring the
role of A-FABP in mitochondrial apoptosis. A-FABP overexpres-
sion reversed enhanced mitochondrial fatty acid oxidation and
reduced the expression of mitochondrial biogenesis-related
proteins, including peroxisome proliferator-activated receptor y
(PPARY) coactivator 1-a and uncoupling protein 2, after induc-
tion by leptin in adipocytes (21). In addition, increasing evidence
suggests that some of the FABP family members are endowed
with the ability to regulate oxidative stress and mitochondrial
fatty acid oxidation (22-26), which are closely related to mito-
chondrial function. However, it still unknown whether A-FABP
is involved in the effect of PA on macrophage apoptosis and the
related mitochondrial dysfunctions.

The aim of this study was to use a well-characterized in vitro
model of human macrophages, Thp-1 cells, to determine whether
FFAs cause mitochondrial dysfunction and consequently activate
a mitochondrial apoptotic pathway in macrophages, and to

determine whether A-FABP serves as a mediator in this signaling
cascade.

RESULTS

PA Induced the Upregulation of A-FABP
Expression in Thp-1 Cells

Thp-1 cells were treated with different concentrations of PA as
indicated, and A-FABP mRNA and protein expression were
examined. As shown in Figure 1, PA significantly increased the
levels of A-FABP mRNA in a time- and dose-dependent manner
(Figures 1A,B). Similarly, the protein expression of A-FABP was
markedly increased in a time- and dose-dependent manner in the
Thp-1 cells treated with PA (Figures 1C,D).

Effects of A-FABP Inhibition on Cell
Apoptosis Induced by PA

It was previously reported that PA may induce macrophage
apoptosis (5). Our results demonstrated a robust time- and dose-
dependent increase in apoptosis in the Thp-1 cells treated with PA,
as evidenced by DNA fragmentation assayed by cell death enzyme-
linked immunosorbent assay (ELISA) (Figures 2A,B). To further
explore the possible role of A-FABP in macrophage apoptosis
induced by PA, we used the specific A-FABP blocker, BMS309403,
to inhibit the activity of A-FABP in the Thp-1 cells. BMS309403
is an aromatic biphenyl azol compound that competes with fatty
acids for the binding pocket of A-FABP with high specificity. As
shown in Figure 2C, BMS309403 treatment rendered a marked
decrease (~95%) in A-FABP protein expression induced by PA,
compared with the vehicle treatment with the PA addition. After
BMS309403 treatment, PA-induced macrophage apoptosis was
greatly inhibited, as evidenced by cell death analysis (Figure 2D).
To further confirm whether blocking A-FABP could inhibit the
apoptotic effect of PA on macrophages, we examined caspase
3 activity, the downstream signaling of apoptosis (Figure 2E).
BMS309403 treatment remarkably inhibited the caspase 3
activity induced by PA treatment. Bcl-2 and Bax are two critical
proteins in the mitochondrial-related apoptosis pathways, with
anti-apoptotic and pro-apoptotic functions, respectively. As
shown in Figure 2F, blocking A-FABP upregulated Bcl-2 but
downregulated Bax in macrophages treated with PA. These find-
ings suggested that A-FABP contributed to macrophage death
through the mitochondrial apoptosis pathways.

Effect of A-FABP Inhibition on
Mitochondria Numbers and the Loss of
Transmembrane Potential following PA

Treatment

The abovementioned results show that A-FABP may be involved
in mitochondrial dysfunction and the apoptosis pathway induced
by PA; therefore, we investigated the effect of A-FABP on mito-
chondria numbers following treatment with PA, via measurement
with MitoTracker Green. As shown in Figure 3, PA dramatically
decreased the number of mitochondria (Figures 3C,E). In con-
trast, blocking A-FABP with BMS309403 restored mitochondria
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FIGURE 1 | Paimitate (PA) potently induces adipocyte fatty acid-binding protein (A-FABP) expression in Thp-1 cells. (A) Thp-1 cells were stimulated with various
concentrations of PA, and the mRNA level of A-FABP, examined 24 h after the treatment. (B) Time course of gene expression of A-FABP after 500 uM PA treatment.
(C) Western blot of A-FABP (top panel) and its semiquantitative analysis (low panel) at 12 and 24 h post-treatment with 500 uM PA. (D) Western blot of A-FABP
and its semiquantitative analysis at 24 h after various concentrations of PA treatment. *P < 0.05, **P < 0.01, **P < 0.001 versus vehicle control (n = 3-5 for

.

-~ Palmitate
< Control .,

il

* %,

A-FABPMRNA
(Relative Units)
=Y

bnd

o

S 6 0 P @
Time (Hour)

D
A-FABP "= W &% - o

B-actin
0 50 100 200 500
Palmitate(p M)
e T 31 Fkk
S8
‘0 8 *%k
8 ool *% T
s 9
3 x
o §
g E | |‘|
F o
<Z
T o T .
S e S O

Palmitate (pn M)

numbers (Figures 3D,E) indicating that A-FABP activation by
PA reduces the number of mitochondria. It is well known that
PGC-1a regulates mitochondrial biogenesis (27) and one recent
study showed that the overexpression of A-FABP reduced the
expression of PGC-1a in adipocytes (21); therefore, we examined
whether A-FABP inhibition could attenuate the effect of PA on
PGC-1a in macrophages. As shown in Figure 4, PA reduced the
expression of PGC-1oe mRNA and protein. These findings suggest
that PA inhibited mitochondrial biogenesis.

Treatment of macrophages with fatty acids is associated with
decreased mitochondrial transmembrane potential. The loss
of Aym and the release of cytochrome ¢ into the cytosol are
prominent features of the mitochondrial apoptosis pathway;
therefore, we next performed a JC-1 assay to determine the Aym
of PA-treated macrophages and the effect of A-FABP inhibition
on Aym. PA treatment greatly reduced the Aym, suggesting
that PA-induced mitochondrial dysfunction (Figures 5A-G).
BMS309403 treatment totally restored the Awym, indicating
that blocking A-FABP inhibited PA-induced mitochondrial
dysfunction (Figures 5A-G). Similarly, PA treatment resulted in
cytochrome c release into the cytosol, as indicated by Western
blotting. The upregulation of cytochrome ¢ in the cytosol was
totally blocked by the A-FABP inhibitor (Figure 5H).

Effect of Inhibition of A-FABP from PA

Treatment on Mitochondrial Dysfunction
We further examined whether blocking A-FABP could attenu-
ate the mitochondrial dysfunction from PA treatment. Given
that mitochondrial dysfunction would result in the production
of ROS, which reciprocally exacerbated mitochondrial injury
and damage, the production of ROS was measured. As shown
in Figure 6, PA treatment increased the fluorescence intensity,
strongly suggesting the production of ROS (Figures 6C,E).
However, BMS309403 totally inhibited the increased fluorescence
upon PA treatment, indicating that blocking A-FABP inhibited
PA-induced ROS production (Figures 6D,E).

To further address the role of A-FABP in PA-induced mito-
chondrial dysfunction, we measured the adenosine triphosphate
(ATP) concentration upon PA treatment followed by BMS309403
treatment. As shown in Figure 7A, PA treatment greatly reduced
the ATP concentration, whereas BMS309403 reversed the
decreased ATP concentration. Similarly, mitochondrial complex
IV activity (Figure 7B) and succinate dehydrogenase (SDH)
activity (Figure 7C), both of which are inhibited after mito-
chondria injury by PA, were restored after inhibiting A-FABP
with BMS309403. Finally, the concentration of malondialdehyde
(MDA), a marker reflecting the injury by ROS, was activated by
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FIGURE 2 | Adipocyte fatty acid-binding protein (A-FABP) inhibition with BMS309403 reduces macrophage apoptosis. (A) Quantitative analysis of cell apoptosis
as determined by DNA fragmentation at 24 h after treatment with different concentrations of palmitate (PA). (B) Time course of cell apoptosis after 500 M PA
treatment. (C) Effect of BMS309403 on A-FABP expression induced by PA as determined by Western blot (upper panel) and its semiquantitative analysis (lower
panel). (D) Effects of BMS309403 on cell apoptosis in Thp-1 cells after 500 uM PA treatment for 24 h. (E) Quantitative analysis of effects of BMS309403 on
caspase-3 activity in Thp-1 cells treated with 500 uM PA for 24 h. (F) Effects of BMS309403 treatment on Bax and Bcl-2 expression in Thp-1 cells treated with
500 pM PA for 24 h. *P < 0.05, **P < 0.01, ***P < 0.001 versus vehicle control (n = 3-5 for each group).

PA treatment. BMS309403 remarkably inhibited the increase
in MDA concentration upon PA treatment (Figure 7D). Taken
together, these findings strongly indicate that PA results in
mitochondrial dysfunction and ROS production through the
activation of A-FABP.

DISCUSSION

There are two interesting findings in this study. First, consistent
with previous studies in other types of cells, PA treatment resulted
in macrophage apoptosis, ROS generation, and mitochondrial
dysfunction. More importantly, this study provides the evidence
that the lipid chaperon A-FABP mediates PA-induced mitochon-
drial dysfunction and the apoptosis pathway in macrophages.
Thus, this study links the proatherosclerotic effects of A-FABP,
saturated fatty acids, and macrophage apoptosis, and it sheds
some light on the mechanisms of the important role A-FABP has
in the pathogenesis of atherosclerosis.

Long-term exposure to a high level of saturated FFAs is
considered to be a deleterious factor in fostering the develop-
ment of atherosclerosis and cardiovascular disease. In contrast,
unsaturated FFAs, such as oleate and linoleate, are substantially
less cytotoxic, even protecting from PA-induced apoptosis or

insulin resistance in some cell lines (28, 29). Therefore, this study
examined the effect of PA on macrophage apoptosis, with a range
of concentrations from 50 to 500 uM. The results showed that PA
treatment ranging from 100 to 500 uM resulted in Thp-1-derived
macrophage apoptosis. Consistent with our study, the apoptotic
effect of PA at 500 uM was also observed in bone marrow-derived
mouse macrophage lines (19). This suggests that a high level of cir-
culating PA may exacerbate plaque vulnerability and the progress
of atherosclerosis through its action on macrophage apoptosis.

It is believed that mitochondrial dysfunction resulting from
the lipotoxicity of FFAs is a critical mechanism in the promotion
of atherosclerosis (30-32). Indeed, mounting evidence suggests
that the mitochondria play a crucial role in innate immune
systems, and in particular, regulating macrophage functions
and polarization in tissue injury, pathogens, and inflammation.
However, the association between mitochondrial dysfunction
in macrophages and lipotoxicity of FFAs during atherosclerosis
remains unknown. Several studies found PA-induced mitochon-
drial dysfunction, apoptosis, and the inhibition of insulin signal-
ing in skeletal muscle cells (7, 9). PA also induced endothelial cell
apoptosis by ROS production, which was alleviated by silencing
the Kv1.5 protein or via treatment with adiponectin (33, 34), but
extensive exploration in mitochondria dysfunction is lacking.
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FIGURE 3 | Adipocyte fatty acid-binding protein (A-FABP) inhibition with
BMS309403 restores the palmitate (PA)-induced mitochondria number

loss, determined by MitoTracker staining in macrophages. Thp-1 cells were
pretreated with 50 uM BMS3094083 for 2 h followed by stimulation with

500 uM PA. (A-D) Representative images of MitoTracker Green fluorescence
in Thp-1 cells treated with (A) vehicle, (B) BMS309403, (C) 500 uM PA,

(D) 500 pM PA combined with BMS309408. (E). Semiquantitative analysis
of MitoTracker staining intensity. Data represent the mean of three separate
experiments. Scale bar = 50 pm. **P < 0.01 versus control, P < 0.05
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In this study, PA treatment in the Thp-1 macrophage induced the
reduction of mitochondria numbers and Aym, remarkable ROS
release, and impairment of ATP production, decreasing mito-
chondrial complex IV activity, and SDH activity. These findings
suggest that PA treatment induces mitochondrial dysfunction
in macrophages. Excessive ROS may induce lipid peroxidation,
as indicated by the remarkable increase of MDA in our study.
Mitochondrial dysfunction and excessive ROS may also subse-
quently activate the mitochondrial apoptosis pathways (35). For
the latter, cytochrome c is released to the cytoplasm because of
the high permeability of the mitochondrial outer membrane.
Cytochrome ¢ assembles procaspase-9 and activates caspase-3
in succession, finally inducing apoptosis (36). Collectively, our
results showed that PA treatment-induced mitochondrial dys-
function and ROS generation, both of which subsequently induce
macrophage apoptosis.

Another major finding in this study is that the upregulation
of A-FABP plays a critical role in PA-induced mitochondrial
dysfunction and oxidative stress. In this regard, in a 10-year pro-
spective study following 1,069 patients with prevalent coronary
heart disease, A-FABP significantly predicted major secondary
cardiovascular disease events, such as cardiovascular death and
nonfatal myocardial infarction (37). In addition, ablation of the
A-FABP gene in apolipoprotein E-deficient mice dramatically
protects against atherosclerosis in the disease progress, and
A-FABP exerts strong proatherosclerotic effects mainly through
its actions on the macrophage (17, 38). In this study, PA treat-
ment with a concentration of 50 M upregulated the expression
of A-FABP and induced a fourfold increase in the A-FABP gene
level at 500 pM. Given that 500 uM PA may be more relevant to
the clinical concentration of FFAs in patients with atherosclerosis
and diabetes, it is assumed that A-FABP may be increased in
atherosclerosis and diabetes patients, and this warrants further
study. In this study, we used BMS309403 to inhibit the function of

FIGURE 4 | Adipocyte fatty acid-binding protein (A-FABP) inhibition with BMS309403 restores the expression of PGC-1a in macrophages. Thp-1 cells were
pretreated with 50 yM BMS3094083 for 2 h followed by 500 uM palmitate (PA) treatment. (A) Quantitative analysis of A-FABP mRNA level determined by real-time
polymerase chain reaction. (B) Western blot of PGC-1a (top panel) and its semiquantitative analysis (lower panel). **P < 0.01 versus control, *P < 0.05 Vehicle
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20 pm (G) Semiquantitative analysis of changes in Aym in panels (A-F). (H) Expression of cytochrome ¢ in Thp-1 cells with 50 uM BMS309408 treatment

for 2 h followed by 500 pM PA treatment. *P < 0.05 versus control, P < 0.05 Vehicle versus BMS309403 (n = 3-4 for each group).

PA+BMS

PA - - + +
BMS
Cyto C

pB-actin®

3 Vehicle
@8 BMS309403

"

H Control PA

E-

w

Cytochrome C Level
(Relative to p-actin)
- N

o

A-FABP. BMS309403 is a biphenyl azole inhibitor against A-FABP
and highly effective for the treatment of both atherosclerosis and
type 2 diabetes mellitus in mouse models (39). After blocking
A-FABP by BMS30403, the PA treatment-induced macrophage
mitochondrial dysfunction and apoptosis indexes were dramati-
cally inhibited. These findings strongly suggested that A-FABP
regulates PA-induced mitochondrial dysfunction and apoptosis
in macrophages.

Adipocyte fatty acid-binding protein has a high affinity for
binding and delivering FFAs to the mitochondria and other
intracellular organelles and thus regulates lipid metabolism and
inflammation (16). It is well known that increased fatty acid
oxidation alleviates lipotoxicity by reducing intracellular levels
of fatty acids. The overexpression of A-FABP may compromise
fatty acid oxidation and reverse an enhancement of fatty acid
oxidation induced by leptin in muscle cells and adipocytes,
respectively (21, 40). Thus, the upregulation of A-FABP induced
by PA seen in this study may impair fatty acid oxidation and
render oxidative stress, both of which would result in mitochon-
drial dysfunction and apoptosis. Supporting this assumption,
BMS309403 not only inhibited excessive ROS production as

indicated by the decreased perioxidative marker MDA and
generation of ROS but also attenuated PA-induced mitochon-
drial injury as indicated by reduced mitochondrial number,
Aym impairment, and restoration of decreased mitochondrial
respiratory chain activity.

Drawing together the findings of our study, we hypothesized
that A-FABP serves as a linker of metabolites, apoptosis, and
mitochondrial function through its effects on fatty acid oxida-
tion in macrophages (Figure 8). In this scenario, PA overload
increases A-FABP expression, and the increased A-FABP binds
the saturated FFAs and delivers them to the mitochondria, along
with impaired FFA oxidation. The FFAs would result in ROS
production and impair mitochondrial dysfunction, leading to
the release of cytochrome ¢ into the cytoplasm, activation of
caspase-3 and -9, and reduced ATP synthesis and mitochondrial
biogenesis. Blocking A-FABP is potentially therapeutic for
A-FABP-mediated lipotoxicity after metabolic overload. Further
studies are needed to investigate how A-FABP regulates mito-
chondrial function and apoptosis. Notably, A-FABP can modu-
late the activity of several transcription factors, including Janus
kinase (JAK)2 and PPARy. The abnormalities in JAK2/STAT3
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FIGURE 6 | Adipocyte fatty acid-binding protein inhibition with BMS309403
reduces the increased production of reactive oxidative species (ROS) in
macrophages induced by palmitate (PA) treatment. (A-D) Representative
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signaling are involved in apoptosis, the mechanisms of which are
partly through oxidative stress and the mitochondrial pathway.
JAK2/STAT3 activation can attenuate mitochondrial oxidative
damage induced by myocardial ischemia/reperfusion injury and
maintain mitochondrial function. Further investigations are
warranted to explore the involvement of JAK2/STAT3 signaling
in modulating A-FABP-mediated mitochondrial dysfunction
and apoptosis induced by PA in macrophages.

The study has certain limitations. The in vitro environ-
ment may not mimic the in vivo system and clinical settings.
However, previous studies have found increased FFA levels
ranging from 440 to 960 uM in subjects with unstable coronary
artery disease, and from 520 to 1,160 uM in men with ischemic
heart disease (3, 4). Because PA accounts for ~30% of total
plasma FFAs (41) and increases in stress states, following
exercise or after a standardized dinner (42-45), PA levels could
reach up to 500 pM in this type of patient. Moreover, another
clinical study showed that the plasma PA concentration rose
up to 526.5 & 245.7 uM in type 2 diabetes mellitus patients
(33). Thus, the 500 uM concentration of PA used in this study
may be correlated with the clinical concentration. In addition,

BMS309403 was used to inhibit A-FABP and investigate its
effect on PA-induced macrophage apoptosis. It should be noted
that BMS309403 may have some other pharmacological func-
tions. In this regard, BMS30403 has been reported to stimulate
glucose uptake via activation of the AMP-activated protein
kinase signaling pathway, an A-FABP-independent mechanism
in muscle cells (46). However, A-FABP is highly expressed in
adipocytes and macrophages, with a much lower expression of
A-FABP in the muscle cells. Thus, the effect of BMS309403 on
PA-evoked macrophage mitochondrial dysfunction and apop-
tosis is mainly through the inhibition of A-FABP, if not entirely.
Despite potential nonspecific effects, the easy administration of
BMS309403 endows it as a drug to potentially prevent or treat
atherosclerosis via targeting A-FABP.

In conclusion, our results established a link between saturated
fatty acid overload, oxidative stress, mitochondrial dysfunction,
and macrophage apoptosis. The discovery of the lipid chaper-
one A-FABP as an essential modulator regulating PA-induced
oxidative damage, mitochondrial dysfunction, and subsequent
macrophage apoptosis helps to extend our understanding of its
contribution to the pathogenesis of atherosclerosis.

MATERIALS AND METHODS

Reagents

The reagents Dulbeccos modified Eagle’s medium (Invitrogen,
Carlsbad, CA, USA), fetal bovine serum (FBS; Hyclone, Logan,
UT, USA), PA, and penicillin-streptomycin (all from Sigma-
Aldrich, St. Louis, CA, USA) were used. The A-FABP inhibitor
BMS309403 was kindly provided by Professor Ai-Min XU from
the Department of Pharmacology and Pharmacy, Li Ka Shing
Faculty of Medicine, The University of Hong Kong. BMS309403
was synthesized as described previously (14) and dissolved in
dimethyl sulfoxide.

Cell Culture and Treatment

Cells from the Thp-1 human monocytic cell line (Shanghai
Institute of Cell Biology, Chinese Academy of Sciences, Shanghai,
China) were cultured in RPMI-1640 medium (Invitrogen)
supplemented with 10% FBS and 1% P/S, at 37°C under 5%
CO:s. The cells were differentiated to macrophages by treatment
with 100 nM phorbol-12-myristate-13-acetate (Sigma-Aldrich,
St. Louis, MO, USA) in RPMI-1640 supplemented with 10%
FBS and 1% P/S for 72 h. After 72 h of differentiation, the cells
were treated with various concentrations of PA (0.05-0.5 mM)
(Sigma-Aldrich) and dissolved in bovine serum albumin as the
control for 24 h. The cells were used for the experiments.

Analysis of Apoptosis

Apoptosis was assessed by several methods, including a cell death
detection ELISA plus assay (Roche Molecular Biochemicals,
USA) according to the manufacturers protocol. Briefly, cells
were exposed to different concentrations of PA for different time
periods and then incubated with a lysis buffer for 30 min at room
temperature. After centrifugation, the supernatant (20 uL) was
analyzed using ELISA. DNA fragmentation was determined by
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measuring the absorbance at 405 nm, with that at 490 nm used
as a blank.

Measurement of Reactive Oxidative

Substances Levels

Production of intracellular ROS levels was measured with
the fluorescent dye 2',7" dichlorodihydrofluorescein diacetate
(H.DCFDA; Molecular Probes, Eugene, OR, USA). After treat-
ment with fatty acids and/or inhibitors, the cells were incubated
with 10 uM H,DCFHDA for 1 h at 37°C in the dark and analyzed
with fluorescence microscopy.

Measurement of Mitochondrial
Membrane Potential

Disruption of the Aym was measured using a MitoLight
Mitochondrial Apoptosis Detection kit (Chemicon, Temecula,
CA, USA) according to the manufacturer’s instructions.
MitoLight solution was added to the cultured cells and incubated
at 37°C in a 5% CO, incubator for 15 min. Cells were then
washed in PBS to remove excess MitoLight and examined under a
fluorescence microscope (BX60, Olympus, Tokyo, Japan). Images
were captured using a DP50 digital camera (Olympus). MitoLight
aggregates in the mitochondria of healthy cells and fluoresces red.
MitoLight cannot accumulate in the mitochondria of apoptotic
cells; it remains as monomers in the cytoplasm and fluoresces
green.

Mitochondria Staining

Mitochondria of cells were stained using 0.5-um MitoTracker
Green (Molecular Probes, Invitrogen; 37°C, 5 min) and examined
under a fluorescence microscope (BX60, Olympus).

Caspase Activity Assay

A colorimetric assay was used according to the manufacturer’s
instructions (Biovision, Mountain View, CA, USA) to measure
the activity of caspase-3 in Thp-1 cells. Briefly, cells were lysed
on ice for 10 min and centrifuged (10,000 g, 1 min). Cytosolic
extracts (supernatant) were incubated at 37°C for 1-2 h with
DEVD-pNA substrate or LEHD-pNA substrates (200 uM final
concentration). Samples were analyzed by spectrophotometer
(400 nm).

Measurement of ATP Level

The intracellular ATP concentration was measured using an ATP
colorimetric/fluorometric assay kit (Biovision). Cells (1 X 10°)
were lysed in 100 pL of ATP assay buffer, homogenized, and
centrifuged (15,000 g, 2 min, 4°C) to pellet insoluble materials.
The supernatants and ATP assay buffer were added to 96-well
plates with a final volume of 50 uL per well. The mixture was
incubated at room temperature for 30 min and protected from
light. The absorbance in the wells was measured at 570 nm using
a microplate reader. The absorbance of the non-ATP control was
subtracted from each reading.

Mitochondrial Respiratory Activity

Macrophage mitochondria were harvested using the Cell
Mitochondria Isolation kit (Beyotime, China). Cells were har-
vested and washed with cool-PBS twice, and then suspended in
isolation buffer on ice for 15 min. The cells were homogenized,
and then the homogenate was centrifuged at 1,000 g at 4°C for
10 min. The supernatant was then collected and centrifuged at
11,000 g for at 4°C 10 min. The mitochondria were harvested in
the sediments for later experiments. The mitochondrial complex
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activities were determined using the Mito Complex IV and SDH
Activity Assay kits (GenMed Scientifics Inc., China).

MDA Measurements in Cellular

Oxidant Injury

The level of lactate dehydrogenase and MDA released from
Thp-1 cells into the culture media was analyzed with lactate
dehydrogenase and MDA assay kits (Promega, Madison, WI,
USA).

Real-time Polymerase Chain
Reaction (PCR)

Real-time PCR was performed to detect the gene expression of
A-FABP, PGC-1a, and f-actin. The PCR sequence pairs were:
AACCTTAGATGGGGGTGTCC and ATGCGAACTTCAGT
CCAGGT (A-FABP); ACAGCCGTCGGCCCAGGTAT and
GCCTCTCCCTTTGCTTGGCCC (PGC-1a); and GCCGACA
GGATGCAGAAGGAG and AAGCATTTGCGGTGGACGATG

(p-actin). PCR reaction was carried out using 15 ng of cDNA,
200 nM of each primer, and SYBR green PCR master mix (Roche,
Germany). Cycling conditions included 10 min at 95°C followed
by 40 cycles of 15 s at 95°C and 60 s at 60°C.

Western Blotting Analysis

After treatment, protein extracts for total cellular fractions were
isolated in cell lysis buffer (Cell Signaling Technology, Beverly,
MA, USA) supplemented with 0.1 mg PMSF and a 1/100 dilution
of protease and phosphatase inhibitor cocktails (Sigma). Scraped
samples were then centrifuged at 10,000 g for 15 min at 4°C. The
supernatants were used for Western blotting. Protein concentra-
tions were measured using the protein dye microassay (Bio-Rad,
Hercules, CA, USA). The proteins were separated on a 12%
SDS-PAGE and then transferred onto PVDF membranes. The
membrane was blocked with a solution of TBS and 5% fat-free
milk for 1 h, then incubated overnight with anti-rabbit A-FABP
(1:1,000), anti-rabbit Bax (1:2,000), anti-rabbit Bcl-2 (1:2,000),
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anti-rabbit PGC-1a (all from Cell Signaling Technology), and
monoclonal anti-mouse P-actin (Santa Cruz Biotechnology,
Heidelberg, Germany). The blot was then incubated with horse-
radish peroxidase-conjugated goat anti-rabbit IgG or goat anti-
mouse IgG in TBS for 2 h at room temperature. The membrane
was then exposed to film before development.

Statistical Analysis

Data are expressed as mean + SEM. Statistical analyses were
performed using paired Student’s t-test or one-way analysis of
variance followed by Bonferroni analysis where appropriate.
Statistical significance was determined at the 0.05 level.
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