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Morphine enhances LPS-induced macrophage apoptosis
through a PPARY-dependent mechanism
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Abstract. Morphine has been widely used for the treatment
of pain and extensive studies have revealed a regulatory
role for morphine in cell apoptosis. However, the molecular
mechanisms underlying morphine-mediated apoptosis
remain to be fully elucidated. The present study aimed to
investigate the effects of morphine on lipopolysaccharide
(LPS)-induced bone marrow-derived macrophage (BMDM)
apoptosis and to determine the role of the peroxisome
proliferator-activated receptor (PPAR)y signaling pathway
in this process. BMDMs were isolated from BALB/c mice
and stimulated with LPS. Hoechst 33342 staining and flow
cytometric analysis were performed to evaluate the effects
of morphine on LPS-induced apoptosis of BMDMs. Caspase
activity assays were used to determine the involvement of
the apoptosis pathway. The expression levels of caspase-3,
caspase-8, caspase-9 and PPARy were analyzed using western
blotting. Finally, GW9662, a specific PPARy antagonist, was
used to determine whether the regulatory effects of morphine
on LPS-induced BMDM apoptosis were PPARy-dependent.
The results of the present study revealed that morphine
increased the apoptosis of LPS-stimulated BMDM:s.
Morphine upregulated the expression levels and activity of
caspase-3 in LPS-stimulated BMDMs, but downregulated
the expression levels and activity of caspase-8. Morphine
treatment also upregulated LPS-induced PPARY expression
levels in BMDMs. Finally, the stimulatory effects of morphine
on LPS-induced apoptosis and caspase-3/9 activation were

Correspondence to: Dr Jing Wan, Department of Cardiology,
Zhongnan Hospital of Wuhan University, 169 Donghu Road,
Wuchang, Wuhan, Hubei 430071, P.R. China

E-mail: wanjing_zn@163.com

“Contributed equally

Abbreviations: AMI, acute myocardial infarction, BMDM,
bone marrow-derived macrophage; IACUC, Institutional Animal
Care and Use Committee; LPS, lipopolysaccharide; PPARy,
peroxisome proliferator-activated receptor y

Key words: morphine, macrophage,
proliferator-activated receptor, apoptosis

caspases, peroxisome

markedly reduced by GW9662. In conclusion, the findings
of the present study indicated that morphine significantly
promoted LPS-induced BMDM apoptosis and caspase-3/9
activation. These results suggested that the intrinsic pathway
of apoptosis may be involved in the proapoptotic effects of
morphine on LPS-stimulated BMDMs, which may be depen-
dent, at least partially, on PPARy activation.

Introduction

Morphine is widely used as an analgesic and acts by activating
opioid receptors in the central nervous system (1). In addition
to providing pain relief, morphine has also been reported
to modulate apoptosis in various types of cells, including
immune, neuronal and cancer cells, suggested its potential
effects on immunomodulation, nerve damage and tumor
progression (2-4). Although opioid receptors are essential for
opioid-induced effects, an increasing number of studies have
demonstrated that other mechanisms beyond opioid receptors
may be involved in morphine-mediated cell apoptosis (5-7).
However, the underlying molecular mechanisms remain to be
fully elucidated.

Apoptosis, a type of programmed cell death, is crucial for
maintaining growth, development and homeostasis within the
body (8). Macrophages, which are important innate immune
cells, have been reported to exert regulatory effects on various
pathological processes beyond immunomodulation, and the
dysregulation of macrophage apoptosis was found to contribute
to multiple diseases including atherosclerosis, diabetic kidney
disease and hepatitis (9-11). Previous studies have demonstrated
that lipopolysaccharide (LPS) is an activator of apoptosis in
macrophages (12-14). Morphine was also reported to induce
macrophage apoptosis; however, the specific mechanisms were
not elucidated (15). To the best of our knowledge, the effects
of morphine on LPS-induced macrophage apoptosis have not
been investigated to date.

Peroxisome proliferator-activated receptor (PPAR)y,
which belongs to the steroid-lipid nuclear receptor family,
is predominantly found in adipose tissue and plays a crucial
role in adipocyte differentiation, lipid metabolism and
insulin resistance (16,17). PPARs regulate gene expression
by heterodimerizing with retinoid X receptors and binding to
specific PPAR response elements in the promoter regions of
specific target genes (16,17). PPARy was also discovered to be
highly expressed in macrophages and the activation of PPARYy
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triggered the apoptosis of macrophages through activation
of the proliferator-activated receptors (18-20). In addition, a
previous study indicated that the development of analgesic
tolerance to morphine may be regulated by PPARy (21).
However, whether PPARY is involved in morphine-induced
apoptosis remains unclear.

The present study was undertaken to investigate the
possible effects of morphine on LPS-induced bone marrow
(BM)-derived macrophage (BMDM) apoptosis and to deter-
mine the role of the PPARY signaling pathway in this process,
hoping to uncover novel potential therapeutic and clinical
applications for morphine.

Materials and methods

BMDM isolation. All animals were maintained under specific
pathogen-free (SPF) barrier conditions. All animal experiments
were carried out in accordance with the guidelines of the
Institutional Animal Care and Use Committee of Wuhan
University. A total of 8 male BALB/c mice (age, 7-8 weeks;
weight, 20.23+1.01 g) were sacrificed by cervical dislocation,
and the femurs and tibias were removed. After flushing the
medullar cavity, BM cells were collected and cultured in
DMEM, high glucose (cat. no. 11965092; Gibco; Thermo
Fisher Scientific, Inc.) supplemented with L-glutamine
(Gibco; Thermo Fisher Scientific, Inc.), 10% heat-inactivated
FBS (HyClone; Cytiva), 1% penicillin/streptomycin
(Gibco; Thermo Fisher Scientific, Inc.) and 20 ng/ml mouse
macrophage colony-stimulating factor recombinant protein
(eBioscience; Thermo Fisher Scientific, Inc.). The cells were
incubated at 37°C in an atmosphere containing 5% CO, for
7 days to induce macrophage differentiation. BMDMs were
subsequently harvested (22) and the purity was analyzed by
flow cytometry for the expression of F4/80 (>90%). All animal
experimental protocols were approved by the Institutional
Animal Care and Use Committee of the Zhongnan Hospital of
Wuhan University (Wuhan, China; approval no. AF165).

Chemicals and BMDM treatment. Morphine sulfate
was obtained from the National Institutes for Food and
Drug Control. LPS and GW9662 were purchased from
Sigma-Aldrich; Merck KGaA. For the exposure to morphine,
BMDMs were subjected to overnight incubation with 1 yuM
morphine, followed by stimulation with 0.5 xg/ml LPS for
24 h. For the treatment with the PPARY inhibitor, BMDMs
were pretreated with 1 uM GW9662 for 4 h prior to morphine
and/or LPS stimulation.

Hoechst 33342 staining. To evaluate the morphological
changes of apoptotic BMDMs, Hoechst staining was
performed as described previously (23). Briefly, BMDMs cells
were seeded on chamber slides, treated with 1 uM GW9662
for 24 h. BMDMs were then fixed with 4% formaldehyde for
15 min at room temperature and washed three times with
PBS. Subsequently, the cells were incubated with Hoechst
33342 dye for 5 min in the dark. The cells were washed
three times with PBS, and the slides were then visualized
using a fluorescence microscope (Olympus Corporation;
magnification, x40 and x100). For semi-quantification,
apoptotic scores were counted from five randomly selected

fields by direct counting of 500 cells in each sample using a
blinded method (23). The percentage of apoptotic cells was
calculated as the number of apoptotic cells divided by the
number of total cells.

Flow cytometric analysis of apoptosis. Apoptosis was
measured using the FITC-Annexin V Apoptosis Detection kit
(BD Biosciences) as previously described (24). BMDMs were
harvested by centrifugation at 1,000 x g for 5 min at 4°C and
washed twice with ice-cold PBS. The cells were resuspended
in binding buffer [10 mM HEPES/NaOH (pH 7.4), 140 mM
NaCl, 2.5 mM CaCl,] at a concentration of 1x10° cells/ml, and
then gently mixed and incubated with 5 yl Annexin V-FITC
(BD Biosciences) and 10 ul propidium iodide (PI; BD
Biosciences) in the dark at room temperature for 15 min. After
washing the cells with 1X binding buffer to remove the excess
FITC-Annexin V and PI, apoptotic cells were analyzed using
flow cytometry (FACSVia Flow Cytometer; BD Biosciences)
within 1 h to determine the levels of apoptosis. The fluores-
cence of FITC and PI were measured using the FL-1 and
FL-2 channels, respectively. Apoptosis was quantified by
the percentage of the population shifting to fluorescence
positivity. The percentage of apoptotic cells was calculated as
the percentage of early and late apoptotic cells. The data were
analyzed using CytExpert software 2.0 (Beckman Coulter,
Inc.).

Caspase activity assay. The activities of caspase-3,-8 and -9 in
BMDMs subjected to the indicated treatments were detected
using caspase-Glo 3/7, caspase-Glo 8 and caspase-Glo
assay kits (cat. nos. G8090, G8200 and G8210, respectively;
Promega Corporation) according to the manufacturer's
protocols. BMDMs were seeded at a density of 1x10° cells
in 96-well plates and allowed to adhere overnight. Following
incubation with the indicated drugs, caspase-Glo reagent was
added to the cells at a 1:1 ratio. The contents were mixed and
the cells were incubated for 1 h at room temperature. The
luminescence signal of each sample was then detected using
a Veritas plate-reading luminometer (Turner BioSystems)
according to the manufacturer's instructions (25). The relative
percentage of luminescence intensity was calculated by
comparison to the vehicle control (26).

Western blotting. Total protein was extracted from cells
using RIPA lysis buffer (Sigma-Aldrich; Merck KGaA) and
stored at -80°C. Total protein concentration was determined
using a BCA assay and proteins (20 pg per lane) were
separated via SDS-PAGE (12%). The separated proteins
were subsequently electrotransferred onto nitrocellulose
membranes (Amersham; Cytiva) and blocked in TBS solution
containing 5% non-fat milk for 1 h at room temperature. The
membranes were then incubated with the appropriate primary
antibodies overnight at 4°C. Following incubation with the
primary antibodies anti-PPARy (1:1,000; cat. no. 95128;
Cell Signaling Technology, Inc.), anti-caspase-3 (1:1,000;
cat.no.9661; Cell Signaling Technology, Inc.), anti-caspase-8
(1:1,000; cat. no. 8592; Cell Signaling Technology, Inc.),
and anti-f-actin (1:1,000; cat. no. 4970, Cell Signaling
Technology, Inc.), the membranes were incubated with the
relevant species-specific horseradish peroxidase-conjugated
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secondary antibodies (1:1,000; cat. nos. 7074 and 7076; Cell
Signaling Technology, Inc.) for 1 h at room temperature.
The membranes were subsequently washed and protein
bands were visualized using a chemiluminescence detec-
tion system (Amersham; Cytiva). The expression levels of
specific proteins were normalized to the expression levels
of B-actin.

Statistical analysis. Statistical analyses were performed using
GraphPad Prism software, version 8.0 (GraphPad Software,
Inc.). Data are presented as the mean + SD of three independent
experiments. Comparisons among multiple groups were
assessed by one-way or two-way ANOVA followed by
Bonferroni's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Morphine promotes apoptosis in LPS-induced BMDMs.
To investigate the effects of morphine on LPS-induced
BMDMs, the cells were incubated with morphine and/or
LPS, and the levels of apoptosis in each group were analyzed
by Hoechst 33342 staining. In the vehicle control group, few
apoptotic cells were observed, and the majority of the nuclei
displayed uniform morphology, intact membrane and even
chromatin distribution (Fig. 1A). Following treatment with
morphine or LPS alone, an increasing number of apoptotic
cells with morphological changes and uneven staining
were detected, particularly in the LPS group. Moreover,
the characteristics of apoptosis were more prominent in
BMDMs challenged with LPS and morphine in combination.
In the combined treatment group, Hoechst 33342 staining
revealed a larger number of blue fluorescent cells with frag-
mented nuclei, chromatin condensation and apoptotic body
formation. Statistical analysis of the percentage of apoptotic
cells revealed that, compared with the control group, LPS
stimulation significantly increased the levels of apoptosis
in BMDMSs, which were further stimulated by morphine
treatment (Fig. 1B and C). The apoptosis of BMDMs was
further quantified by flow cytometric analysis following

Mor+LPS

Figure 1. Morphine increases the apoptosis of LPS-induced BMDMs. (A) Representative images of Hoechst 33342 staining in BMDMs treated with vehicle,
morphine, LPS, or morphine + LPS for 24 h. Upper panels, magnification x40; lower panels, magnification x100. Arrows, apoptotic cells. (B) Semi-quantification

of BMDM apoptosis in the indicated groups. Data are presented as the mean + SD and were analyzed by one-way ANOVA followed by Bonferroni's multiple
comparisons test. "P<0.05 vs. vehicle and “P<0.05 vs. LPS. BMDMs, bone marrow-derived macrophages; LPS, lipopolysaccharide.
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Annexin V-FITC and PI double staining. As shown in Fig. 2,
morphine treatment significantly increased the percentage of
apoptotic cells. Taken together, these findings indicated the
potential stimulatory effects of morphine on LPS-induced
BMDM apoptosis.

Morphine promotes the activation of caspase-3 in LPS-induced
BMDMs. The caspase-3 protease is the predominant effector
caspase involved in the execution of apoptosis, and may
be activated by both the extrinsic and intrinsic apoptotic
pathways (27). To determine whether morphine treatment
affected the activation of caspase-3 in LPS-induced BMDMs,
caspase-3 activity was determined using the caspase-Glo
3/7 assay kit. The results revealed that morphine treatment
further promoted the LPS-induced activation of caspase-3 in a
time-dependent manner (Fig. 3A). To validate these findings,
the expression levels of caspase-3 were analyzed using western
blotting. Exposure to morphine or LPS alone did not markedly
upregulated the expression levels of cleaved caspase-3,
whereas the expression levels were significantly higher in the
combined treatment group compared with either treatment
alone (Fig. 3B and C). These results indicated the potentially
important role of caspase-3 in the effects of morphine on
LPS-induced BMDMs.

Morphine treatment reduces caspase-8 activity in
LPS-activated BMDMs. Caspase-8 is a crucial upstream
initiator that cleaves and activates the effector caspase-3 in the
death receptor-triggered extrinsic pathway (27). Therefore, the
activity and expression levels of caspase-8 were investigated
in the present study. Notably, morphine or LPS treatment,
alone or in combination, significantly reduced the activity
of caspase-8 at 2, 6, 8 and 12 h (Fig. 4A). Western blotting
demonstrated that the expression levels of active caspase-8
subunit p18 were downregulated in the LPS, morphine and
combined treatment groups (Fig. 4B and C). These results
suggested that the effects of morphine on BMDM apoptosis
may be independent of caspase-8 activation, indicating
the potential involvement of the intrinsic pathway in the
apoptotic events.
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Figure 2. Flow cytometric analysis of apoptosis in BMDMs. (A) Flow
cytometry following Annexin V-FITC and propidium iodide double staining
was used to analyze apoptosis in BMDMs stimulated by morphine and
LPS, alone or in combination, for 24 h. (B) Quantification of apoptosis in
BMDMs (%) in the indicated groups. Data are presented as the mean + SD
and were analyzed by one-way ANOVA followed by Bonferroni's multiple
comparisons test. ‘P<0.05 vs. vehicle and “P<0.05 vs. LPS. BMDMs, bone
marrow-derived macrophages; LPS, lipopolysaccharide.

Morphine treatment upregulates LPS-induced PPARYy
expression in BMDMs. PPARy was previously reported
to be involved in the tolerance to morphine analgesia (21).
Considering the crucial role of PPARY in the regulation
of macrophage apoptosis (18-20), the present study
hypothesized that PPARy may participate in the proapoptotic
effect of morphine in LPS-stimulated BMDMs. Western
blotting was performed to determine the protein expression
levels of PPARY in each group. Compared with the vehicle
control group, exposure to morphine or LPS treatment alone
upregulated the protein expression levels of PPARY, although
the observed difference was not deemed statistically
significant. Moreover, the upregulation of PPARy was
significantly enhanced in the BMDMs challenged with
morphine in combination with LPS, suggesting a potential
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Figure 3. Morphine promotes the activation of caspase-3 in LPS-induced
BMDMs. (A) Caspase-3 activity was measured in BMDMs treated
with vehicle, morphine, LPS or morphine + LPS at 2, 6, 12 or 24 h.
(B) Representative western blots of cleaved caspase-3 expression
levels in BMDMs stimulated with the indicated treatments for 24 h.
(C) Semi-quantification of the western blots of C-caspase-3 expression
levels in BMDMs stimulated with the indicated treatments for 24 h. Data
are presented as the mean + SD and were analyzed by two-way ANOVA
followed by Bonferroni's multiple comparisons test. 'P<0.05 vs. vehicle
and “P<0.05 vs. LPS. BMDMs, bone marrow-derived macrophages;
LPS, lipopolysaccharide; C-caspase, cleaved caspase.

role of PPARYy in the regulatory effect of morphine on
LPS-stimulated BMDMs (Fig. SA and B).

Proapoptotic effect of morphine is dependent on PPARy
activation. To validate the role of PPARY in morphine-induced
BMDM apoptosis, BMDMs were pre-incubated with
GW9662, a specific PPARY antagonist, for 4 h prior to the
treatment with morphine and/or LPS. As shown in Fig. 6, the
morphine-induced increased percentage of apoptotic cells was
significantly reduced by GW9662 treatment, suggesting that
morphine-induced apoptosis of LPS-activated BMDMs may
be mediated via PPARY activation.

PPARy antagonist reverses morphine-induced activation of
caspase-3/9 in LPS-treated BMDMs. The effects of PPARy
on morphine-induced caspase activation were further
evaluated. As mentioned above, morphine treatment enhanced
LPS-induced caspase-3 activation, which was subsequently
reversed by GW9662 pretreatment (Fig. 7A and B). A similar
result was observed regarding the activation of caspase-9, a
major upstream initiator of caspase-3 in the intrinsic pathway
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Figure 4. Morphine treatment reduces caspase-8 activity in LPS-induced
BMDMs. (A) Caspase-8 activity was measured in BMDMs treated with
vehicle, morphine, LPS or morphine + LPS at 2, 12 or 24 h. (B) Representative
western blots of C-caspase-8 expression levels in BMDMs stimulated with
the indicated treatments for 24 h. (C) Semi-quantification of the western blots
of C-caspase-8 expression levels in BMDMs stimulated with the indicated
treatments for 24 h. Data are presented as the mean + SD and were analyzed
by two-way ANOVA followed by Bonferroni's multiple comparisons
test. "P<0.05 vs. vehicle and “P<0.05 vs. LPS. LPS, lipopolysaccharide;
BMDMs, bone marrow-derived macrophages; C-caspase, cleaved caspase.

of apoptosis (28,29). In addition, LPS stimulation significantly
increased the activity of caspase-9, which was further enhanced
by LPS + morphine treatment (Fig. 7C and D). GW9662
significantly abrogated the stimulatory effect of morphine on
LPS-induced caspase-9 activation (Fig. 7C and D). However,
GW9662 treatment exerted no statistically significant effect
on caspase-8 activity (Fig. 7E and F). Taken together, these
results provided further evidence to suggest that the intrinsic
pathway of apoptosis may be involved in the proapoptotic
effects of morphine on LPS-induced BMDMs, which may be
dependent, at least partially, on PPARYy activation.

Discussion

Morphine has been widely used in the clinical setting as an
analgesic, and numerous studies have supported a role for
morphine in the regulation of apoptosis (30,31). Although
opioid receptors are crucial for opioid-mediated effects,
the molecular mechanisms underlying opioid-induced cell
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Figure 5. Morphine treatment upregulates LPS-induced PPARYy
expression levels in BMDMs. (A) Representative western blots and
(B) semi-quantification of PPARy expression levels in BMDMs treated with
vehicle, morphine, LPS or morphine + LPS for 24 h. Data are presented
as the mean + SD and were analyzed by one-way ANOVA followed by
Bonferroni's multiple comparisons test. ‘P<0.05 vs. vehicle and “P<0.05 vs.
LPS.BMDMs, bone marrow-derived macrophages; LPS, lipopolysaccharide;
PPARy, peroxisome proliferator-activated receptor-v.

apoptosis remain to be fully elucidated. The results of
the present study demonstrated that morphine enhanced
LPS-induced apoptosis. Further investigations revealed that
morphine treatment potentiated LPS-induced caspase-3 and
caspase-9 activation, but inhibited the activity of caspase-8,
suggesting the involvement of the intrinsic apoptosis pathway
in the apoptotic events. In addition, morphine exposure
resulted in the upregulation of PPARy expression levels.
More importantly, the stimulatory effects of morphine on
LPS-induced apoptosis and caspase-3/9 activation were
significantly reduced by GW9662, a PPARYy antagonist. Taken
together, these results revealed a regulatory role for morphine
in LPS-induced BMDM apoptosis and provided evidence
supporting the involvement of PPARy in the mechanisms
underlying these observed effects.

To date, at least two major mechanisms have been
discovered to be involved in the initiation of apoptosis:
The extrinsic (death receptor-induced) and intrinsic
(mitochondria-mediated) pathways (8,32). Both pathways
are dependent on the activation of the caspase family of the
cysteine proteases, which together act as a proteolytic cascade
to dismantle and remove dying cells (8,30). In the extrinsic



6 LIN et al: MORPHINE ENHANCES LPS-INDUCED MACROPHAGE APOPTOSIS VIA PPARy-DEPENDENT MECHANISM

45 — Il No GW9662 EGwoes2
40 - *H#
35 -
30
25 =
20 -
15 —
10 =
5 -
0 —

Dk

Percentage of apoptosis (%)

Vehicle
Morphine
LPS
Mor+LPS
Vehicle
Morphine
LPS
Mor+LPS

Figure 6. Proapoptotic effect of morphine is dependent on PPARYy
activation. Quantification of apoptosis in BMDMs stimulated with vehicle,
morphine, LPS or morphine + LPS with or without treatment with the
PPARy inhibitor, GW9662 (1 uM). Data are presented as the mean + SD
and analyzed by two-way ANOVA followed by Bonferroni's multiple
comparisons test. "P<0.05 vs. vehicle and GW + vehicle; “P<0.05 vs. LPS
and GW + LPS; 2P vs. LPS + morphine without GW9662. BMDMs, bone
marrow-derived macrophages; LPS, lipopolysaccharide; PPARY, peroxisome
proliferator-activated receptor-v.

pathway, death receptor stimulation leads to the recruitment
and activation of caspase-8, which subsequently promotes
the proteolysis of the downstream effector caspase-3 or other
caspases, such as caspase-1 and -7. In addition, caspase-8
cleaves and activates the BH3-only protein, Bid, which can
translocate to the mitochondria and promote cytochrome ¢
release, resulting in caspase-9 and caspase-3 activation (8,32).
LPS, a well-established ligand of Toll-like receptor 4, is
a powerful stimulator of macrophages, which plays a key
role in regulating macrophage activation and the resultant
inflammatory response (33). It was also reported that LPS
may play a proapoptotic role by enhancing caspase-3 activity
and, thus, inducing the apoptosis of macrophages (12,14). The
results of the present study revealed that morphine treatment
acted synergistically with LPS and potentiated LPS-induced
caspase-3/9 activation in BMDMs. Conversely, morphine
or LPS treatment, alone or in combination, significantly
reduced the activity and expression levels of caspase-8.
Taken together, these results indicated the involvement of the
intrinsic pathway in the proapoptotic effects of morphine in
coordination with LPS. Considering the potent effects of LPS
on BMDM-mediated inflammation, future studies should aim
to further determine the potential function of morphine in
LPS-induced inflammation in BMDMs.

PPARYy, a member of the nuclear hormone receptor
superfamily, regulates cell proliferation, differentiation and
death (16,17). Previous studies have demonstrated that the
activation of PPARy by agonists promoted macrophage
apoptosis, and the proapoptotic effect may be dependent
on negatively regulating NF-xB signaling, induction of
cathepsin L and regulation of vitamin D3-upregulated
protein-1 expression levels (18-20). Although the mechanisms
underlying PPARy-mediated apoptosis remain to be
fully elucidated, recent evidence has demonstrated that
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Figure 7. PPARy antagonist reverses morphine-induced activation of
caspase-3 and -9 in LPS-induced BMDMs. (A) Caspase-3, (B) caspase-9
and (C) caspase-8 activities were analyzed in BMDMs treated with vehicle,
morphine, LPS or morphine + LPS, with or without treatment with the
PPARY inhibitor, GW9662 (1 uM). Data are presented as the mean + SD.
Data are presented as the mean + SD and were determined by one-way
ANOVA and Bonferroni's post hoc test. “P<0.05, “P<0.01 and ns indicated
no significance (P>0.05) vs. vehicle or the two groups connected by the
umbrella lines in the figure. BMDMs, bone marrow-derived macrophages;
LPS, lipopolysaccharide; PPARY, peroxisome proliferator-activated
receptor-y; ns, not significant.

PPARY activation promoted caspase-3 activity, while the
transfection with PPARY antisense oligonucleotides resulted
in the downregulation of caspase-9 activity, indicating that the
proapoptotic effects of PPARy may be dependent, at least in
part, on the caspase-mediated pathway (18-20). The findings of
the present study demonstrated that the exposure to morphine
upregulated PPARy expression levels in LPS-induced
BMDMs. Moreover, pretreatment with GW9662, a selective
PPARYy antagonist, markedly abolished the stimulatory effects
of morphine on LPS-induced apoptosis and caspase-3/9
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activation. It has been reported that PPARYy plays a key role
in the modulation of morphine tolerance (34). In the present
study, PPARy was found to be involved in the regulation of
morphine-induced cell apoptosis, which may provide novel
insight into the possible mechanisms underlying the biological
function of morphine. However, to the best of our knowledge,
the mechanism through which morphine upregulates PPARy
expression in BMDMs has not been reported to date. Thus,
further research is required to elucidate the exact mechanism
underlying the regulatory role of morphine in PPARYy
expression.

Morphine is the most well-characterized and commonly
used analgesic in the clinical setting (1). Following in-depth
analysis of the pharmacological effects of morphine, a large
number of studies have reported its numerous biological
functions, including regulation of autophagy and neuro-
immune modulation (35,36). Morphine is recommended
for the alleviation of chest pain during acute coronary
syndromes (37,38). In addition to pain relief, several previous
studies have demonstrated a cardioprotective effect of
morphine treatment (39-41). In animal studies, morphine
was reported to protect against ischemia-reperfusion injury
by significantly reducing infarct size and improving heart
function (42,43). The results of the present study revealed
a regulatory effect of morphine on PPARYy expression and
the resultant apoptosis of BMDMs, which may expand the
potential clinical applications of morphine to include acute
myocardial infarction (AMI). Numerous previous studies
have suggested an anti-atherogenic role of PPARY in macro-
phages by reducing the inflammatory response (14,18,44). In
addition, macrophage apoptosis, as the predominant pathway
for macrophage removal from the plaque, was found to play
a crucial role in atherosclerosis progression and plaque
stability (45,46). During the early stages of AMI, the admin-
istration of morphine was found to not only exert an analgesic
effect, but also improve myocardial injury, alleviate the local
inflammatory response and promote plaque stability, which
may be attributed to its regulatory function over PPARYy
expression and macrophage apoptosis. Therefore, further
studies are required to provide novel insight into the potential
therapeutic and clinical applications of morphine beyond its
analgesic properties.

In conclusion, the findings of the present study
demonstrated that morphine treatment enhanced the
LPS-induced apoptosis of BMDMs. Regarding the molecular
mechanisms underlying morphine-mediated apoptosis
of LPS-activated BMDMs, it was demonstrated that the
co-administration of morphine facilitated the LPS-induced
activation of caspase-3/9, but inhibited caspase-8 activity,
indicating the involvement of the intrinsic pathway in the
apoptotic events. In addition, morphine treatment upregu-
lated LPS-induced PPARY expression levels in BMDMs,
while the PPARy antagonist, GW9662, markedly abrogated
the stimulatory effects of morphine on LPS-induced apop-
tosis and caspase activation. Taken together, these results
provide what is, to the best of our knowledge, the first
evidence to suggest that the intrinsic pathway of apoptosis
may be involved in the proapoptotic effects of morphine on
LPS-induced BMDMs, which may be dependent, at least
partially, on PPARY activation.
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