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Triglyceride (TG) accumulation causes macrophage cell death, 
which affects the development of atherosclerosis. Here, we 
examined whether caspase-2 is implicated in TG-induced 
macrophage cell death. We found that caspase-2 activity is 
increased in TG-treated THP-1 macrophages, and that inhibi-
tion of caspase-2 activity drastically inhibits TG-induced cell 
death. We previously reported that TG-induced macrophage 
cell death is triggered by caspase-1, and thus investigated the 
relationship between caspase-2 and caspase-1 in TG-induced 
macrophage cell death. Inhibition of caspase-2 activity decrea-
sed caspase-1 activity in TG-treated macrophages. However, 
caspase-1 inhibition did not affect caspase-2 activity, suggesting 
that caspase-2 is upstream of caspase-1. Furthermore, we 
found that TG induces activation of caspase-3, -7, -8, and -9, 
as well as cleavage of PARP. Inhibition of caspase-2 and -1 
decreased TG-induced caspase-3, -7, -8, and -9 activation and 
PARP cleavage. Taken together, these results suggest that 
TG-induced macrophage cell death is mediated via the 
caspase-2/caspase-1/apoptotic caspases/PARP pathways. [BMB 
Reports 2017; 50(10): 510-515]

INTRODUCTION

Triglycerides (TGs) are a type of lipid that can cause 
inflammation and lead to chronic vascular disease (1). The 
uptake of TGs by macrophages is an important contributing 
factor during the progression of inflammatory vascular diseases 
(2). TGs have been proposed to induce foam cell formation, 

resulting in increased programmed cell death (PCD) of 
macrophages, and inflammatory reactions in vascular diseases 
(3, 4). The process of PCD, which includes apoptosis and 
pyroptosis, is generally characterized by distinct morphological 
characteristics and various biochemical mechanisms. 

Apoptosis involves the activation of a group of cysteine 
proteases, known as apoptotic caspases, that mediate DNA 
cleavage. Apoptotic cells are targeted for phagocytosis and 
removal, resulting in an absence of inflammation and lack of 
cytokine secretion (5, 6). Pyroptosis is mechanistically distinct 
from apoptosis, causing inflammatory cell death commonly 
mediated by the activation of caspase-1 (6, 7). Caspase-1 
induces the release of proinflammatory cytokines (IL-1 and 
IL-18) and rapid plasma-membrane rupture, leading to cell 
lysis. Several reports have shown that caspases mediating 
DNA damage during apoptosis also participate in DNA 
damage during pyroptosis (8, 9).

Classical apoptotic caspases are categorized as either 
initiator caspases (caspase-8 and caspase-9) or effector caspases 
(caspase-3 and caspase-7) (10, 11). Effector caspases are cleaved 
and activated by activated initiator caspases. Activated effector 
caspases also increase the cleavage of poly ADP ribose 
polymerase (PARP), a hallmark of apoptotic cell death (10-12). 
In addition, apoptosis occurs through two main apoptotic 
pathways: the extrinsic pathway, in which caspase-8 is mainly 
involved, and the intrinsic (mitochondrial) pathway, in which 
caspase-9 is mainly activated (5, 12).

Previous studies have shown that intracellular TG accumu-
lation influences mitochondria in order to activate intrinsic 
pathway-associated apoptotic caspases in macrophages (3, 13). 
In addition, loading macrophages with TGs has been reported 
to induce caspase-1-dependent pyroptotic cell death (14). 
Although caspase-1 has been reported to play a role in 
TG-triggered macrophage cell death, neither its upstream 
molecules nor its downstream mediators have been identified 
in detail. Caspase-1 is involved in the intrinsic and extrinsic 
apoptotic pathways in a variety of stimuli-induced cell death 
(12, 15, 16). However, it remains unclear whether caspase-1 is 
associated with the apoptotic pathway as well as the 
pyroptotic pathway in TG-induced macrophage cell death.

Caspase-2 is a highly conserved, but poorly understood 
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Fig. 1. Caspase-2 is involved in TG-induced THP-1 macrophage 
cell death. (A) THP-1 cells were differentiated with 200 nM PMA 
for 48 h and incubated with or without TG for an additional 24 
h. Viable cells were enumerated by trypan blue dye exclusion 
assay. The number of viable cells in THP-1 macrophages without 
TG treatment was set as 100%. (B) THP-1 macrophages were 
incubated with TG for the indicated times, after which caspase-2 
activity was assessed. The absorbance of THP-1 macrophages 
without TG treatment was set as 100%. (C) THP-1 macrophages 
were incubated with TG in the presence of the caspase-2 
inhibitor z-VDVAD-FMK for 24 h. Viable cells were enumerated. 
The number of viable cells in THP-1 macrophages without TG 
treatment was set as 100%. THP-1 macrophages were transiently 
transfected with the control siRNA (si-Con) or caspase-2 siRNA 
(si-Cas-2) for 24 h and incubated with TG for an additional 24 h. 
(D) Caspase-2 activity was assessed. The absorbance of THP-1 
macrophage without siRNA transfection and TG treatment was set 
as 100%. (E) Viable cells were enumerated. The number of viable 
cells in THP-1 macrophages without siRNA transfection and TG 
treatment was set as 100%. Data are expressed as the mean ±
SEM of three independent experiments. The P values were 
determined with Student’s t-test. *P ＜ 0.05, **P ＜ 0.01.

member of the caspase family (17, 18). Caspase-2 has been 
implicated in PCD induced by multiple intrinsic and extrinsic 
stimuli, including DNA damage, reactive oxygen species 
(ROS), and cytoskeletal disruption (17). However, it is 
unknown whether caspase-2 is involved in TG-stimulated 
macrophage cell death. According to recent studies, caspase-2 
is associated with activation of caspase-1, as well as 
interleukin-1 (IL-1) secretion (6), and the chemical inhibition 
of caspase-2 decreases the activation of caspase-1 and cell 
death in Salmonella-infected macrophages (9). Meanwhile, 
several studies have reported that activated caspase-2 mediates 
the activation of both caspase-3 and -8, as well as the secretion 
of tumor necrosis factor- (TNF-) in macrophages (6, 19).

In this study, we investigated both the involvement of 
caspase-2 in TG-induced macrophage cell death, and the 
association of caspase-2 with caspase-1 and classical apoptotic 
caspases in TG-treated THP-1 macrophage cells. We report 
here that caspase-2 mediates TG induced-macrophage cell 
death by activating caspase-1 and classical apoptotic caspases. 

RESULTS

Caspase-2 is implicated in TG-induced THP-1 macrophage 
cell death
Previous studies have reported that caspase-2 is associated 
with a variety of stimuli-induced cell death (5, 6, 9), but its 
involvement in TG-induced macrophage cell death remains 
unclear. To determine whether caspase-2 is involved in 
TG-stimulated macrophage cell death, we reconfirmed that TG 
induces decreased cell viability in THP-1 macrophages. As 
shown in Fig. 1A, treatment with TG for 24 h reduced cell 
viability in THP-1 macrophages. Next, we examined the 
activity of caspase-2 in TG-treated THP-1 macrophages. 
PMA-differentiated THP-1 cells were treated with TG for 
different times (0, 3, 6, 12, 18, 24 h) and caspase-2 activity 
was analyzed. Caspase-2 activity was increased in THP-1 
macrophages exposed to TG in a time-dependent manner (Fig. 
1B). To elucidate whether the increased caspase-2 activity was 
responsible for macrophage cell death, THP-1 macrophages 
were treated with TG in the presence or absence of 
z-VDVAD-FMK, a caspase-2 specific inhibitor, for 24 h and 
viable cells were enumerated. Treatment with z-VDVAD-FMK 
inhibited TG-induced macrophage cell death in an inhibitor 
dose-dependent manner (Fig. 1C). In addition, when caspase-2 
was knocked down by siRNA in THP-1 macrophages, 
TG-induced macrophage cell death was decreased (Fig. 1D, E). 
These results suggest that caspase-2 is involved in TG- 
stimulated macrophage cell death.

Caspase-2 induces activation of caspase-1 in TG-stimulated 
THP-1 macrophages cell death
We recently showed that TG-induced macrophage cell death 
is mediated by caspase-1 (14). We confirmed the involvement 
of caspase-1 in TG-stimulated macrophage cell death by 

treating THP-1 macrophages with TG for 24 h. As expected, 
the activity of caspase-1 was increased in TG-treated THP-1 
macrophages (Fig. 2A) and cleaved caspase-1 (i.e., activated 
caspase-1) was also increased in a time-dependent manner 
(Fig. 2B). 

Caspase-2 is involved in the activation of caspase-1 in 
bacteria-induced cell death (6, 9). Therefore, we examined the 
association of caspase-2 with caspase-1 activation in TG-induced 
macrophage cell death. To this end, THP-1 macrophages were 
treated with TG in the presence of the caspase-2 inhibitor 
z-VDVAD-FMK for 24 h and caspase-1 activity was determined. 
Caspase-1 activity and cleaved caspase-1 levels were decreased 
by the inhibitor in a dose-dependent manner (Fig. 2C, D). In 
addition, when caspase-2 was knocked down by siRNA in 
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Fig. 2. Caspase-2 is an upstream molecule of caspase-1 in TG- 
stimulated cell death of THP-1 macrophages. (A) THP-1 macrophages
were treated with or without TG for 24 h and caspase-1 activity 
was assessed. The absorbance of THP-1 macrophages without TG 
treatment was set as 100%. (B) THP-1 macrophages were treated 
with TG for the indicated times. Cleavage of caspase-1 was 
detected by Western blotting. -actin was used as an internal 
control. (C) THP-1 macrophages were treated with TG in the 
presence of the caspase-2 specific inhibitor z-VDVAD-FMK for 24 
h, after which caspase-1 activity was assessed. The absorbance of 
THP-1 macrophages without TG treatment was set to 100%. (D) 
Cleaved caspase-1 was detected by Western blotting. (E) THP-1 
macrophages were transfected with control siRNA or caspase-2 
siRNA for 24 h and incubated with or without TG for an 
additional 24 h. Caspase-1 activity was assessed. The absorbance 
of THP-1 macrophage without TG treatment was set as 100%. (F) 
THP-1 macrophages were treated with TG in the presence of the 
caspase-1 specific inhibitor z-YVAD-FMK for 24 h and the 
caspase-2 activity was assessed. All data are expressed as the 
mean ± SEM of three independent experiments. P values were 
determined with Student’s t-test. *P ＜ 0.05, **P ＜ 0.01.

Fig. 3. TG treatment induces the cleavage of apoptotic caspases 
and PARP in THP-1 macrophages. THP-1 macrophages were 
treated with the indicated concentration of TG for the indicated 
times. (A) The cleaved form of PARP, (B) cleavage of caspase-3 
and -7, and (C) cleavage of caspase-8 and -9 was detected by 
Western blotting.

THP-1 macrophages, TG-induced increase of caspase-1 activity 
was inhibited (Fig. 2E). On the other hand, when THP-1 
macrophages were treated with TG in the presence of the 
caspase-1 inhibitor z-YVAD-FMK, we observed no significant 
changes in caspase-2 activity in cells in response to TGs (Fig. 
2F). Taken together, these results indicate that caspase-2 is 
upstream of caspase-1, and is associated with its activation in 
TG-induced THP-1 macrophage cell death.

The cleavage of apoptotic caspases and PARP is induced in 
TG-stimulated macrophage cell death
It has been reported that TG accumulation induces dysfunction 
of mitochondria and activation of intrinsic pathway-associated 
caspases (13). In addition, PARP is cleaved and inactivated 
during caspase-dependent cell death (12). Thus, we investigated 
whether PARP and apoptotic caspases are modulated in 
response to TG in THP-1 macrophages. THP-1 macrophages 
were treated with concentrations of TG (0, 0.1, 0.2, 0.5, and 1 
mg/ml) for the indicated times (0, 3, 6, 12, 18, 24 h). We first 
examined cleavage of PARP in TG-stimulated THP-1 macro-
phages. As shown in Fig. 3A, PARP cleavage was increased in 
a TG dose- and time-dependent manner. Next, we investigated 
activation of caspase-3 and caspase-7, which are known to 
cleave PARP (12). TG treatment induced the cleavage of both 
caspase-3 and caspase-7 in a TG dose- and time-dependent 
manner (Fig. 3B). Caspase-8 and caspase-9 are upstream 
molecules of caspase-3 and -7, therefore we also examined the 
activation of caspase-8 and -9, and found that both caspase-8 
and -9 are cleaved in TG-treated THP-1 macrophages (Fig. 3C). 
Taken together, these results suggest that both the intrinsic and 
extrinsic apoptotic pathway are activated in TG-stimulated 
macrophage cell death.

Caspase-2 and -1 mediate activation of apoptotic caspases in 
TG-stimulated THP-1 macrophage cell death
It has been reported that caspase-1, originally known for its 
involvement in pyroptotic cell death, induces the activation of 
caspase-7, which is mainly associated with apoptotic cell death 
(16). Furthermore, recent studies have shown that caspase-2 
modulates the activation of apoptotic caspase-9 and -8 (6, 17). 
Therefore, we investigated whether caspase-2 and -1 are 
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Fig. 4. Activation of apoptotic caspases is mediated via caspase-1 
and caspase-2 in TG-treated THP-1 macrophages. (A) THP-1 
macrophages were treated with TG in the presence of the 
caspase-2 inhibitor z-VDVAD-FMK for 24 h. Cleavage of 
caspase-8, -9, -3, -7, and PARP was detected by Western blotting. 
THP-1 macrophages were transfected with control siRNA or 
caspase-2 siRNA for 24 h and incubated with or without TG for 
an additional 24 h. (B) THP-1 macrophages were transiently 
transfected with the control siRNA or caspase-2 siRNA for 24 h 
and incubated with TG for an additional 24 h. Caspase-3/7 
activity was assessed (left) and cleavage of PARP was detected by 
Western blotting (right). (C) THP-1 macrophages were treated with 
TG in the presence of the caspase-1-specific inhibitor 
z-YVAD-FMK for 24 h. Cleavage of caspase-8, -9, -3, -7, and 
PARP was detected by Western blotting. Data are expressed as 
the mean ± SEM of three independent experiments. The P values 
were determined with Student’s t-test. *P ＜ 0.05.

involved in the activation of caspase-3, -7, -8, and -9 in 
TG-induced macrophage cell death. Specifically, THP-1 
macrophages were treated with TG in the absence or presence 
of caspase-1 or -2 specific inhibitors for 24 h. As shown in Fig. 
4A, treatment with a caspase-2 specific inhibitor decreased 
cleavage of caspase-8/9, -3/7, and PARP in a dose-dependent 
manner. In addition, when caspase-2 was knocked down in 
THP-1 macrophages using siRNA, caspase-3/7 activity and 
cleaved PARP levels were decreased (Fig. 4B). Inhibition of 
caspase-1 also reduced cleavage of caspase-8/9, -3/7, and PARP 
(Fig. 4C). Taken together, these results suggest that caspase-2 
and caspase-1 are upstream of the apoptotic caspases, thereby 
implicating them in the activation of apoptotic caspases in 
TG-stimulated THP-1 macrophage cell death.

DISCUSSION

Plaque formation is an important step in the development of 
atherosclerosis. One of the key events in plaque formation and 
instability is macrophage cell death. It has been demonstrated 
that uptake of TG into macrophages contributes to the formation 
of a necrotic core that is conducive to the inflammatory 
process, as well as plaque development and vessel rupture (3, 
20, 21). However, the mechanisms by which TG induces 
macrophage cell death has yet to be fully revealed. We 
previously reported that caspase-1 is involved in TG-induced 
macrophage cell death (14). Herein, we investigated the role 
of caspase-2 in TG-stimulated cell death of macrophages. We 
found that i) caspase-2 is involved in TG-induced macrophage 
cell death, ii) TG activates both intrinsic and extrinsic 
apoptotic caspases, and iii) caspase-2 is an upstream molecule 
of caspase-1 that induces activation of apoptotic caspases in 
TG-stimulated macrophage cell death.

Caspase-1 is the central regulator of inflammation and 
pyroptotic cell death (10, 15). Caspase-1 activation has been 
detected in inflammatory vascular lesions in patients suffering 
from acute coronary events (5, 22). Previously, we showed 
that caspase-1 is associated with TG-induced macrophage cell 
death, an important event in chronic vascular diseases (14). 
Previous studies also suggest that pyroptotic cell death may be 
associated with chronic vascular disease. In the present study, 
we found that caspase-1 activates apoptotic caspases that are 
associated with apoptotic cell death in TG-induced macrophage 
cell death. Recently, caspase-1 was found to be important for 
apoptotic cell death in response to several stimuli (15, 16, 23, 
24). Several studies demonstrated that caspase-1 deficiency 
reduces processing of caspase-9 and -3, cleavage of Bid, and 
release of cytochrome c in mouse models (15, 23). Another 
report showed that caspase-7 is a substrate of caspase-1 (16, 
24). Taken together, these results suggest that TG-induced 
macrophage cell death is processed both through pyroptotic 
and apoptotic pathways, and that caspase-1 plays a role in 
both pyroptotic and apoptotic macrophage cell death in 
response to TGs.

Caspase-2 is associated with cell death induced by a variety 
of stressors such as DNA damage, ROS, and secreted TNF- 
(17). A recent report showed that activation of caspase-1 is 
driven by the activation of caspase-2 in Brucella abortus 
RB51-induced hybrid cell death (6). Other studies have shown 
that caspase-2 induces the truncation of Bid (tBid), which plays 
a role in the release of cytochrome c, resulting in activation of 
caspase-9 and caspases-3/7 (6, 9). In addition, studies have 
shown that the activation of caspase-8 is dependent on 
caspase-2 (6, 17, 25). Meanwhile, other reports indicate that 
caspase-2 is able to cleave PARP directly, resulting in 
disintegration of DNA-repair processing and initiation of 
apoptosis (18, 26). Based on these studies, we examined 
whether caspase-2 is also involved in TG-induced macrophage 
cell death. Our results showed that caspase-2 is associated 
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with TG-stimulated cell death and induces activation of 
caspase-1, which in turn activates apoptotic caspases.

Caspase-9 and -8 have been linked to intrinsic (mitochondrial) 
and extrinsic apoptotic pathways, respectively (5, 6). In this 
study, we found that cleavage of caspase-9 was almost 
completely recovered by inhibiting caspase-2 in TG-treated 
THP-1 macrophages. However, inhibition of caspase-1 did not 
completely prevent cleavage of caspase-9 (Fig. 4). On the 
other hand, cleavage of caspase-8 was recovered in response 
to treatment with both caspase-1 and -2 inhibitors (Fig. 4). 
Taken together, these results suggest that caspase-2 is involved 
in both the intrinsic and extrinsic apoptotic pathway, while, 
caspase-1 is primarily involved in the extrinsic apoptotic 
pathway in TG-treated THP-1 macrophage cell death.

In conclusion, we report the novel finding that caspase-2 is 
implicated in TG-induced macrophage cell death. Based on 
our results, we suggest that both the pyroptotic and apoptotic 
pathways are associated with TG-stimulated macrophage cell 
death. Although further studies are needed to investigate other 
possible pathways of TG-induced macrophage cell death, we 
expect that the results of this study will contribute to a better 
understanding of the role of caspase-2 in cell death and 
provide a basis for future studies on the role of caspase-2 in 
the development of chronic vascular diseases such as 
atherosclerosis.

MATERIALS AND METHODS

Materials
TG emulsion (LipofundinⓇ MCT/LCT 20%) was purchased 
from B. Braun Melsungen AG (Melsungen, Germany). LipofundinⓇ 
MCT/LCT 20% was used to deliver TG into cells as described 
previously (27). Hereafter, LipofundinⓇ MCT/LCT 20% is 
referred to as TG for convenience. The caspase-1 substrate 
Ac-YVAD-p-nitroanilide (Ac-YVAD-pNA) was purchased from 
Biomal (Plymouth Meeting, PA, USA). The caspase-2 substrate 
Ac-VAVAD-pNA was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). The caspase-3/7 substrate Ac-DEVD-pNA was 
purchased from Enzo Life Sciences (Farmingdale, NY, USA). 
The caspase-1 specific inhibitor z-YVAD-FMK and caspase-2 
specific inhibitor z-VDVAD-FMK were purchased from 
BioVision (Mountain View, CA, USA). Antibodies specific for 
caspases-1, -3, -7, -8, and -9, as well as PARP, were purchased 
from Cell Signaling Technology (Danvers, MA, USA). 

Cell culture
The THP-1 human acute monocytic leukemia cell line (ATCC, 
Manassas, VA, USA) was grown in RPMI 1640 media supple-
mented with 10% fetal bovine serum (FBS) and penicillin- 
streptomycin and maintained at 37oC in a humidified 
atmosphere with 5% CO2. To induce differentiation of THP-1 
cells into macrophages, cells were seeded in 6-well plates at a 
density of 1 × 106 cells/well and treated with 200 nM PMA for 
48 h. 

siRNA transfection
Caspase-2 siRNAs (5’-UGGAAGUAUUUGAGAGAGAdTdT-3’) 
were synthesized by ST PHARM (Seoul, Korea). Transfections 
were performed with Lipofectmine 2000 (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s protocol.

Trypan blue dye exclusion assay
To enumerate viable cells, cells were trypsinized and 10 l of 
0.4% trypan blue stain solution was mixed with 10 l of the 
trypsinized cells at a 1:1 ratio. Non-stained cells in the 
resulting mixture were counted using a hemocytometer.

Measurement of caspase activity
The activity of caspase-1, caspase-2, and caspase-3/7 was 
determined as previously described (28, 29). Briefly, cells 
were lysed with PBS buffer containing 1% Triton X-100 and 
then centrifuged at 19,000 g for 10 min at 4oC. The 
supernatant was collected and the total protein concentration 
was quantified. To detect caspase-1 activity, 90 g of protein 
sample was combined with 200 M of the caspase-1 substrate 
Ac-YVAD-pNA in 150 l of PBS. To detect caspase-2 activity, 
protein was combined with the caspase-2 substrate Ac- 
VAVAD-pNA in PBS. To detect caspase-3/7 activity, protein 
was combined with the caspase-3/7 substrate Ac-DEVD-pNA 
in PBS. Reactions were incubated for 3 h at 37oC, and the 
activity was determined by measuring the absorbance at 405 
nm.

Western-blot analysis
Cells were washed with PBS and lysed at 4oC with lysis buffer 
containing 1% Triton X-100, protease inhibitor cocktail (Sigma- 
Aldrich), phosphatase inhibitor cocktail (Roche, Mannheim, 
Germany), and PBS. Lysates were clarified and the supernatants 
were subjected to Western blotting as described previously (30).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 
(GraphPad Software Inc., San Diego, CA, USA). The P values 
were calculated using Student’s t-test. Values are shown as the 
mean and standard error of the mean (SEM). Each experiment 
was conducted three times and the data were pooled for 
analysis. Differences were considered to be statistically 
significant at *P ＜ 0.05, **P ＜ 0.01, or ***P ＜ 0.001.
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