
INTRODUCTION

Atherosclerosis is the most common type of cardiovascular 
disease and is currently the leading cause of mortality world-
wide (Gleissner, 2016). Macrophage foam cell formation (Lin 
et al., 2015) and apoptosis (Tabas, 2009) are key mediators 
in the pathogenesis of atherosclerosis. Many experiments 
have shown that in the lesional area, macrophage apoptosis 
participates in the formation and expansion of the lipid core 
and leads to inflammation and necrosis, both of which result 
in plaque instability, plaque rupture and myocardial infarction 
(Liao et al., 2012; Moore et al., 2013; Dai et al., 2014). There-
fore, protecting macrophages from foam cell formation and 
apoptosis is considered an effective therapeutic strategy to at-
tenuate plaque instability and combat acute vascular events.

In the pathogenesis of atherosclerosis, macrophages take 
up ox-LDL via several scavenger receptors (SRs), such as SR-

AI, SR-BI, CD36 and lectin-like oxidized LDL receptor (LOX-1) 
(Pirillo et al., 2013). Ox-LDL uptake by SRs induces the gen-
eration of reactive oxygen species (ROS) and phosphorylation 
of p38 mitogen-activated protein kinases (MAPK). Activated 
p38 MAPK subsequently activates or inactivates specific 
downstream effectors by phosphorylation to induce cellular 
responses to the stimuli (Cuadrado and Nebreda, 2010). The 
phosphorylation of p38 MAPK up-regulates the expression of 
LOX-1, increasing the uptake of ox-LDL and promoting foam 
cell formation (Ishiyama et al., 2010). Apoptosis is another 
important outcome of p38 MAPK activation. Activation of p38 
MAPK induces apoptotic pathways primarily by promoting the 
transcription of pro-apoptotic genes and regulating the activity 
of apoptosis-related Bcl-2 family proteins, such as Bcl-2 and 
Bax (Cuadrado and Nebreda, 2010), resulting in the activation 
of caspase-3 and cell apoptosis.

Thioredoxin (Trx), a small ubiquitous thiol protein (12 kDa), 
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was originally identified as a hydrogen donor for ribonucleo-
tide reductase in Escherichia coli (Laurent et al., 1964). It in-
teracts with oxidized cysteine groups in proteins through its 
highly conserved active site, Cys-Gly-Pro-Cys. Once oxidized, 
Trx is reduced by thioredoxin reductase (TrxR) (Holmgren, 
1985) and nicotinamide adenine dinucleotide phosphate 
(NADPH) (Powis and Montfort, 2001). Thus, Trx is believed to 
be a potent scavenger of ROS. Additionally, Trx has multiple 
functions, including antioxidant (D’Annunzio et al., 2016), anti-
inflammatory (Chen et al., 2016), and anti-apoptotic (Kamimo-
to et al., 2010) activities. The administration of recombinant 
human Trx (rhTrx) was recently shown to attenuate several 
diseases associated with oxidant-induced apoptosis, includ-
ing ischemia/reperfusion-induced myocardial damage (Tao 
et al., 2006), transient focal cerebral ischemia (Wang et al., 
2015) and ethanol-induced liver injury (Cohen et al., 2009). Al-
though the molecular mechanisms of these functions are com-
plex and have not been fully elucidated, the cellular activity of 
Trx likely involves specific signaling cascades. For example, 
under conditions of oxidative stress, Trx interacts with apopto-
sis signal-regulating kinase (ASK) 1, a mitogen-activated pro-
tein kinase kinase kinase (MKKK) in the p38 MAPK signaling 
cascade, and prevents it from activating p38 MAPK, thereby 
negatively regulating apoptosis (Saitoh et al., 1998). However, 
the effect of rhTrx on macrophage exposure to ox-LDL In vitro 
is still unknown.

Therefore, the present study aimed to determine if treat-
ment with rhTrx attenuated ox-LDL-induced foam cell forma-
tion and apoptosis in macrophages and to investigate the sig-
naling mechanism underlying the cytoprotective effect of rhTrx 
against ox-LDL. 

MATERIALS AND METHODS

Materials and reagents
The RAW264.7 macrophage cell line was purchased from 

the Institute of Biochemistry and Cell Biology (Shanghai Insti-
tute for Biological Science, the Chinese Academy of Sciences, 
Shanghai, China). DMEM and fetal bovine serum (FBS) were 
purchased from HyClone (Logan, UT, USA). RhTrx was pur-
chased from R&D Systems (Minneapolis, MN). Ox-LDL, oil red 
O, hematoxylin, DMSO and a protease inhibitor cocktail were 
purchased from Sigma (St. Louis, MO, USA). FITC Annexin 
V Apoptosis Detection Kit I was purchased from Becton Dick-
inson (Franklin Lakes, NJ, USA). SB203580 and anisomycin 
were purchased from Cell Signaling Technology (Danvers, 
MA, USA). Rabbit monoclonal antibodies against p38 MAPK, 
p-p38 MAPK, Bcl-2, Bax, and cleaved caspase-3 and goat 
anti-rabbit IgG HRP-conjugated antibody were purchased 
from Cell Signaling Technology (Danvers, MA, USA). Rabbit 
monoclonal antibody against LOX-1 and goat anti-rabbit IgG 
(H+L) TRITC-conjugated antibody were purchased from Ab-
cam (Cambridge, MA, USA). A ROS Assay Kit was purchased 
from Beyotime Biotech (Shanghai, China).

Cell culture and treatment
RAW264.7 macrophages were cultured in DMEM supple-

mented with 10% FBS, penicillin (100 U/mL) and streptomy-
cin (100 µg/mL) at 37°C in a humidified atmosphere with 5% 
CO2. The culture medium was replaced every 2-3 days. The 
rhTrx powder was dissolved in sterile phosphate-buffered 

saline (PBS) at a concentration of 1000 µg/mL according to 
the manufacturer’s instructions and stored at -20°C for the 
subsequent experiments. For ox-LDL treatment, cells at 85%- 
90% confluence were exposure to ox-LDL (100 mg/L) for 24 h. 
Cells were preincubated with rhTrx (0, 1, 2, 4 µg/mL) for 20 
min before ox-LDL exposure to study the effects of rhTrx. For 
further analysis of the effects of rhTrx on the phosphorylation 
of p38 MAPK, cells were treated with a p38 MAPK inhibitor 
(SB203580; 10 µM) and activator (anisomycin; 25 µg/mL). 
The inhibitor/activator was added 30 min before ox-LDL. In 
rhTrx and activator co-treatment experiments, cells were pre-
incubated with the activator for 30 min and then treated with 
rhTrx before ox-LDL exposure.

Oil red O staining
Cells were pretreated with rhTrx (0, 1, 2, 4 µg/mL) for 20 

min before ox-LDL (100 mg/L) exposure. After the previous 
treatment, the culture medium was removed, and cells were 
washed three times with PBS and fixed in 4% paraformalde-
hyde for 20 min. Fixed cells were rinsed with PBS and then 
with 60% isopropanol for 5 min and then stained with freshly 
prepared oil red O working solution for 30 min at room tem-
perature. The nuclei were lightly stained with hematoxylin for 
5 min. Stained cells were rinsed with distilled water, mounted 
in glycerine jelly, and then observed using phase-contrast mi-
croscopy (IX71; Olympus, Tokyo, Japan).

Cholesterol content
Cells were treated as described above. The lipid contents, 

including total cholesterol (TC) and free cholesterol (FC), of 
the treated RAW264.7 cells were measured by enzymatic 
assay kits according to the protocol from the manufacturer 
(Abcam). Conjugated cholesterol is calculated as cholesteryl 
ester (CE) with the following formula: CE=TC-FC.

Apoptosis assays
Apoptosis was analyzed using the FITC Annexin V Apopto-

sis Detection Kit I (Becton Dickinson) according to the manu-
facturer’s instructions. Cells were treated using the method 
described above. After treatment, cells were harvested with 
trypsin (Beyotime Biotech.) and washed twice with cold PBS. 
Then, the cells were resuspended in 100 µL of binding buffer 
at a concentration of 1× 106 cells/mL. Five microliters each of 
propidium iodide (PI) and annexin V were added to the cell 
suspension and incubated at room temperature for 15 min in 
the dark with gentle vortexing for double staining. Then, the 
cell suspension was mixed with 400 µL of binding buffer and 
immediately analyzed using fluorescence-activated cell sort-
ing (FACS) on a flow cytometer (BD Biosciences, San Diego, 
CA). The number of apoptotic cells was quantified by collect-
ing 10,000 events. The data were analyzed using FlowJo (ver-
sion 7.6) flow cytometry analysis software (FlowJo LLC, Ash-
land, OR, USA). All the samples were assayed in triplicate.

Detection of ROS 
RAW264.7 cells were incubated with ox-LDL (100 mg/L) for 

2 h after a pre-treatment with rhTrx (0, 1, 2, and 4 µg/mL). 
Cells were washed twice with PBS and then incubated with 10 
mM 2’,7’-dichlorfluorescein-diacetate (DCFH-DA; Beyotime 
Institute of Biotechnology, Beijing, China) at 37°C for 15 min. 
After the cells were washed with serum-free culture medium, 
DCF fluorescence was detected using a fluorescence micro-
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scope, and photographs were obtained (DMI4000B; Leica, 
Wetzlar, Germany). In addition, the cells were collected, and 
DCF fluorescence intensities were analyzed using a FAC-
SAria flow cytometer, with excitation at 488 nm and emission 
at 525 nm. The data were analyzed using FlowJo software  
(FlowJo LLC). The experiments were repeated three times.

Immunofluorescence analysis
Cells were seeded onto 48-well plates and fixed with 4% 

PFA for 30 min at room temperature, permeabilized with 0.5% 
Triton X-100, blocked with 1% BSA and incubated with rabbit 
anti-LOX-1 antibody (1:200) overnight at 4°C to analyze LOX-
1 expression in the treated RAW264.7 cells. After the cells 
were washed, they were incubated with a TRITC-conjugated 
goat anti-rabbit IgG (H+L) antibody (1:200) for 1 h at 37°C. 
The nuclei were stained with 4’,6-diamidino-2-phenylindole 
(DAPI; Sigma). Fluorescent images were acquired using a 
fluorescence microscope (DMI4000B; Leica).

Western blot analysis
After the previous treatment, the culture medium was re-

moved. The cells were then placed on ice, washed with ice-

cold PBS, and lysed in RIPA lysis buffer for 30 min. Lysates 
were clarified by centrifugation at 12,000 rpm for 15 min at 
4°C, and the protein concentration in the supernatant was de-
termined with a bicinchoninic acid (BCA) kit (Beyotime Bio-
tech.). Proteins were denatured at 95°C for 5 min in sample 
buffer containing SDS and β-mercaptoethanol. The samples 
were subjected to electrophoresis on 10% or 12% SDS-poly-
acrylamide gels for 50 min at 70 V followed by 100 min at 100 
V and then transferred onto nitrocellulose transfer membrane 
(PALL, New York, NY, USA) sheets for 120 min at 250 mA. 
These membranes were then blocked with 5% non-fat dry milk 
(except for membranes used in the analysis of phosphorylated 
myosin phosphatase targeting protein, where 5% BSA was 
used for blocking) in Tris-buffered saline containing Tween-20 
for 1 h, and incubated with the appropriate primary antibody 
(β-actin, p38 MAPK, p-p38 MAPK, Bcl-2, Bax, cleaved cas-
pase-3 and LOX-1) at the dilutions recommended by the sup-
plier. Each membrane was then washed before incubation 
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with a secondary antibody conjugated to horseradish peroxi-
dase for 1 h at room temperature. The blots were visualized 
using the Electro-Chemi-Luminescence (ECL) detection sys-
tem with BeyoECL Plus (Beyotime Institute of Biotechnology). 
The resulting bands were analyzed densitometrically using 
ImageQuant software (Molecular Dynamics, Sunnyvale, CA).

Statistical analysis
All data were analyzed with GraphPad Prism 5.0 software 

(GraphPad Software, San Diego, CA, USA) and are expressed 
as the mean ± SD. Statistical analyses were performed using 
one-way ANOVA, followed by Tukey’s post-hoc test. Differ-
ences with p<0.05 were considered statistically significant.

RESULTS 

Effect of rhTrx on foam cell formation in RAW264.7 cells
The uptake of ox-LDL by macrophages can trigger foam 

cell formation and promote the development of atherosclero-
sis. We evaluated the effect of rhTrx on foam cell formation in 
RAW264.7 macrophages by oil red O staining and cholesterol 
content measurement. After exposure to ox-LDL, a significant 
number of lipid droplets accumulated, and the cellular choles-
terol levels and foam cell formation increased in RAW264.7 
macrophages (Fig. 1, p<0.01). When the cells were pretreated 
with rhTrx, both the ox-LDL-induced lipid droplet accumula-
tion and increased cellular cholesterol levels were markedly 
decreased in RAW264.7 cells in a dose-dependent manner 
(p<0.05 or p<0.01). Thus, rhTrx inhibits ox-LDL-induced foam 
cell formation in RAW264.7 cells.
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Effect of rhTrx on ox-LDL-induced apoptosis in RAW264.7 
cells

Dual annexin-V-FITC/propidium iodide staining and flow 
cytometry (FCM) were performed to investigate the effects of 
rhTrx on ox-LDL-induced apoptosis. Compared with the con-
trol, ox-LDL increased the total apoptosis rate from 6.2 ± 2.1% 
to 47.5 ± 2.4% (Fig. 2, p< 0.01). However, pretreatment with 
rhTrx (1, 2 and 4 µg/mL) significantly reduced apoptosis (34.7 ± 
2.7% vs. 47.5 ± 2.4%, p<0.01; 24.7 ± 2.1% vs. 47.5 ± 2.4%, 
p<0.01; and 17.4 ± 1.1% vs. 47.5 ± 2.4%, p<0.01, respec-
tively) in a concentration-dependent manner. 

RhTrx inhibits the ox-LDL-induced up-regulation of LOX-1 
expression

In this study, we investigated the effect of rhTrx on ox-LDL-
induced LOX-1 up-regulation in RAW264.7 cell by immuno-
fluorescence and western blotting. LOX-1 expression was 
significantly increased in the ox-LDL group compared with the 
control group (p<0.01). Pretreatment of the cells with rhTrx (1, 
2 and 4 µg/mL) suppressed this ox-LDL-induced up-regulation 
of LOX-1 expression in a dose-dependent manner (p<0.05 or 
p<0.01) (Fig. 3).

Effect of rhTrx on ox-LDL-induced Bcl-2, Bax and activated 
caspase-3 expression

To further demonstrate the contribution of rhTrx to ox-LDL-
induced cell apoptosis, we assessed the protein levels of 

Bcl-2, Bax, and activated caspase-3. The ox-LDL treatment 
significantly decreased Bcl-2 expression (Fig. 4A, 4B, p<0.01) 
but increased Bax (Fig. 4A, 4C, p<0.01) and activated cas-
pase-3 expression (Fig. 4A, 4D, p<0.01) in the cultured RAW 
264.7 cells compared with the controls. In contrast, pretreat-
ment of the cells with rhTrx increased the expression of Bcl-2 
and simultaneously decreased Bax and activated caspase-3 
expression (Fig. 4, p<0.05 or p<0.01).

Suppression of ox-LDL-induced ROS production by rhTrx
Oxidative stress plays a vital role in ox-LDL-induced cell 

injury. In this study, ROS levels in the treated cells were mea-
sured. As shown in Fig. 5, ox-LDL significantly increased the 
ROS levels compared with the control group (p<0.01). Pre-
incubation with rhTrx reversed the ox-LDL-induced increase 
in the ROS levels and induced a visible decrease in the ROS 
levels (p<0.01). 

Effect of rhTrx on ox-LDL-stimulated activation of the p38 
MAPK signaling pathway 

We detected the level of phosphorylated p38 MAPK by 
Western blotting to further explore the mechanism underlying 
the effects of rhTrx on ox-LDL-induced RAW264.7 cell injury. 
The ox-LDL treatment markedly increased p38 MAPK phos-
phorylation, whereas pretreatment with rhTrx significantly re-
duced ox-LDL-induced p38 MAPK phosphorylation (Fig. 6A, 
p<0.01). Next, we used anisomycin and SB203580 to further 
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elucidate the signaling mechanism underlying the cytoprotec-
tive effect of rhTrx against ox-LDL-induced injury. When cells 
were pretreated with the p38 MAPK activator anisomycin for 
30 min prior to treatment with rhTrx and ox-LDL, the level of 
phosphorylated p38 MAPK increased, and the effect induced 
by rhTrx was abolished. The expression of LOX-1 and the pro-
apoptotic proteins Bax and cleaved caspase-3 was increased, 
whereas the expression of the anti-apoptotic protein Bcl-2 was 
significantly inhibited (Fig. 6B, p<0.01). Additionally, pretreat-
ment with the p38 MAPK antagonist SB203580 before ox-LDL 
exposure yielded similar effects to rhTrx (Fig. 6C, p<0.01). Al-

together, these results indicate that rhTrx may exert its protec-
tive effect on ox-LDL-induced RAW264.7 macrophage injury 
by inhibiting the activation of the p38 MAPK signaling pathway.

DISCUSSION

Apoptosis of lipid-containing macrophages in advanced 
atherosclerotic lesions promotes lesional necrosis and results 
in plaque vulnerability, rupture and acute vascular events (Ta-
bas, 2010; Moore and Tabas, 2011). Thus, inhibition of macro-
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Fig. 6. RhTrx protects RAW264.7 cells from ox-LDL-induced foam cell formation and apoptosis via the p38 MAPK signaling pathway. 
(A) RAW264.7 cells were pretreated with rhTrx (0, 1, 2, 4 µg/mL) for 20 min prior to ox-LDL treatment (100 mg/L). After 24 h, the expres-
sion of total and phosphorylated p38 MAPK was detected by immunoblot assays (left panel) and quantitatively analyzed (right panel). (B) 
RAW264.7 cells were pretreated with anisomycin (25 µg/mL) for 30 min and then treated with rhTrx before ox-LDL exposure. The expres-
sion levels of total and phosphorylated p38 MAPK, apoptosis-related proteins (Bcl-2, Bax and c-caspase3) and LOX-1 were detected 
by immunoblot assays (left panel) and quantitatively analyzed (right panel). (C) RAW264.7 cells were pretreated with rhTrx (4 µg/mL) or 
SB203580 (10 µM) and then exposed to ox-LDL. The expressions of total and phosphorylated p38 MAPK, apoptosis-related proteins (Bcl-
2, Bax and c-caspase3) and LOX-1 were detected by immunoblot assays (left panel) and quantitatively analyzed (right panel). Values are 
expressed as the mean ± SD from triplicate experiments. **p<0.01 indicates significant differences from the control group, #p<0.05 and 
##p<0.01 indicate significant differences compared with the ox-LDL 100 mg/L group. ΔΔp<0.01 indicates significant differences compared with 
the ox-LDL + rhTrx group. 
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phage foam cell formation and apoptosis may be an effective 
strategy for the prevention and treatment of acute athero-
thrombotic vascular events. 

In the present study, we demonstrated for the first time that 
rhTrx dramatically alleviated macrophage-derived foam cell 
formation and down-regulated LOX-1 expression. In addition, 
rhTrx reduced the rate of ox-LDL-induced apoptosis, up-reg-
ulated the expression of the anti-apoptotic protein Bcl-2 and 
down-regulated the expression of the pro-apoptotic proteins 
Bax and cleaved caspase-3. However, the beneficial effects 
of rhTrx on RAW264.7 macrophage-derived foam cells were 
abolished by a p38 MAPK activator, indicating that the protec-
tive effects of rhTrx were mediated at least in part by sup-
pressing p38 MAPK activation.

The Trx system, which includes Trx, TrxR and NADPH, 
plays an important role in preserving physiological cardiovas-
cular function and protecting cells from oxidative injury under 
various pathologic conditions (Yamawaki et al., 2003). A Trx 
deficiency, which increases the ROS levels and apoptosis, 
promoted embryonic lethality in mice (Matsui et al., 1996). The 
addition of rhTrx protected various cell types from oxidant-in-
duced apoptosis, including neurons (Wang et al., 2015), car-
diomyocytes (Tao et al., 2006), and liver cells (Cohen et al., 
2009), suggesting that Trx may have clinical applications in 
diseases in which apoptosis plays a pathogenic role. How-
ever, whether rhTrx could suppress ox-LDL-induced macro-
phage injury was unknown. Our present results showed that 
rhTrx significantly restrained ox-LDL-induced lipid accumula-
tion and macrophage apoptosis by inhibiting ROS generation 
and p38 MAPK activation.

LOX-1 is a class E scavenger receptor that plays an impor-
tant role in the uptake of ox-LDL by macrophages (Schaeffer 
et al., 2009). LOX-1 is a membrane glycoprotein comprised 
of 273 amino acid residues organized into an N-terminal cy-
toplasmic domain, a transmembrane domain, an extracellu-
lar stalk region, and a C-type lectin-like extracellular domain 
(Dunn et al., 2008). Basal LOX-1 expression is low, but it is 
markedly up-regulated by proatherogenic stimuli in vascular 
cells (Yoshimoto et al., 2011). LOX-1 levels were up-regulated 
in human carotid-plaque macrophages (Kataoka et al., 1999). 
Genetic deletion of LOX-1 in LDL receptor-deficient mice de-
creased atherosclerosis (Mehta et al., 2007), whereas the 
overexpression of LOX-1 led to advanced disease (Inoue et 
al., 2005). Over the past decade, down-regulation of LOX-1 
expression has been shown to significantly inhibit ox-LDL-
induced macrophage foam cell formation and atherosclerosis 
(Xia et al., 2015). Consistent with these findings, our results 
showed that rhTrx suppressed LOX-1 expression and foam 
cell formation induced by ox-LDL in RAW264.7 cells. 

Macrophage apoptosis promotes the development of the 
necrotic core, which is a critical factor that increases the sus-
ceptibility to plaque rupture and acute luminal thrombosis 
(Seimon and Tabas, 2009). Several lines of evidence have 
shown that oxysterols, the apoptotic component of ox-LDL, 
induce apoptosis through the mitochondrial pathway. Activa-
tion of the mitochondrial apoptosis pathway is regulated by 
Bcl family members, including anti-apoptotic (Bcl-2 and Bcl-
xL) and pro-apoptotic (Bax and Bak) proteins (Rusinol et al., 
2004). Macrophages exposed to oxysterols exhibited Bax ac-
tivation and Bcl-2 down-regulation. However, Bax knockdown 
substantially attenuated oxysterol-induced macrophage apop-
tosis (Rusinol et al., 2004). Moreover, ox-LDL-induced macro-

phage apoptosis is suppressed by the down-regulation of Bax 
and up-regulation of Bcl-2 (Guo et al., 2014). In this study, we 
observed a significant increase in the expression of Bax and 
a decrease in the expression of Bcl-2 in ox-LDL-treated mac-
rophages. Pretreatment with rhTrx attenuated the increase in 
Bax expression and increased Bcl-2 levels. Additionally, cas-
pase-3 is one of the major activated cysteine proteases in the 
caspase family and is pivotal in cell apoptosis. Activated cas-
pase-3 induces DNA fragmentation and other morphological 
changes consistent with cell death (Janicke et al., 1998). We 
examined caspase-3 activity and showed that rhTrx obviously 
inhibited ox-LDL-induced caspase-3 activation, thus confirm-
ing the cytoprotective effects of rhTrx on ox-LDL-induced 
apoptosis.

In the present study, we found that rhTrx markedly reduced 
foam cell formation and apoptosis following ox-LDL exposure. 
As shown in recent studies, ox-LDL induces intracellular lipid 
deposition and macrophage apoptosis by promoting ROS pro-
duction (Luo et al., 2015). Trx has been reported to act as a 
potent scavenger of ROS. In vitro and in vivo studies have 
demonstrated that Trx has a protective effect against ROS-
induced cellular damage. Our results indicated that exposure 
of RAW264.7 cells to ox-LDL markedly increased intracellular 
ROS levels, and rhTrx inhibited ox-LDL-induced ROS gen-
eration. RhTrx, therefore, protects RAW264.7 macrophages 
against ox-LDL-induced injury, at least in part, by inhibiting 
ROS generation.

In addition to serving as a ROS scavenger, Trx, a physi-
ological inhibitor of ASK-1, interacts with the N-terminal por-
tion of ASK1 (Saitoh et al., 1998), the upstream activator of 

ox-LDL

ROS

p38 MAPK
phosphorylation

Apoptosis Foam cell formation

LOX-1
Caspase 3

Bax

Bcl-2

TRX-1

Fig. 7. Proposed molecular mechanisms underlying the effect 
of rhTrx on ox-LDL-induced foam cell formation and apoptosis in 
RAW264.7 cells. The uptake of ox-LDL initiates a downstream 
signal cascade. It promotes ROS overproduction and p38 MAPK 
phosphorylation. The activation of p38 MAPK signaling could up-
regulate Bax expression and down-regulate Bcl-2 and activated 
caspase-3 expression, which play critical roles in macrophage 
apoptosis. Moreover, p38 MAPK phosphorylation could up-regu-
late the expression of LOX-1, a scavenger receptor for ox-LDL, 
stimulate ox-LDL uptake and promote foam cell formation. RhTrx 
reduces the production of ROS and suppresses the activation of 
p38 MAPK induced by ox-LDL, restoring the related pathway and 
consequently suppressing foam cell formation and apoptosis.
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p38 MAPK pathway, and the Trx-ASK1 complex induces the 
activity of the p38 MAPK pathway (Hsieh and Papaconstanti-
nou, 2006). Activation of p38 MAPK is associated with LOX-1 
expression (Ishiyama et al., 2010) and ox-LDL-induced mac-
rophage apoptosis (Wang et al., 2013). We investigated the 
activation of the p38 MAPK signaling pathway to further in-
vestigate the mechanisms and signaling pathways underlying 
the protective effects of rhTrx. In this study, ox-LDL promoted 
phosphorylation of p38 MAPK, whereas pretreatment with 
rhTrx inhibited the activation of p38 MAPK signaling. Interest-
ingly, pretreatment with the p38 MAPK activator anisomycin 
significantly abolished the effects of rhTrx, including inhibition 
of p38 MAPK phosphorylation, down-regulation of caspase-3 
activity and the anti-apoptotic effect. When cells were treated 
with the p38 MAPK inhibitor SB203850 instead of rhTrx, simi-
lar effects to rhTrx were observed. Thus, rhTrx modulates the 
p38 MAPK signaling pathway in ox-LDL-treated RAW264.7 
macrophages, which may be the mechanism underlying the 
protective effects.

In conclusion (Fig. 7), the results of the present study in-
dicate that rhTrx suppresses foam cell formation and macro-
phage apoptosis by inhibiting ROS production and the p38 
MAPK signaling pathway. These findings provide novel in-
sights into the molecular mechanism of rhTrx and its thera-
peutic potential in the treatment of atherosclerosis. However, 
further investigations are required to determine whether rhTrx 
reduces foam cell formation and apoptosis by inhibiting the 
p38 MAPK pathway in vivo.
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