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Carboxypeptidase D (CPD) is a zinc-dependent protease, which is highly expressed in macrophages, and is thought 
to participate in inflammatory processes. In the present study, we investigated the possible regulatory effect of all-trans 

retinoic acid (ATRA), which is an active form of vitamin A and plays a critical regulatory role in both the innate and 
adaptive immunity, on CPD expression and secretion in human monocytic THP-1 cells. CPD mRNA expression first 
increased, from a concentration as low as 10 nM ATRA to a maximum level of expression, at 1 μM. ATRA enhanced 
intracellular CPD expression in a time- and concentration-dependent manner but did not affect cell surface CPD expression. 
Interestingly, 9-cis-RA did not affect CPD expression. Additionally, an experiment with RAR/RXR selective agonist or 
antagonists demonstrated that ATRA-induced enhancement of CPD expression was RAR/RXR dependent. ATRA also 

enhanced CPD secretion from THP-1 cells; however, this enhancement was RAR/RXR-independent. The anti-inflammatory 
agent dexamethasone reversed ATRA-induced enhancement of CPD expression and secretion. Our results suggest ATRA 
exerts regulatory effects on expression and secretion of CPD in human monocytes, and ATRA-induced CPD secretion 
may be associated with inflammatory response. 
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INTRODUCTION 

 

All-trans retinoic acid (ATRA), a physiologically active 

form of vitamin A, plays a crucial role in embryonic devel- 

opment and cell fate determination (Niederreither and Dolle, 

2008). In addition, ATRA plays an important regulatory 

role in both the innate and adaptive immunity (Kim, 2018). 

ATRA shapes early intestinal immune responses by pro- 

moting interleukin (IL)-22 synthesis by γδ T cells and innate 

lymphoid cells (Mielke et al., 2013) and regulates dendritic 

cell differentiation (Klebanoff et al., 2013). ATRA controls 

gut homing of effector T cells, survival and effector func- 

tions of CD8+ T cells, and immune responses of Th17 cells 

(Iwata et al., 2004; Hall et al., 2011; DePaolo et al., 2011). 

Moreover, ATRA suppresses IgE synthesis and secretion 

(Scheffel et al., 2005), and induces the differentiation of 

regulatory B cells (Eriksen et al., 2015). ATRA is able to 

induce and promote the development and function of in- 

ducible regulatory T cells (Elias et al., 2008). ATRA mediates 

conversion of monocyte-derived macrophages into tissue-

resident macrophages (Gundra et al., 2017). ATRA inhibits 

the production of pro-inflammatory mediators, such as tumor 

necrosis factor (TNF)-α, nitric oxide, and IL-12 in macro- 

phages (Mehta et al., 1994; Kang et al., 2000; Wang et al., 

2007). In contrast, ATRA enhances production of IL-10 in 
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THP-1 (Wang et al., 2007) and contributes to murine M2 

macrophage polarization synergistically with transforming 

growth factor (TGF)-β, prostaglandin E2, and IL-4 (Ho et al., 

2016), suggesting an immune modulatory effect of ATRA 

on macrophages. 

Proteases functions in various biological processes, such 

as cell growth, death, migration, and morphogenesis and 

protein catabolism and activation of coagulation. Proteases 

also play a critical regulatory role in immune system; they 

are involved in complement activation (Sim and Laich, 

2000), antigenic peptide processing (Manoury, 2013), the 

activation or inactivation of immune mediators (Marshall 

et al., 2017). For instance, innate immune cells, such as 

monocytes/macrophages and neutrophils, contribute to in- 

flammation during the initial phase of infection by secreting 

metalloproteinases, which cleave cytokines or chemokines, 

thereby activating or inactivating them (Parks et al., 2004). 

Carboxypeptidase D (CPD) is a zinc-dependent protease, 

which specifically cleaves C-terminal arginine or lysine. CPD 

is broadly expressed in mammalian tissues and especially 

high in macrophages (Skidgel and Erdos, 1998). CPD is pri- 

marily found in the trans-Golgi network, where it participates 

in protein processing in the constitutive secretory pathway 

(Varlamov and Fricker, 1998). However, CPD is also found 

to some extent on the plasma membrane, where it can cleave 

extracellular substrates (Varlamov et al., 1999; Hadkar and 

Skidgel, 2001; Kalinina et al., 2002). By re- moving the C-

terminal arginine or lysine residues of proteins and poly- 

peptide, CPD is suggested to participate in inflammatory 

processes; CPD mRNA and protein expression was markedly 

increased in murine macrophages following treatment with 

LPS and interferon (IFN)-γ (Hadkar and Skidgel, 2001). 

Despite its high expression in macrophages, no studies 

have investigated the possible regulatory effects of ATRA 

on CPD expression of human macrophages. The present 

study investigated the effect of ATRA on CPD expression 

and secretion in human monocyte THP-1 cells. 

 

MATERIALS AND METHODS 

Reagents and chemicals 

ATRA, RARα agonist BMS753, RXRα agonist LG- 

100268, RARα antagonist BMS195614, 9-cis-retinoic acid 

(9cis-RA), and dexamethasone were obtained from Sigma-

Aldrich (St. Louis, MO, USA). RXRα antagonist UVI3003, 

anti-β-actin antibody, and secondary antibodies for western 

blot were purchased from Santa Cruz Biotechnology (Dallas, 

TX, USA). RPMI-1640 medium for cell culture was obtained 

from Welgene Inc. (Gyongsan, Korea). Fetal bovine serum 

(FBS) was purchased from Invitrogen (Gibco BRL, MD, 

USA). 

ATRA was prepared as a 20 mM stock in dimethyl sul- 

foxide (DMSO) and stored at -20℃ before being diluted 

to the desired concentration in medium in each experiment. 

Purified anti-CPD antibody (ab184960) used in flow cyto- 

metric analysis was purchased from Abcam (Cambridge, 

MA, USA). 

Cell culture and treatment 

The human monocytic cell line THP-1 was obtained 

from Korean cell line bank. THP-1 cells were cultured in 

RPMI-1640 supplemented with 10% heat-inactivated FBS, 

1% antibiotic-antimycotic, 10 mM HEPES, and 50 μM β-

mercaptoethanol (Invitrogen). Cells were maintained at 37℃ 

in a 5% CO2 humidified incubator. Around 6 to 12 h before 

treatment, cells were seeded into T25 flasks and cultured in 

RPMI media without FBS. 

To determine agonist effects, cells were treated with 

agonist for 6 h. Additionally, to assess the effects of ATRA 

antagonists, cells were pre-incubated with 1 μM RARα or 

RXRα antagonist for 2 h and then with 1 μM ATRA for 6 h. 

Quantitative real-time PCR (qRT-PCR) 

To analyze the expression of CPD in mRNA level, 106 

cells were treated with various concentration of ATRA or 

with 1 μM ATRA and incubate at different times. Then, total 

mRNA was isolated and analyzed by qRT-PCR. The extrac- 

tion of total RNA was performed using Qiagen RNeasy mini 

kit (Qiagen, Seoul, Korea). RNA concentrations were deter- 

mined with a SD2000 micro spectrophotometer (Bioprince, 

Atlanta, GA, USA). cDNA was synthesized from 2 μg of 

total RNA using MMLV reverse transcriptase (Bioprince) 

and an oligo dT primer (Bioprince) at 65℃ for 1 h. 

qRT-PCR was performed on a iQ5 Multicolor Real-Time 



- 258 - 

PCR Detection System (Bio-Rad, Hercules, CA, USA) using 

the iQ SYBR Green Supermix (Bio-Rad). The sequences 

of the specific primers were as follows: CPD 5'-ccacca- 

ccatttccctgata-3', 5'-ccaaggaataaagccgggta-3'; and β-actin 

5'-caccattggcaatgagcggttc-3', 5'-aggtctttgcggatgtccacgt-3'. 

Normalization was performed using the human β-actin gene 

as an endogenous control. For each sample, the relative 

abundance of target mRNA was calculated from the cycle 

threshold (Ct) values for the target and endogenous reference 

gene β-actin. 

Flow cytometric analysis 

Flow cytometric analysis was performed to check the 

expression of intracellular and cell surface CPD expression 

in different treatment conditions. For determining surface 

expression, 106 cells were incubated with 1 μM ATRA for 

48 h. Then, cells were collected and incubated with purified 

anti-CPD antibody (ab184960) for 30 min at 4℃. After 

washing twice with phosphate buffered saline (PBS), the cells 

were incubated with the phycoerythrin-conjugated secondary 

antibody for 30 min at 4℃. After washing, cells were re-

suspended in PBS, and analyzed on a Cytomics FC500 

MLP (Beckman Coulter Inc., Fullerton, CA, USA). 

To determine intracellular CPD expression, cells were 

incubated with 4% formaldehyde fixation solution for 30 min 

at room temperature and then permeabilized with 0.1% 

Triton X-100 in PBS for 30 min. Following procedures are 

the same as those for detection of surface CPD expression 

by flow cytometry. 

Western blot analysis 

Cells were lysed with Triton X-100 lysis buffer (Santa 

Cruz Biotechnology). The supernatants from whole cell 

lysates were collected by centrifugation at 14,000 × g for 

15 min. Cell lysate protein concentrations were measured 

using a Qubit Fluorometer (Invitrogen). Ten microgram of 

total protein was subjected to 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and blotted onto a poly- 

vinylidene difluoride membrane (Millipore Corp., Billerica, 

MA, USA). Membranes were then blocked with 5% bovine 

serum albumin in 1 × tris-buffered saline (2.68 mM KCl, 

137 mM NaCl, 25 mM Tris-HCl, and 0.05% Tween 20). 

Subsequently, the membrane was probed with an anti-CPD 

(ab153874; Abcam) or anti-β-actin antibody (sc-1616). Pro- 

teins of interest were detected with HRP-conjugated goat 

anti-rabbit IgG antibody (sc-2055) or donkey anti-goat IgG 

antibody (sc-2020) and visualized with ECL Solution from 

GenDEPOT (Barker, TX, USA) using the ChemiDoc MP 

system (Bio-Rad) according to the provided protocol. β-

actin was used as internal control. 

To measure the secreted CPD proteins, the culture su- 

pernatants were collected by centrifugation at 180 × g for 

5 min and then concentrated by using Amicon Ultra-15 

centrifugal filter (Millipore Corp.) at 4,000 × g for 30 min 

at 4℃. Thus, concentrated protein samples (32 times) were 

recovered and were subjected to western blot analysis. 

Statistical analysis 

Data were analyzed by one-way analysis of variance 

(ANOVA) followed by post hoc comparison with either the 

Tukey HSD (honestly significant difference test) for groups 

of data with equal variances or the Games-Howell test in 

one-way ANOVA with unequal variances using SPSS 12.0 

for Windows. Values are expressed as mean ± standard 

deviation (SD). Statistical significance was defined as P < 

0.05. 

 

RESULTS 

ATRA, but not 9-cis-RA, enhances CPD expression in 

THP-1 cells 

We examined effect of ATRA on CPD expression in 

THP-1 cells by qRT-PCR analysis. As shown in Fig. 1A, 

CPD mRNA expression first increased, from a concentration 

as low as 10 nM ATRA to a maximum level of expression 

(approximately seven folds higher than that in the DMSO-

treated control), at 1 μM ATRA, and decreased thereafter. 

CPD mRNA expression sharply increased 6 h after 1 μM 

ATRA treatment and gradually decreased thereafter; however, 

the expression of CPD mRNA at 48 h was still statistically 

higher than that in the DMSO-treated control (Fig. 1B). CPD 

protein expression levels, as determined by western blotting, 

were also enhanced (by approximately two folds) upon treat- 

ment with 1 μM ATRA (Fig. 1C). Because CPD is known 
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to be expressed on both the intracellular compartments and 

cell surfaces (Garcia-Pardo et al., 2017), CPD expression 

was also analyzed by flow cytometry. Intracellular CPD 

expression gradually increased over time (Fig. 1E) and was 

enhanced in an ATRA dose-dependent manner (Fig. 1F); 

however, cell surface CPD expression was not significantly 

affected by ATRA treatment (Fig. 1D). 

9-cis-RA is the second most abundant retinoid in the 

human body and can bind and activate both RAR and RXR, 

while ATRA selectively binds RAR only (Bastien and 

Rochette-Egly, 2004). To determine whether ATRA and 9-

cis-RA exert a similar regulatory effect on CPD expression, 

we examined the effect of 9-cis-RA on CPD expression in 

THP-1 cells. As shown in Fig. 2A, 9-cis-RA did not affect 

CPD mRNA expression in THP-1 cells. Protein expression, 

as determined by western blotting, was also not affected by 

Fig. 1. ATRA upregulates CPD mRNA and intracellular protein expression but does not affect cell surface CPD protein expression in THP-1
cells. (A) THP-1 cells were treated with various concentrations of ATRA for 6 h. (B) THP-1 cells were treated with 1 µM ATRA for various
time periods, as indicated above. (C) CPD mRNA expression was examined by qRT-PCR. Cells were treated with 1 µM ATRA for 48 h. CPD
protein levels were analyzed by western blotting, and densitometric analysis of CPD bands was performed using a ChemiDoc MP System. 
(D) Cells were treated with 1 µM ATRA for 48 h. Cell surface CPD expression was analyzed by flow cytometry. (E) THP-1 cells were treated
with 1 µM ATRA for various time periods or (F) treated with various concentrations of ATRA, as indicated above, for 48 h. (E and F) 
Intracellular CPD expression was measured by flow cytometry. Bar graphs present data as mean of relative expression ± SD. *P < 0.05 
vs. DMSO. 
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9-cis-RA treatment (Fig. 2B). 

ATRA-induced CPD expression depends on RAR/RXR 

pathway 

Since multiple biological functions of ATRA are mediated 

by the RAR/RXR pathway (Tsai and O'Malley, 1994), we 

wanted to confirm whether ATRA exerts its effect on CPD 

expression via this classical pathway. To this end, we used 

selective RAR-α/RXR-α agonists and antagonists and found 

that 10 μM of the RAR agonist alone increases CPD protein 

expression. Moreover, combined treatment with 1 μM RAR 

agonist and 1 μM RXR agonist induced CPD expression 

comparable to that induced by 1 μM ATRA (Fig. 3A). 

Additionally, treatment with 10 μM RAR antagonist alone 

suppressed ATRA-induced CPD expression, but treatment 

with 10 μM RXR antagonist alone did not (Fig. 3B). Com- 

bined treatment with 1 μM RAR antagonist and 1 μM RXR 

antagonist completely reversed the induction of CPD ex- 

pression by ATRA (Fig. 3B) 

ATRA-induced CPD secretion depends on incubation 

time and ATRA concentration, but does not depend on 

RAR/RXR 

Since CPD is located in the secretory pathway (Varlamov 

Fig. 2. 9-cis-RA does not affect CPD expression in THP-1 cells. (A) THP-1 cells were treated with 1 µM 9-cis-RA for various time periods.
Expression of CPD mRNA was examined by qRT-PCR and was normalized to that of β-actin mRNA. Data are presented as mean of relative
mRNA expression ± SD. (B) Cells were treated with 1 µM 9-cis-RA for 48 h, and CPD protein levels were examined by western blotting. 

Fig. 3. ATRA enhances CPD expression through the RAR/RXR pathway. (A) THP-1 cells were incubated with 10 µM RAR agonist or 
RXR agonist alone or a combination of 1 µM RAR agonist and 1 µM RXR agonist. (B) Cells were pretreated with 10 µM RAR or RXR 
antagonist alone, or a combination of 1 µM RAR/RXR antagonists for 2 h, followed by 1 µM ATRA treatment. To measure intracellular 
CPD protein expression, after 48 h of incubation, cells were fixed, permeabilized, and analyzed by flow cytometry. Data are presented as 
mean of relative expression ± SD. *P < 0.05 vs. DMSO. 
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and Fricker, 1998), we wanted to investigate the possibility 

of CPD secretion by THP-1 cells. To this end, THP-1 cells 

were treated with 1 μM ATRA for 48 h and the culture 

supernatants were collected, concentrated by filtration, and 

subjected to western blotting (Fig. 4A). Secreted CPD levels 

were markedly increased by more than six folds upon ATRA 

treatment (Fig. 4B). After treatment with 1 μM ATRA, 

secreted CPD levels sharply increased at 24 h, reaching 

approximately 800 % of the control level at 48 h and slightly 

decreasing thereafter (Fig. 4C and D). Secreted CPD levels 

were markedly increased by 100 nM ATRA treatment, with 

a maximum increase of 2200 % at 1 μM ATRA (Fig. 4E 

and F). 

To determine whether ATRA-induced CPD secretion is 

Fig. 4. ATRA induces the secretion of CPD in a concentration- and time-dependent manner. (A and B) THP-1 cells were treated with 1 μM
ATRA for 48 h. (C and D) Cells were treated with 1 µM ATRA for various time periods, as indicated above. (E and F) Cells were treated 
with various concentrations of ATRA, as indicated above, for 48 h. (A, C, and E) The culture supernatants were collected, concentrated by 
filtration, and subjected to western blotting. (B, D, and F) Densitometry analysis of CPD bands shown in (A, C, and E) was performed 
using a ChemiDoc MP System. Data are presented as mean of relative secretion ± SD. *P < 0.05 vs. DMSO. 

Fig. 5. ATRA induces the secretion of CPD through an RAR/RXR-independent pathway. THP-1 cells were treated with a combinations of 
1 µM RAR/RXR agonists or with a combination of 1 µM RAR/RXR antagonists in the presence of 1 µM ATRA for 48 h. (A) The culture 
supernatants were collected, concentrated by filtration, and subjected to western blotting. (B) Densitometry analysis of CPD bands shown 
in (A) was performed using a ChemiDoc MP System. Bar graphs present data as mean of relative secretion ± SD. *P < 0.05 vs. DMSO. 



- 262 - 

mediated by the action of the RAR/RXR heterodimer, we 

used selective RARα/RXRα agonists and RARα/RXRα 

antagonists. As shown in Fig. 5, ATRA-induced CPD secre- 

tion was not inhibited by pretreatment of THP-1 cells with 

both the 1 μM RARα antagonist as well as the RXRα 

antagonist. Similarly, combined treatment with 1 μM RARα 

agonist and 1 μM RXRα agonist did not induce the secretion 

of CPD, suggesting that ATRA-induced CPD secretion does 

not depend on RAR/RXR. 

Dexamethasone inhibits ATRA-induced CPD expression 

and secretion 

Since it has been suggested that CPD is upregulated in 

macrophages under inflammatory conditions (Hadkar and 

Fig. 6. Dexamethasone inhibits ATRA-induced CPD expression and secretion. (A) THP-1 cells were pretreated with 1 µM dexamethasone for
2 h, followed by treatment with 1 µM ATRA for different time periods, as indicated above. CPD mRNA expression was measured by qRT-
PCR. (B) THP-1 cells were pretreated with 1 µM dexamethasone for 2 h and then treated with 1 µM ATRA for 48 h. CPD protein expression
was analyzed by western blotting. (C) Cells were subjected to the treatment described in (B) and, the culture supernatants were then collected,
concentrated by filtration, and subjected to western blotting. Bar graphs present data as mean of relative expression ± SD. *P < 0.05. 

Fig. 7. ATRA induces bradykinin B1 receptor mRNA expression but does not affect bradykinin B2 receptor mRNA expression in THP-1 
cells. (A) THP-1 cells were treated with 1 µM ATRA for 6 h. The mRNA expression of bradykinin B1 and B2 receptors was examined by 
semi-quantitative PCR. (B) Cells were treated with different concentrations of ATRA, as indicated, for 6 h. (C) Cells were treated with 1 µM
ATRA for different time periods, as indicated. Bradykinin B1 receptor mRNA expression was examined by qRT-PCR. Bar graphs present 
data as mean ± SD. *P < 0.05 vs. DMSO. 
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Skidgel, 2001) and our previous study demonstrated that 

dexamethasone, an anti-inflammatory drug, inhibits ATRA-

induced MMP-2 secretion in THP-1 cells (Vu et al., 2018), 

we tested whether this drug can also suppress ATRA-induced 

CPD expression and secretion in THP-1 cells. ATRA-

induced enhancement of CPD mRNA expression (Fig. 6A), 

protein expression (Fig. 6B), and secretion (Fig. 6C) were 

markedly inhibited by a 2-h pretreatment of THP-1 cells 

with 1 μM dexamethasone. 

ATRA induces bradykinin B1 receptor mRNA expres- 

sion but not B2 receptor 

Next, we examined effect of ATRA on bradykinin receptor 

expression in THP-1 cells by qRT-PCR analysis. As shown 

in Fig. 7A, bradykinin B1 receptor mRNA expression was 

enhanced by ATRA treatment but B2 receptor expression 

was not affected. More specifically, 1 μM ATRA induced 

B1 receptor expression, but 10 and 100 nM ATRA did not 

(Fig. 7B). Moreover, B1 receptor expression was induced 

at 6 h and decreased to a basal level by 12 h after 1 μM 

ATRA treatment (Fig. 7C). 

 

DISCUSSION 

 

The present study demonstrated that ATRA, but not 9-

cis-RA, enhanced CPD expression in THP-1 cells. Several 

previous studies have reported the enhancement of cellular 

CPD expression by exogenous stimuli. Lipopolysaccharide 

and IFN-γ upregulated CPD expression in murine macro- 

phages and vascular endothelial cells (Hadkar and Skidgel, 

2001; Hadkar et al., 2004). Moreover, prolactin, 17β-estradiol, 

and the synthetic androgen R1881 increased CPD expression 

in breast cancer cells (Abdelmagid and Too, 2008; Koirala 

et al., 2014), while prolactin and testosterone enhanced CPD 

expression in prostate cancer cells (Thomas et al., 2012). In- 

terestingly, CPD was downregulated in CD14+ cells isolated 

from patients with lupus erythematosus, suggesting a pos- 

sible role for CPD in the pathogenesis of this autoimmune 

disease (Hoff et al., 2007). All these studies indicate a role 

of the proteolytic regulation of CPD in immune responses. 

In our study, ATRA-induced CPD expression was depen- 

dent on the RAR/RXR pathway. Previous studies have shown 

that the synergistic activation of both partners of the RAR-

RXR complex is necessary to induce ATRA-responsible 

target gene expression (Brooks et al., 1996; Botling et al., 

1997). Similarly, our results revealed that the use of an 

RARα agonist moderately induces CPD protein expression, 

even at higher concentrations, whereas combined treatment 

with an RARα agonist and an RXRα agonist significantly 

induced CPD expression, suggesting that the RAR-RXR 

complex is required to induce the transcriptional activation 

of CPD expression. Similar to current observations, our pre- 

vious study showed that ATRA enhances MMP-2 expression 

and secretion in THP-1 cells in an RAR/RXR-dependent 

manner (Vu et al., 2018). 

Based on its cellular localization, CPD is thought to play 

a role in the processing of proteins and peptides within 

different cellular compartments, such as the secretory com- 

partments, endocytic pathway compartments, and the cell 

surface (Garcia-Pardo et al., 2017). However, the secretion 

of CPD from cells has not been reported. In the present study, 

our results revealed that CPD secretion does not depend on 

the RAR/RXR pathway, suggesting a distinct mechanism 

for CPD secretion. Ca2+ is typically present at millimolar 

concentrations in the secretory pathway and is necessary to 

induce rapid membrane fusion to allow for secretion (Jeremic 

et al., 2004). In our previous study, ATRA increased intracel- 

lular calcium levels, and a calcium channel blocker inhibited 

ATRA-induced MMP-2 secretion in THP-1 cells, suggesting 

that calcium influx is necessary for ATRA-induced MMP-2 

secretion. Another study also showed that ATRA increased 

intracellular calcium levels (Gao et al., 1998). Based on 

these reports, we suggest that ATRA-induced calcium in- 

flux may be involved in the induction of CPD secretion in 

THP-1 cells. However, it is necessary to uncover the precise 

mechanisms of ATRA-induced CPD secretion in THP-1 

cells in future studies. 

In the present study, pretreatment of THP-1 cells with 

dexamethasone significantly inhibited the ATRA-induced 

expression and secretion of CPD. Since it is known that 

ATRA can induce NF-κB activation in THP-1 cells (Hoang 

et al., 2019), resulting in CPD expression (Koirala et al., 

2014), and that dexamethasone suppresses NF-κB activity in 

THP-1 cells (Steer et al., 2000), we suggest that the inhibitory 
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action of dexamethasone on ATRA-induced CPD expression 

and secretion may be due to a suppressive effect on NF-κB 

activation. 

Due to its localization and substrate specificity, it has 

been proposed that intracellular CPD primarily functions in 

the maturation of receptors and growth factors (Reznik and 

Fricker, 2001). However, the function of secreted CPD has 

not been studied. Several studies have suggested potential 

substrates of CPD as being soluble immune mediators, such 

as bradykinin (Timblin et al., 2002) and complement frag- 

ments C3a, C4a, and C5a (Skidgel, 1988; Skidgel, 1996). 

With respect to the former, CPD has been suggested to 

either inactivate or alter the specificity of the bradikynin by 

cleaving its C-terminal arginine (Skidgel, 1988). There are 

two types of receptors for bradykinin on the cell surface: 

bradykinin B1 and B2 receptors. While the bradykinin B2 

receptor is constitutively expressed, the bradykinin B1 re- 

ceptor is only expressed when cells are stimulated by inflam- 

matory mediators (deBlois et al., 1991; Bhoola et al., 1992). 

Under normal conditions, bradykinin binds to the bradykinin 

B2 receptor, whereas cleaved des-arg9-bradykinin, which 

can be produced from bradykinin by proteolytic removal of 

the C-terminal arginine, binds to the bradykinin B1 receptor, 

and acts as an inflammatory mediator, inducing inflammatory 

responses, such as the enhanced production and release of 

NO or cytokines (Naffah-Mazzacoratti et al., 2014). Our 

study revealed that ATRA induces the mRNA expression of 

the bradykinin B1 receptor but does not affect B2 receptor 

expression in THP-1 cells. Based on our results and those 

of a previous study (Naffah-Mazzacoratti et al., 2014), we 

cautiously speculate that CPD activity may play a role in 

determining the fate of bradykinin-bradykinin receptor-

mediated signaling. 

With respect to the complement system, C3a, C4a, and 

C5a, all have C-terminal arginine residues (Pasupuleti et al., 

2007). Monocytes/macrophages express both the C3a re- 

ceptor (C3aR) and C5aR to bind their respective ligands 

C3a and C5a (Stephan et al., 2012). Previous structural 

studies have proposed that the C-termini of C3a (Lu et al., 

1984) and C5a (Huber-Lang et al., 2003) contribute to their 

binding to their corresponding receptors. Thus, proteolytic 

cleavage of the C-terminal arginines of both C3a and C5a 

by cell surface or secreted CPD may play a critical role in 

the regulation of C3a(5a)-C3a(5a) receptor interactions. 

Based on the essential role of ATRA in immune regulation 

as well as previous studies showing inflammatory stimuli-

induced CPD expression (Hadkar and Skidgel, 2001; Hadkar 

et al., 2004), we suggest that ATRA-induced CPD secretion 

may be involved in the regulation of inflammatory responses 

by cleavage of inflammatory mediators, such as C3a, C5a, 

and/or bradykinin. To test this hypothesis, it is necessary to 

examine whether the ATRA-induced secretion of CPD 

cleaves the substrates mentioned above in a future study. 

In summary, this study revealed, for the first time, that 

ATRA enhances CPD expression in THP-1 cells in an RAR 

/RXR-dependent manner and CPD secretion in a RAR/ 

RXR-independent manner. This enhanced expression and 

secretion of CPD were inhibited by dexamethasone treat- 

ment. We suggest that increased expression and secretion 

of CPD induced by ATRA treatment may be involved in 

regulating inflammatory responses. 
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