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Introduction

Clostridium difficile releases toxin A and B, which are

known to be the main causative factors of the inflammatory

response to this pathogen in the gut [3, 14, 17, 20, 23, 27].

Toxins enter target epithelial cells through binding to

specific receptors on the plasma membrane, and through

their enzymatic activity, inhibit Rho family proteins (Rho,

Rac, cdc42) that are essential for cytoskeleton formation in

epithelial cells; this, in turn, leads to severe cell rounding

and results in disruption of the barrier function of

epithelial cells [6, 12, 13]. The formation of toxin-receptor

complexes is also reported to activate intracellular

signaling pathways that trigger apoptosis in target cells

[12, 13, 20, 23]. In many types of cells, toxin A is known to

produce reactive oxygen species (ROS), which activate p38

MAPK and upregulate p21Cip/Waf1, ultimately causing

apoptosis [18, 19]. Thus, these factors and pathways are

considered the main contributors to the disruption of

epithelial cells that form the physical barrier and the

triggering of inflammatory responses in the gut [18, 19].

Numerous studies have revealed that the enteric nervous

system (ENS) is involved in pathophysiological processes

in the gut [2, 7, 26, 33, 34]. For example, it has been

reported that inhibition of the ENS is associated with

intestinal infarction or spasm [7]. In contrast, inflammatory

responses are known to activate sensory neurons [28]. In

addition, mouse colitis models exhibit a marked change in

intestinal neurotransmission [26]. C. difficile toxins in

particular are known to stimulate enteric neurons; injection
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Numerous studies have reported that enteric neurons involved in controlling

neurotransmitter secretion and motility in the gut critically contribute to the progression of

gut inflammation. Clostridium difficile toxins, which cause severe colonic inflammation, are

also known to affect enteric neurons. Our previous study showed that C. difficile toxin A

directly induces neural cell toxicities, such as viability loss and apoptosis. In the current study,

we attempted to identify a potent inhibitor of toxin A-induced neural cell toxicity that may aid

in managing toxin A-induced gut inflammation. In our recent study, we found that the Korea

dung beetle-derived antimicrobial peptide CopA3 completely blocked neural cell apoptosis

caused by okadaic acid or 6-OHDA. Here, we examined whether the antimicrobial peptide

CopA3 inhibited toxin A-induced neural cell damage. In neuroblastoma SH-SY5Y cells, CopA3

treatment protected against both apoptosis and viability loss caused by toxin A. CopA3 also

completely inhibited activation of the pro-apoptotic factor, caspase-3. Additionally, CopA3

rescued toxin A-induced downregulation of neural cell proliferation. However, CopA3 had no

effect on signaling through ROS/p38 MAPK/p27kip1, suggesting that CopA3 inhibits toxin A-

induced neural cell toxicity independent of this well-characterized toxin A pathway. Our data

further suggest that ability of CopA3 to rescue toxin A-induced neural cell damage may also

ameliorate the gut inflammation caused by toxin A.

Keywords: Bacterial toxin, gut inflammation, enteric nerve system, insect-derived antimicrobial

peptide, apoptosis



CopA3 Inhibits Toxin A-Induced Neural Cell Damage 31

January 2019⎪Vol. 29⎪No. 1

of toxin A into the lumen enhances neurotransmitter

secretion, promotes gut motility [2], and inhibits

sympathetic neurotransmission [33]. In our recent study,

we found that toxin A directly induces a loss of cell

viability and apoptosis in human neuroblastoma cells SH-

SY5Y, suggesting that the ENS is a potential therapeutic

target for treating inflammatory responses caused by

C. difficile toxins.

The antimicrobial peptide CopA3 (LLCIALRKK), a product

of the Korea dung beetle (Copris tripartitus) identified by

transcriptome analysis, has been reported to exert various

effects, including inhibition of toxin A-induced colonic

epithelial cell apoptosis and 6-hydroxydopamine (OHDA)-

induced neural cell apoptosis [17, 25], as well as stimulation

of proliferation of both colonic epithelial cells and neural

cells [17, 25]. Notably, CopA3 has been reported to

ameliorate all inflammatory responses observed in various

mouse inflammation models [17]. CopA3 is also known to

reduce macrophage activation induced by lipopolysaccharide,

suggesting an immunosuppressive effect [24]. Since these

data collectively indicate the ability of CopA3 to inhibit

various types of cell damage, we here tested whether

CopA3 can rescue toxin A-induced neural cell damage. We

also examined the therapeutic effect of CopA3 compared

with other insect-derived antimicrobial peptides.

Materials and Methods

Clostridium difficile Toxin A Preparation and Cell Culture

Toxin A was purified from C. difficile strain 10463 (American

Type Culture Collection, USA) as previously described [18]. The

purity of the native toxin A was assessed by gel electrophoresis,

which confirmed a single protein band at the expected molecular

mass of 307 kDa. Human neuroblastoma SH-SY5Y cells were

maintained in MEM containing 10% FBS (Invitrogen, USA), 1%

penicillin (Gibco, USA), 1% L-glutamine, 1% HEPES in a 37oC

humidified incubator with 5% CO2 [35].

Synthesis of Antimicrobial Peptides

The following insect-derived antimicrobial peptides, synthesized

by AnyGen (Gwangju, South Korea), were used in this study: P4

(RLLLAIGRG), P5 (RLWLRIGRG) and P6 (RLWLAIGRG), from

Protaetia brevitarsis [15, 32]; HaGF (GEILHRFRRSFCDY) and

HaA4 (IGGYCSWLRL), from Harmonia axyridis [21]; and CopA3

(LLCIALRKK), from C. tripartitus [11]. The synthesized peptides

were further purified by reverse-phase high-performance liquid

chromatography (HPLC) using a Capcell Pak C18 column

(Shiseido, Japan), and were eluted with a linear gradient of water-

acetonitrile (0–80%) containing 0.1% trifluoroacetic acid (45%

recovery). The identity of peptides was confirmed by electrospray

ionization mass spectrometry (Platform II; Micromass, United

Kingdom) [4].

Cell Viability

SH-SY5Y cells were treated with various agents, then incubated

with 3-[4,5-imethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide

(MTT) dye for 2 h. The solubilization reagent was added, and

absorbance was determined at 570 nm by a spectrophotometer

(Model 3550; Bio-Rad, Canada) [35].

Immunoblot Analysis

SH-SY5Y cells were washed with cold phosphate-buffered

saline (PBS) and lysed in a buffer containing 150 mM NaCl, 50

mM Tris-HCl (pH 8.0), 5 mM EDTA, and 1% Nonidet P-40. Equal

amounts of protein were fractionated by SDS-polyacrylamide gel

electrophoresis (SDS-PAGE). The appropriate antibodies were

applied, and antigen-antibody complexes were detected with the

LumiGlo reagent (New England Biolabs, USA) [30].

Terminal Deoxynucleotidyl Transferase-Mediated Deoxyuridine

Triphosphate Nick-End Labeling (TUNEL) Assay

Cells were exposed to toxin A or toxin A plus insect peptide for

24 h, and then fixed with 4% paraformaldehyde for 20 min at

room temperature. Cells with fragmented nuclear DNA were

detected by TUNEL assay (Promega, USA), according to the

manufacturer’s instructions [35].

Measurement of ROS

SH-SY5Y cells were incubated for 30 min with 50 µM DCF-DA

(2’7’-dichlorofluorescin-diacetate), and then treated with toxin A

for 30 min. Fluorescence intensity was analyzed with a Fluoroscan

Ascent FL microplate reader (Thermo Fisher Scientific, USA)

using 485 nm excitation and 538 nm emission filters [35].

BrdU Cell Proliferation Assay

The proliferation of cells exposed to toxin A or toxin A plus

CopA3 was measured based on the rate of DNA synthesis using a

BrdU Cell Proliferation Assay (Roche, USA), according to the

manufacturer’s instructions [17]. Briefly, SH-SY5Y cells (1 × 104

cells/well) were seeded in a 96-well microplate, treated with toxin

A in the presence or absence of CopA3 for 24 h, and then further

cultured with the BrdU mixture for 24 h. The cells were then fixed,

incubated with the anti-BrdU antibody for 1 h, and incubated with

horseradish-peroxidase (HRP)-conjugated goat anti-mouse IgG for

30 min. Absorbance at 450 nm was measured using a microplate

reader [16].

Statistical Analysis

The results are presented as the mean values ± SEM. Data were

analyzed using the SIGMA-STAT professional statistics software

program (Jande Scientific Software, USA). Analyses of variance

with protected t-test were used for intergroup comparisons.
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Results and Discussion

The Antimicrobial Peptide CopA3 Inhibits Toxin A-Induced

Viability Loss in Human SH-SY5Y Neuroblastoma Cells

C. difficile toxin A, which causes colonic inflammation, is

known to affect the function of the ENS [2, 33]; upon

injection into the intestinal lumen, toxin A enhances

neurotransmitter secretion, promotes gut motility, and

suppresses sympathetic neurotransmission. In contrast, the

ENS is also reported to be involved in the progression of

the inflammatory response in the gut [1, 2, 28]. Building on

two concepts that the ENS is a therapeutic target for the

treatment of inflammatory responses in the toxin A-

exposed gut and that a number of antimicrobial peptides

have demonstrated beneficial effects in various human

disease models [5, 22, 31], we sought to identify insect-

derived antimicrobial peptides that could inhibit toxin A-

induced neural cell damage and thus serve as therapeutic

agents. To this end, we incubated SH-SY5Y cells with 3 nM

toxin A in the presence of insect antimicrobial peptides

(10 μg/ml) derived from P. brevitarsis (P4, P5, and P6) [15,

32], H. axyridis (HaGF and HaA4) [21], or C. tripartitus

(CopA3) [11] for 24 h, and then measured cell viability by

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

bromide] assay. As shown in Fig. 1A, toxin A decreased

cell viability by up to 30% in neural cells. This toxin A-

induced loss of viability was not attenuated by P. brevitarsis

peptides (P4, P5, P6) or H. axyridis peptides (HaGF, HaA4)

(Fig. 1B). P4, P5, P6, HaGF, or HaA4 alone did not cause

neural cell toxicity. In sharp contrast, CopA3 from

C. tripartitus significantly rescued the toxin A-induced loss

of cell viability (Fig. 1C). CopA3 alone showed no

cytotoxicity towards neural cells, suggesting that CopA3

exerts a protective effect against toxin A-induced neural

cell toxicity without causing cell damage itself.

CopA3 Inhibits Toxin A-Induced Neural Cell Apoptosis

Next, we analyzed the inhibitory effect of CopA3 on

toxin A-induced neural cell apoptosis. To this end, we

incubated SH-SY5Y cells with toxin A in the presence or

absence of CopA3 for 24 h and measured DNA fragmentation

by TUNEL (terminal deoxynucleotidyl transferase dUTP

nick-end labeling) staining. As shown in Fig. 2A, toxin A

markedly increased the percentage of TUNEL-positive cells

(i.e., cells with fragmented DNA reflecting apoptosis)

compared with controls. Immunoblot analyses further

revealed that toxin A activated the pro-apoptotic factor,

caspase-3 [18]. Notably, both the increase in TUNEL-

positive cells and activation of caspase-3 were significantly

decreased by CopA3 treatment (Fig. 2B). Taken together

with findings noted above, these results indicate that

CopA3 is capable of inhibiting multiple types of damage

caused by toxin A, including viability loss and apoptosis.

The prevailing view is that the cellular toxicity of toxin A

requires the presence of a plasma membrane receptor on

Fig. 1. The antimicrobial peptide CopA3 rescues the loss of

neural cell viability caused by toxin A.

(A) Human neuroblastoma SH-SY5Y cells (105 cells/well) were

treated with medium (con), toxin A (Tx; 3 nM) alone, or toxin A

together with 10 µg/ml of P. brevitarsis peptides (P4, P5, or P6) for

24 h, and then cell viability was measured by MTT assay. The results

are expressed as percentages and represent means ± SEM from three

experiments performed in triplicate. (B) SH-SY5Y cells were treated

with medium (con), toxin A (Tx; 3 nM) alone, toxin A together with

10 µg/ml of H. axyridis peptide (HaGF or HaA4) for 24 h. The results

are expressed as percentages and represent means ± SEM from three

experiments performed in triplicate. (C) SH-SY5Y cells were treated

with medium (con), toxin A (Tx; 3 nM) alone, toxin A plus CopA3

(10 µg/ml), or CopA3 (10 µg/ml) alone for 24 h (*, p < 0.005).
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the target cells [9]. The observation that toxin A was

cytotoxic towards human neural cells clearly implies the

presence of a plasma membrane receptor that can bind

toxin A. Although the receptor that binds toxin A has not

been identified, because CopA3 is composed of positively

charged amino acid, it has been speculated that the

receptor is likely a negatively charged protein [25].

CopA3, an antimicrobial peptide, exhibits antiapoptotic

effects on both OHDA- and okadaic acid (OA)-induced

neural cell apoptosis [25]. Indeed, studies using various

human cells have reported that many antimicrobial

peptides exhibit enormous therapeutic potential [5, 22, 31].

For example, the antimicrobial peptide Lumbricusin,

isolated from earthworms, is reported to protect neural

cells from stress-induced apoptosis [25]. The antimicrobial

peptide periplanetasin-2, derived from the American

cockroach, also displays antiapoptotic activity against

colonic epithelial cell apoptosis caused by toxin A [10].

These results indicate that the antibacterial function of

these peptides against prokaryotic microbes can exhibit

different biological activities in eukaryotic human cells.

Toxin A-induced cell rounding is a typical morphological

change associated with cell damage [12-14, 18, 19]. Consistent

with this, we found that toxin A clearly induced rounding

of neural cells compared with medium-treated cells;

however, unlike the apoptotic effect of toxin A, this effect

of toxin A was not rescued by CopA3 (data not shown). On

the basis of previous reports that toxin A-induced cell

rounding depends on inactivation of Rho family proteins

that are known to regulate neural cell cytoskeleton

formation [9, 12, 13], we infer that the ability of CopA3 to

inhibit cell apoptosis is not related to regulation of Rho

family proteins.

A Cysteine Residue Is Critical for the Neuroprotective

Effects of CopA3

We next tested whether a cysteine residue in the middle

region of CopA3 (LL-C-IALRKK) contributes to its ability

to inhibit toxin A-induced neural cell toxicity. To this end,

we incubated SH-SY5Y cells with toxin A, together with

CopA3 or a CopA3-CS mutant in which this cysteine

residue is replaced with a serine (LL-S-IALRKK) [29] for

24 h and measured cell viability by MTT assay. As shown

in Fig. 3A, unlike CopA3, the CopA3-CS mutant had no

inhibitory effect on toxin A-induced loss of neural cell

viability. But like CopA3, CopA3-CS mutant alone showed

no cytotoxicity towards neural cells (Fig. 3A). The CopA3-

CS mutant also slightly inhibited toxin A-induced caspase-

3 activation (Fig. 3B). These results suggest the importance

of this cysteine residue in the neuroprotective effects of

CopA3. A cysteine residue is also essential for the functional

effects of defensin, another antimicrobial peptide. Like

Fig. 2. The antimicrobial peptide CopA3 inhibits toxin A-

induced apoptosis in human neural cells.

(A) Human neuroblastoma SH-SY5Y cells (105 cells/well) were treated

with medium (con), toxin A (Tx; 3 nM) alone, toxin A plus CopA3

(10 µg/ml), or CopA3 (10 µg/ml) alone for 24 h. DNA fragmentation

was detected by TUNEL assay (green spots indicate apoptosis).

Nuclei were counterstained with propidium iodide (PI) in all cases.

Results are representative of three independent experiments. (B) Cells

were treated as described in A, and caspase-3 activity was assessed

by immunoblotting. Cells were lysed, cellular proteins were resolved

by SDS-PAGE on 10% gels, and blots were probed with the indicated

antibodies. Results are representative of three independent experiments. 
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defensin, CopA3 may require this cysteine residue to

maintain a critical structure that allows it to easily enter the

plasma membrane of target cells. Glutathione, which

contains a cysteine-like sulfhydryl group that is critical for

its functional activity, is another such example (54). The

chicken-derived antimicrobial peptide, gallinacin, also

contains a cysteine residue and has primary sequence

homology to β-defensin [8].

The Neuroprotective Effects of CopA3 Are Not Associated

with ROS/p38 MAPK/p27kip1 Signaling, a Well-Known

Toxin A-Activated Pathway

In our previous study, we found that CopA3 substantially

increased proliferation of neural cells [25] and abrogated

Fig. 4. CopA3 does not target a well-known toxin A-activated

signaling pathway to inhibit toxin A-induced neural cell toxicity.

(A) Human neuroblastoma SH-SY5Y cells (105 cells/well) were

treated with medium (con), toxin A (Tx; 3 nM) alone, or toxin A plus

CopA3 (10 µg/ml) for 48 h. Cell proliferation was assessed by

measuring BrdU uptake. Results represent means ± SEM of three

experiments performed in triplicate (*, p < 0.005). (B and C) SH-SY5Y

cells (105 cells/well) were treated as described in A, and lysed.

Thereafter cellular proteins were resolved by SDS-PAGE on 10% gels,

and blots were probed with the indicated antibodies. Results are

representative of three independent experiments. (D) SH-SY5Y cells

were treated with medium, toxin A alone or toxin A plus CopA3 for

1 h, and further incubated with DCFH-DA (50 µM) for 15 min. Changes

in fluorescence intensity were monitored. The bars represent means ±

SEM from three independent experiments performed in triplicate.

Fig. 3. The cysteine residue in CopA3 is critical for its

neuroprotective activity.

(A) Human neuroblastoma SH-SY5Y cells (105 cells/well) were treated

with medium (con), toxin A (Tx; 3 nM) alone, CopA3 (10 µg/ml,

LLCIALRKK) alone, CopA3-CS mutant (10 µg/ml, LLSIALRKK)

alone, toxin A plus CopA3, or toxin A plus CopA3-CS mutant for

24 h, and cell viability was measured by MTT assay. Results represent

means ± SEM of three experiments performed in triplicate (*, p < 0.005).

(B) SH-SY5Y cells were treated with medium (con), toxin A (Tx;

3 nM) alone, toxin A plus CopA3 (10 µg/ml), or toxin A plus CopA3-

CS mutant (10 µg/ml) for 24 h. Caspase-3 activity was assessed by

immunoblotting. Results are representative of three independent

experiments.



CopA3 Inhibits Toxin A-Induced Neural Cell Damage 35

January 2019⎪Vol. 29⎪No. 1

apoptosis induced by 6-OHDA or OA [25]. Extending these

results, we examined whether toxin A decreases neural cell

proliferation, and whether the decrease in cell proliferation

induced by toxin A can be rescued by CopA3 treatment. To

this end, we incubated SH-SY5Y cells with toxin A, with or

without CopA3, for 48 h and measured DNA synthesis by

BrdU uptake assay [17]. As shown in Fig. 4A, toxin A

decreased DNA synthesis by up to 35%. Notably, this

inhibitory effect was significantly attenuated by CopA3

treatment, suggesting that the ability of CopA3 to increase

proliferation may be critical for protection against toxin A-

induced neural cell apoptosis. Since CopA3-induced

downregulation of p27kip1, a cell cycle inhibitor, is critical

for the neurotropic activity of CopA3 in 6-OHDA-induced

neural cell apoptosis [25], we next measured p27kip1

expression levels after treatment with toxin A plus CopA3.

Unexpectedly, we found no marked change in p27kip1

expression levels in the presence of CopA3 (Fig. 4B).

Moreover, expression of p21CIP1/WAF1, an essential cell cycle

regulator [17], was also unchanged, suggesting that

p21CIP1/WAF1 and p27kip1, the main regulators of cell-cycle

arrest, are not critical components of the neuroprotective

activity of CopA3 against toxin A. In gut epithelial cells,

toxin A-induced apoptosis is known to depend on ROS

generation and subsequent activation of the downstream

effector, p38 MAPK [18, 19]. Accordingly, we measured

ROS levels and p38 MAPK activation following treatment

of SH-SY5Y cells with toxin A, with or without CopA3, for

48 h. As expected, toxin A induced a rapid increase in ROS

levels and activated p38 MAPK; however, CopA3 had no

effect on either of these actions of toxin A (Fig. 4C). These

results suggest that the neuroprotective effects of CopA3

do not reflect targeting of toxin A-induced ROS production,

p38 MAPK and p27kip1 activation. 

Taken together, our findings indicate that the antimicrobial

peptide CopA3 inhibits toxin A-induced neural cell damage,

and suggest the novel idea that the neuroprotective effects

of CopA3 can relieve gut inflammatory responses caused

by toxin A-induced ENS damage.
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