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Abstract

Placenta, as a reservoir of nutrients, has been widely used in medical and cosmetic materials. Here, we focused on the
antioxidant properties of placental extract and attempted to isolate and identify the main antioxidant factors. Porcine
placental extracts were prepared through homogenization or acid hydrolysis, and their antioxidant activity was investigated
in the human keratinocyte HaCaT cell line. Treatment with homogenized placental extract (H-PE) increased the cell viability
of H2O2-treated HaCaT cells more than two-fold. H-PE treatment suppressed H2O2-induced apoptotic and necrotic cell death
and decreased intracellular ROS levels in H2O2-treated HaCaT cells. The antioxidant factors in H-PE were found to be thermo-
unstable and were thus expected to include proteins. The candidate antioxidant proteins were fractionated with cation-
exchange, anion-exchange, and size-exclusion chromatography, and the antioxidant properties of the chromatographic
fractions were investigated. We obtained specific antioxidant fractions that suppressed ROS generation and ROS-induced
DNA strand breaks. From silver staining and MALDI-TOF analyses, alpha-fetoprotein (AFP) precursor was identified as a main
marker for the antioxidant effect of H-PE. Purified AFP or ectopically expressed AFP exhibited synergistic antioxidant activity
in the presence of estradiol. Taken together, our data suggest that AFP, a serum glycoprotein produced at high levels
during fetal development, is a novel marker protein for the antioxidant effect of the placenta that exhibits synergistic
antioxidant activity in the presence of estradiol.
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Introduction

Skin is constantly exposed to various chemical, physical, and

dietary pollutants [1]. When the skin is constantly exposed to

pollutants, reactive oxygen species (ROS) are generated that cause

a variety of skin disorders [2,3]. At low levels, ROS take part in the

regulation of numerous cellular processes, including cell prolifer-

ation, apoptosis, immune responses, and cell differentiation.

Overproduction or inadequate removal of ROS can result in

oxidative stress, leading to altered metabolism, dysregulated signal

transduction events, and biomolecular damage to lipids, proteins,

and DNA, all of which contribute to pathological changes in cell

and tissue function [4]. Thus, ROS play important roles in aging

[5] and in the pathogenesis of many diseases [5,6]. ROS are

generally very small molecules and are highly reactive because of

the presence of unpaired valence shell electrons. At the molecular

level, ROS alter cell signaling and trigger apoptotic processes [7].

There are several types of ROS, such as superoxide (O2̇),

hydrogen peroxide (H2O2), and the highly reactive hydroxyl

radical (OḢ), which are formed by transferring physical or

chemical energy to molecular oxygen (O2) [7,8]. Among the

various ROS, H2O2 plays an important role because it is

generated from nearly all sources of oxygen free radicals. H2O2

is reported to generate hydroxyl radicals that induce lipid

peroxidation within exposed cells, leading to DNA damage and

cell death [9,10]. Moreover, these oxygen free radicals have been

implicated in the onset of skin diseases [11,12]. The identification

of non-toxic antioxidants that prevent oxidative stress reactions

and protect cells against the adverse effects of pro-oxidants has

been the focus of extensive research [5,13]. Many antioxidant

substances have been characterized, including vitamin C, vitamin

E, superoxide dismutases, nicotinamide adenine dinucleotide

phosphate (NADPH), and polyphenols [14,15].

Placental extracts (PEs) have been used for years as a folk

remedy, for example, in wound healing, and as a cosmetic in many

countries [16,17]. Many studies have also described the wound

healing and anti-inflammatory properties of PE [3,5–7,13,16–18].

PE has numerous bioactive components, such as anti-oxidants,
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nutrients, oxygen, and hormones [1,3,27]. One of the most

important roles of the placenta is to protect the embryo(s) from

oxidative stress [39,48]. Therefore, PE has antioxidative proper-

ties. The major antioxidant components in PE are uracil, tyrosine,

phenylalanine, and tryptophan. Approximately 59% of the

antioxidant effect of PE can be attributed to these components

[49].

In this study, we focused on the antioxidant property of PE and

searched for novel antioxidant factors. We prepared PEs in two

ways, by acid hydrolysis or homogenization. The antioxidant

characteristics of acid-hydrolyzed placental extracts (A-PEs) and

homogenized placental extracts (H-PEs) were investigated in the

human keratinocyte HaCaT cell line.

Materials and Methods

Cell culture and DNA transfection
The human keratinocyte HaCaT cell line (a gift from Professor

Ick-Hwan Kim, Korea University, Korea) was cultured in

Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,

Carlsbad, CA, USA) supplemented with 10% fetal bovine serum

(FBS; HyClone, Logan, UT, USA) and 100 U/ml penicillin/

streptomycin (HyClone) and incubated at 37uC with 5% CO2.

HaCaT cells were treated with hydrogen peroxide (H2O2; Sigma-

Aldrich, Saint Louis, MO, USA) diluted in serum-free media.

Cells were transfected using Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions. Briefly, for DNA

transfection, HaCaT cells were incubated overnight at a density of

26105 cells per 60-mm culture dish and transfected with

expression vectors using Lipofectamine 2000. Stable cell lines

were selected by growth in the presence of 800 mg/ml G418

(Sigma-Aldrich). HaCaT cells expressing GFP-tagged alpha-

fetoprotein (AFP) were used to confirm the antioxidant potency.

Preparation of placental extracts from porcine placenta
Porcine placental extracts were prepared from multiple porcine

placentas, which were provided by ChoongAng Biotech (Kyung-

kido, Korea) [19]. To prepare H-PE, multiple porcine placentas

were obtained from uncomplicated pregnancies immediately after

delivery. The umbilical cord and amnion were discarded, and the

remaining tissues were washed completely in ice-cold 0.9% NaCl

(Amresco, Solon, OH, USA) to remove all traces of blood.

Homogenates were prepared using phosphate-buffered saline

(PBS; HyClone) with a knife homogenizer (Daesung, Kyungkido,

Korea) and Polytron Homogenizer (ART Prozess- & Labortechnik

GmbH & Co. KG, Müllheim, Germany). A-PE was prepared

according to the procedure provided by ChoongAng Biotech [19].

Briefly, several porcine placentas were hydrolyzed with 6 N HCl

(Dae Jung, Kyungkido, Korea). Next, the protein hydrolysis

enzymes were inactivated at 110uC for 5 hr, and the hydrolysates

were filtered through activated carbon. The lipids were then

removed by mixing with calcium and phosphate salts and by

filtering through two types of absorbents. The hydrolysates were

neutralized with 10 N NaOH (Sigma-Aldrich) in an ion-exchange

resin and filtered. Finally, the porcine placental extract was

sterilized at 121uC for 15 min.

Preparation of heat-treated placental extracts
H-PEs in one group were heated at temperatures ranging from

55uC to 60uC for 1 hr, and H-PEs in the other group were heated

at 60uC for 1 to 60 min. After heating, the extracts were

immediately placed on ice and then centrifuged at 5000 rpm for

15 min.

Cell viability assay
Cell proliferation and viability were assessed with MTT assays

(Cell Counting Kit 8; CCK-8; Dojindo Molecular Technologies,

Rockville, MD, USA). Cells were plated at a density of 16104

cells/well in 96-well plates and treated with MTT solution [CCK-

8 solution: 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium, monosodium salt] for 4 hr at

37uC. Cell viability was measured with an enzyme-linked

immunosorbent assay (ELISA) reader (Bio-Rad, Hercules, CA,

USA) at 450 nm.

Detection of apoptotic or necrotic cells
Cells were stained with SYTOX and Hoechst 33342 (Life

Technologies, Carlsbad, CA, USA) to identify the type of cell

death [16]. Cells were incubated with a mixture of 5 mM SYTOX

and 5 mg/ml Hoechst 33342 for 5 min at 37uC and observed

using an inverted fluorescent microscope (Carl Zeiss, Oberkochen,

Germany). Nuclear condensation and fragmentation was evident

in the Hoechst 33342-stained apoptotic cells, and the percentage

of apoptotic cells was calculated as the ratio of apoptotic cells to

total counted cells. The SYTOX-stained necrotic cells were

detected by FACS analysis (FACScan; Becton Dickinson, La Jolla,

CA, USA). Briefly, cells were washed with serum-free media and

trypsinized. Cells were then harvested by centrifugation for 15 min

at 1000 rpm. The collected cells were washed with PBS and

analyzed by FACS.

Detection of intracellular ROS generation
For measurement of intracellular ROS levels, cells were

incubated with 10 mM 29-79-dichlorofluorescin diacetate

(H2DCFH-DA; Invitrogen) for 30 min at 37uC in the dark.

Fluorescence-stained cells were analyzed by FACS analysis using

Cell Quest software (Becton Dickinson) for acquisition and

analysis. The antioxidant capacity of the placental extracts was

estimated from the intracellular ROS accumulation after H2O2

challenge. N-acetylcysteine (NAC; Sigma-Aldrich) and estradiol

(Sigma-Aldrich), well-known antioxidant reagents [20–22], were

used as positive controls.

High-performance liquid chromatography (HPLC)
For high-performance strong ion-exchange chromatography, a

pre-packed HiTrap SPFF column and Superdex 200 10/300 GL

column were purchased from GE Healthcare Life Sciences

(Princeton, NJ, USA). An ACME 9000 HPLC System (Young

Lin, Kyungkido, Korea) equipped with a binary solvent delivery

system and a UV/Vis detector was used. The solvents were

delivered by an ACME 9000 gradient pump. The gradient

conditions were programmed using an Autochro-3000 HPLC

Data System. For cation-exchange HPLC, homogenates were

loaded directly on a HiTrap SP FF strong cation-exchange column

(GE Healthcare Life Sciences) equilibrated with 0.05 M sodium

phosphate (pH 8.0, Buffer A; Sigma-Aldrich). The homogenates

were eluted at a flow rate of 1 ml/min with a step gradient

program from buffer A to buffer B [0.05 M sodium phosphate,

1 M NaCl (Sigma-Aldrich), pH 8.0]. For anion-exchange chro-

matography, homogenates were loaded directly on a HiTrap Q FF

strong cation-exchange column (GE Healthcare Life Sciences)

equilibrated with 0.02 M Tris-HCl (pH 7.4; Buffer C; Sigma-

Aldrich). The homogenates were eluted at a flow rate of 1 ml/min

with a step gradient program from buffer C to buffer D (0.02 M

Tris-HCl, 1 M NaCl, pH 7.4). For size-exclusion chromatogra-

phy, homogenates were loaded onto a Superdex 200 10/300 GL

size-exclusion chromatography column (GE Healthcare Life
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Sciences), which had been pre-equilibrated with 0.05 M sodium

phosphate (pH 7.0) and 0.15 M NaCl. The column was developed

with the same buffer at a flow rate of 0.5 ml/min. The molecular

mass of the proteins was estimated by comparison with the elution

rate of standard molecules (Bio-Rad). The protein elution profile

was monitored with a UV/Vis detector at 280 nm. The protein

concentrations were presented as the voltage (mV).

Western blotting and silver staining
Cells were washed 3 times in ice-cold PBS, scraped from the

dishes, and collected in extraction buffer [1% Triton X-100

(Amresco), 100 mM Tris-HCl, p 7.5, 10 mM NaCl, 10% glycerol

(Amresco), 50 mM sodium fluoride (Sigma-Aldrich), and 1 mM

phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich)]. After

incubation on ice for 20 min, lysates were centrifuged, and

proteins in the supernatants were quantified using the Bradford

Protein Assay Reagent (Bio-Rad). Equal amounts of protein were

separated on an 8%–12% SDS-PAGE gel and transferred

electrophoretically onto a nitrocellulose membrane (0.2 mm;

Protran, Germany). Membranes were blocked in 5% nonfat dry

milk (Sigma-Aldrich) and 0.1% Tween-20 (Amresco) in Tris-

buffered saline and probed with primary antibody. Antibodies

against anti-poly (ADP-ribose) polymerase (PARP), human AFP,

and anti-beta-actin were obtained from Santa Cruz Biotechnology

(Dallas, TX, USA). Antibody-antigen complexes were incubated

with goat anti-mouse IgG- or goat anti-rabbit IgG-peroxidase

conjugates and detected using an enhanced chemiluminescence

(ECL) kit (GE Healthcare Life Sciences).

Gels were silver stained using a silver staining kit (GE

Healthcare Life Sciences) according to the manufacturer’s

recommendations. Briefly, after SDS-PAGE, the gel was fixed

with 30% ethanol and 10% acetic acid for 1 hr and then

incubated in sensitizing solution with 30% ethanol, 0.2% sodium

thiosulfate, and 6.8% sodium acetate for 1 hr. After washing 4

times with distilled water for 15 min each, the gel was stained with

0.25% silver nitrate solution for 1 hr and washed again 2 times for

1 min each. The gel was developed in 2.5% sodium carbonate and

0.04% formaldehyde until the protein bands were visible. To stop

development, 1.46% EDTA solution was added.

Reverse transcriptase-PCR analysis
Total RNA was extracted from the cells using TRIzol reagent

(Gibco-BRL, Bethesda, MD, USA) according to the manufactur-

er’s protocol. The extracted RNA was subsequently treated with

MMLV reverse transcriptase (Promega, Madison, WI, USA). The

first-strand cDNA was prepared from 2.5 mg of total RNA using

reverse transcriptase and an oligo-dT primer. cDNA was amplified

by PCR with DNA primers and Taq polymerase (Promega). PCR

was performed using specific primers for human AFP (forward, 59-

CTGCAATTGAGAAACCCACTG-39 and reverse, 59- TTCCC-

TCTT CACTTTGGCTG-39) and GAPDH (forward, 59-GGGA-

AGAGTCAACGGATTTGGTCGT-39 and reverse, 59-GGGA-

ATTGATTTTGGAGGGATCTCG-39). The cycling conditions

were 94uC for 5 min, followed by 35 cycles of 94uC for 30 s, 55uC
for 30 s, and 72uC for 1 min, and a final extension at 72uC for

7 min. All samples were run in triplicate. The PCR products were

analyzed by electrophoresis on a 1%–1.2% agarose gel (Invitro-

gen) containing ethidium bromide (Life Technologies), which was

photographed under ultraviolet light.

Fenton reaction
The reaction was performed in 20 ml containing pEGFP-C1

plasmid in PBS, Fe(NH4)2SO4 (Sigma-Aldrich), H2O2, and the

other additives at the indicated concentrations. The mixture was

incubated at 37uC for 1 hr and analyzed by 0.8% agarose gel

electrophoresis.

MALDI-TOF analysis
SDS-PAGE gels were stained with Coomassie Brilliant Blue

solution (Amresco). For MALDI-TOF analysis, the stained target

bands were carefully cut from the gel, destained, trypsinized, and

dried. Before the sample/matrix solution dried, 0.5 ml (,500

Figure 1. The proliferation and viability of human keratino-
cytes were analyzed after treatment with different concentra-
tions of homogenized placental extract (H-PE) or acid-hydro-
lyzed placental extract (A-PE). Human keratinocytes (HaCaT) were
incubated for 24 hr in the presence of different concentrations of (A) H-
PE or A-PE; (B) H-PE or A-PE under 0.5 mM H2O2; and (C) H-PE or A-PE
under 1 mM H2O2. Cell viability in the presence of H-PE or A-PE under
oxidative stress was measured by the MTT assay. The data are
presented as the percentage of control (non-treated cells) and the
mean 6 SD of at least three independent experiments. *p,0.05.
doi:10.1371/journal.pone.0099421.g001
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Figure 2. Apoptotic or necrotic cell death was studied under oxidative stress in the presence of H-PE. (A) The ratio of apoptotic and
necrotic cell death in H-PE-treated HaCaT cells under oxidative stress was assessed by SYTOX-Hoechst 33342 staining. The relative ratios of apoptosis
and necrosis are presented in the graphs. The graphs show the fold change relative to control (non-treated cells) and the mean 6 SD (n = 3). *p,0.05.
(B) Poly (ADP-ribose) polymerase (PARP) cleavage was observed by western blotting. The 89-kDa fragments of PARP represent apoptotic progression,
whereas 50-kDa fragments appear in necrotic cells. (C) The ROS levels in HaCaT cells were measured by H2DCFH-DA staining and analyzed by FACS.
Cells were treated with H-PE for 24 hr and exposed to different levels of oxidative stress (0.5 mM or 1 mM H2O2). H-PE treatment significantly (*p,

0.05) reduced the ROS level under oxidative stress. N-acetylcysteine (NAC) was used as a positive control. The data are presented as a percentage of
control (non-treated cells) and the mean 6 SD from triplicate experiments.
doi:10.1371/journal.pone.0099421.g002
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femtomoles of each calibrant) of calibration mixture from the

Sequazyme peptide Mass standard kit (Applied Biosystems,

Framingham, MA, USA) was added on top of each spot to

provide internal calibrants. Once the spots on the target plate

dried, the plate was introduced into the Voyager DE-STR

MALDI-TOF mass spectrometer (Applied Biosystems) for analy-

sis. The resulting mass spectra were calibrated by a two-point

internal calibration with one of the trypsin autolysis peaks in the

calibration mixture solution. The protein database was searched

using the MASCOT program.

Preparation of purified AFP
From MyBioSource (San Diego, CA, USA), we purchased

recombinant human AFP purified from human placenta. Purified

human AFP (2 mg/ml) was dissolved in storage buffer [0.1 mg/ml

in 50 mM Tris-acetate, pH 7.5, 1 mM EDTA, 20% glycerol

without bovine serum albumin (BSA) and sodium azide].

To prepare the bacterially purified GST-AFP, we used the

Glutathione-S-Transferase (GST) Gene Fusion System (GE

Healthcare Life Sciences). First, the complete coding sequence of

the porcine AFP gene was cloned into the pGEX-4T-1 vector to

generate N-terminal GST fusion constructs. The pGEX-4T-1-

AFP construct was expressed in Escherichia coli BL21 cells, and the

expression of GST-AFP was induced by treatment with 0.1 mM

isopropyl-D-thiogalactopyranoside (IPTG; Sigma-Aldrich). The

cells were harvested and resuspended in 30 ml of buffer A

(100 mM NaCl, 50 mM Tris pH 8.0, 0.1% Triton X-100, 1 mM

EDTA). The resuspended bacterial cells were sonicated with a

sonicator (Bandelin Electronic GmbH & Co. KG, Berlin,

Germany), and the lysates were centrifuged at 12,000 rpm for

15 min at 4uC. The supernatants were collected, and GST-AFP

was purified using a Glutathione Sepharose 4B affinity matrix.

Protein concentrations were determined by the Bradford assay

(Bio-Rad) with BSA as the standard. The purified GST-AFP and

GST proteins, together with molecular weight standards (Thermo

Scientific Fermentas, Schwerte, Germany), were separated by 8%

SDS-PAGE and stained with Coomassie Brilliant Blue.

Hydrogen peroxide scavenging assay
The hydrogen peroxide scavenging potential of GST-AFP,

GST, and estradiol was determined using the method described by

Jayaprakasha et al. [23]. A solution of 40 mM hydrogen peroxide

was prepared in PBS (pH 7.4). Different concentrations of GST

(2 mg), GST-AFP (1, 2, and 4 mg), and estradiol (1, 5, and 10 nM)

in PBS were added to 0.6 ml of the hydrogen peroxide solution.

After 10 min of incubation, the absorbance was measured at

230 nm against a blank solution that contained hydrogen

peroxide solution without protein or estradiol. The percentage of

H2O2 scavenging was calculated as follows: % Scavenged

[H2O2] = [(Abs control – Abs sample)/Abs control]6100.

Statistical analysis
Results were expressed as the mean 6 standard deviation (SD)

of three independent experiments. Statistical analyses were

performed using one-way ANOVA (analysis of variance) or a

two-tailed Student’s t-test in the Excel program (Microsoft,

Redmond, WA, USA). Differences were considered significant

when p,0.05.

Results

H-PE shows antioxidant effects in human keratinocytes
To investigate the antioxidant effects of the acid-hydrolyzed

placental extracts (A-PE) or the homogenized placental extracts

(H-PE) on human keratinocytes, human HaCaT cells were treated

with different concentrations of A-PE or H-PE ranging from 0.5%

to 4%. The proliferation of HaCaT cells increased with H-PE

treatment, whereas no marked changes occurred in A-PE-treated

cells (Figure 1A), indicating that porcine PE was not cytotoxic to

human keratinocytes and that H-PE had a beneficial effect on the

proliferation of keratinocytes.

To evaluate the effects of A-PE and H-PE on the viability of

keratinocytes under oxidative stress, cells were exposed to different

concentrations of H2O2. Under 0.5 mM and 1 mM H2O2

exposure, cell viability was reduced up to 50% and 10%,

respectively (Figure 1B and 1C). However, when cells were

exposed to 0.5 mM and 1 mM H2O2 in the presence of H-PE, cell

viability improved nearly to the control viability level, whereas A-

PE treatment had no obvious effect (Figure 1B and 1C), implying

that H-PE, but not A-PE, contains antioxidant materials, which

protected keratinocytes from oxidative-stress-induced cell death.

Figure 3. The thermo-stability of the antioxidant component of
H-PE was assessed. (A) H-PEs were stored for 60 min at 55uC to 60uC,
and their cell viability-rescuing effect was analyzed in H2O2-treated
HaCaT cells. The graph shows the effect of heated H-PE on the cell
viability of HaCaT cells. HaCaT cells were exposed to 1 mM H2O2 and
cultured with H-PE heated at 55uC to 60uC (n = 3, *p,0.05). (B) HaCaT
cells were treated with 1 mM H2O2 and cultured with H-PE heated at
60uC for 0 to 60 min. The cell viability was determined using the MTT
assay. The data are presented as the percentage of control (non-treated
cells) and the mean 6 SD (n = 3, *p,0.05).
doi:10.1371/journal.pone.0099421.g003
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H-PE treatment decreases H2O2-induced apoptotic and
necrotic cell death

To clarify the type of cell death induced by different H2O2

concentrations (0.5 and 1 mM), we examined cell death using the

SYTOX-Hoechst staining method [24]. Apoptotic cells, with

condensed or fragmented nuclei, were predominantly observed in

0.5 mM H2O2-treated cells, whereas necrotic cells were mainly

observed in 1 mM H2O2-treated cells. When H-PE was added,

apoptotic and necrotic cell death in H2O2-treated cells decreased

Figure 4. The cell viability of human keratinocytes was measured after treatment with H-PE fractions from anion-exchange and
size-exclusion chromatography. H-PE was fractionated by (A) anion-exchange or (B, C) size-exclusion after anion-exchange chromatography.
Using the MTT assay, the fractions were screened by estimating the viability of HaCaT cells treated with 1 mM H2O2 and each fraction for 24 hr. The
cell viability indicated the antioxidant properties of the fractions. The values are presented as the percentage of control (non-treated cells) and the
mean 6 SD of triplicate experiments (*p,0.05). The chromatograms (second panels) show the elution curves of the proteins in H-PE. The second
chromatogram (second panel in B) shows the elution curves of standard molecules: a. thyroglobulin, 670 kDa; b. r-globulin, 158 kDa; c. ovalbumin,
44 kDa; d. myoglobin, 17 kDa, e. vitamin B12, 1.35 kDa.
doi:10.1371/journal.pone.0099421.g004
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(Figure 2A). These results were confirmed by observing PARP

cleavage as a marker of apoptosis and necrosis: 89-kDa fragments

represent apoptotic progression and 50-kDa fragments appear in

necrotic cells [24–26]. We detected 89-kDa fragments in 0.5 mM

H2O2-treated cells and 50-kDa fragments in 1 mM H2O2-treated

cells. When cells were treated with H-PE, both the 89-kDa and 50-

kDa fragments were reduced (Figure 2B), suggesting that H-PE

treatment suppressed both H2O2-induced apoptotic and necrotic

cell death in keratinocytes.

The antioxidant component of H-PE is highly thermo-
unstable

To validate the antioxidant property of H-PE, we compared

intracellular ROS levels in the presence of H-PE or NAC, an

antioxidant that is a reactive oxygen species scavenger [20]. ROS

levels increased in cells treated with 0.5 mM or 1 mM H2O2.

However, under H-PE treatment, the intracellular ROS level

decreased, nearly to the level observed with NAC treatment

(Figure 2C). These data indicated that H-PE had antioxidant

properties and contributed to the reduction of H2O2-induced cell

death by regulating ROS levels in keratinocytes.

To analyze the thermo-stability of the antioxidant component in

H-PE, H-PE was incubated for 60 min at 55uC to 60uC. The cell

viability-rescuing effect was reduced starting from 55uC, and

extracts incubated at over 57uC did not rescue cell viability in

H2O2-treated HaCaT cells (Figure 3A). When the extracts were

incubated at 60uC for longer than 30 min, the cell viability-

rescuing effect was markedly reduced (Figure 3B), implying that

the antioxidant component of H-PE is highly thermo-unstable.

From these data, we predicted that the antioxidant components in

H-PE were proteins, based on their sensitivity to heat.

Fractionation and screening of the antioxidant protein in
H-PE

To identify the antioxidant components of H-PE, we fraction-

ated H-PE using three types of chromatography (anion, cation,

and size-exclusion chromatography). Keratinocytes were exposed

to oxidative stress, and the cell viability in the presence of each

fraction was investigated. First, H-PE was separated by cation- or

anion-exchange chromatography; 60 cation and anion chromato-

graphic fractions were collected. The antioxidant activity of each

fraction was estimated from the viability of keratinocytes treated

with H2O2. The cation-exchange chromatographic fractions C2–

C4 increased cell viability (results not shown), and the anion-

exchange chromatographic fractions A2–A4 and A22–A26 also

increased cell viability (Figure 4A). Because early fractions might

be flow-through, we determined that fractions A22–A26 contained

antioxidant components.

Next, H-PE was separated by size-exclusion chromatography.

Size-exclusion chromatographic fractions S16–S17 dramatically

improved cell viability under H2O2 treatment (Figure 4B).

According to the molecular weight of the standard proteins,

fractions S16–S17 eluted in the range from gamma-globulin

(158 kDa) to ovalbumin (44 kDa). Therefore, we presumed that

the sizes of the antioxidant components were between 44–

158 kDa. To determine whether fractions A22–A26 and S16–

S17 contained the same antioxidant factors, the anion-exchange

fractions (A22–A26) were separated by size-exclusion chromatog-

raphy. The anion-exchange and size-exclusion double chroma-

tography fractions had the same effect as fractions separated by

size-exclusion chromatography alone (Figure 4C). The chroma-

tography results indicated that anion-exchange fractions A22–A26

and size-exclusion chromatography fractions S16–S17 contained

the same antioxidant components.

To confirm the biochemical location of the antioxidant

components, the effects of two selected fractions, A24 and S16,

on H2O2-treated intracellular ROS levels in cells were estimated.

ROS levels in keratinocytes treated with fractions A24 and S16

were statistically reduced (Figure 5A). The antioxidant properties

of H-PE fractions A24 and S16 were further studied by the Fenton

reaction. Generally, DNA stays in a super-coiled (I) form and an

open circular (II) form. Fenton’s reagent breaks the super-coiled

form of DNA and generates the linear (III) form via a hydroxyl

radical reaction [28–31]. As shown in lane 2 of Figure 5B, the

plasmid was completely converted from the type I form to the type

II and III forms by the Fenton reaction. In the presence of H-PE

fractions A24 and S16, the super-coiled (I) form was protected

from hydroxyl radical-induced DNA damage (Figure 5B). These

results indicated that the antioxidant component was present in

fractions A22–A26 and S16–S17.

Alpha-fetoprotein is the main antioxidant marker in H-PE
To identify the candidate antioxidant proteins, we compared

the protein band patterns of the indicated fractions by SDS-PAGE

(Figure 6A-a). Several bands were commonly observed, but one

band had an intensity pattern similar to the mean value of cell

viability. Candidate proteins were identified by MALDI-TOF and

the MASCOT program. They included AFP precursor; pre-foldin

subunit 5; heat-shock factor protein 4; vimentin; lebercilin-like

Figure 5. The antioxidant effects of the chromatographic
fractions were analyzed. (A) The ROS levels in HaCaT cells treated
with placenta-derived fractions were measured by the MTT assay. NAC
was used as a positive control. The data are presented as the
percentage of non-treated cells and the mean 6 SD (n = 3, *p,0.05).
(B) pEGFP-C1 plasmid was incubated at 37uC for 1 hr with the following:
lane 1, no addition (plasmid only); lane 2, ferrous ammonium sulfate
and H2O2; lane 3, ferrous ammonium sulfate, H2O2, and 4 ml of each
indicated fraction. A, anion-exchange chromatographic fraction; S, size-
exclusion chromatographic fraction.
doi:10.1371/journal.pone.0099421.g005
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Figure 6. Alpha-fetoprotein (AFP) was identified as an antioxidant candidate in H-PE. (A) a, Proteins were visualized by silver staining.
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protein; cholecystokinin precursor; and long palate, lung, and

nasal epithelium carcinoma-associated protein 1 precursor.

Among these, AFP precursor was chosen because of its protein

scores, which were greater than 53 and statistically significant

(Figure 6A–b). At the amino acid level, AFP precursor has 100%

identity with AFP, and human AFP has 83% identity with porcine

AFP.

The antioxidant property of AFP was confirmed by the plasmid

patterns of forms I (supercoiled), II (open circular), and III (linear).

As seen in lane 2 of the left panel of Figure 6B, the type I form was

completely changed to the type II and III forms under the Fenton

Arrows indicate AFP. The same fraction volume was loaded on the gel. Molecular masses are indicated on the left. M, protein marker. b, Profiles of
candidate proteins by MALDI-TOF analysis. The MASCOT program was used to search the protein database. (B) The antioxidant effect of AFP was
assessed from the I (super-coiled), II (open circular), and III (linear) plasmid patterns. Lane 1, no addition (plasmid only); lane 2, ferrous ammonium
sulfate and H2O2; lanes 3 and 4, ferrous ammonium sulfate, H2O2, and human AFP (left panel). Bovine serum albumin (BSA) was used as a negative
control (right panel). (C) The antioxidant effect of purified AFP and GST was investigated from the plasmid patterns. Lane 1, no addition (plasmid
only); lane 2, ferrous ammonium sulfate and H2O2; lane 3, ferrous ammonium sulfate, H2O2, and purified GST; lane 4, ferrous ammonium sulfate, H2O2,
and purified AFP. Purified GST was used as a negative control. (D) H2O2 scavenging results of purified GST, GST-AFP, and estradiol (%) (*p,0.05).
doi:10.1371/journal.pone.0099421.g006

Figure 7. The effect of AFP overexpression was analyzed in HaCaT cells. (A) a, Overexpression of AFP was assessed in control HaCaT and
AFP-overexpressing HaCaT cells by RT-PCR and western blot. Representative blots from three independent experiments are shown. b, Mock-
transfected or AFP-overexpressing HaCaT cells were exposed to 0.5 mM H2O2, 5 nM estradiol, and 1 mM N-acetylcysteine (NAC). The cell viability was
determined using the MTT assay. (B) ROS levels in mock-transfected or AFP-overexpressing HaCaT cells were measured by H2DCFH-DA staining and
analyzed by FACS. Treatment with 5 nM estradiol significantly (*p,0.05) reduced the ROS level under oxidative stress. NAC was used as a positive
control. The data are presented as the percentage of control (non-treated cells) and the mean 6 SD from triplicate experiments.
doi:10.1371/journal.pone.0099421.g007
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reaction without AFP. In the presence of 80 ng of AFP purified

from human placenta, the supercoiled (I) form appeared in a dose-

dependent manner (lanes 3 and 4, left panel, Figure 6B). In the

presence of a control protein (80 ng BSA), the type II and III

forms were present; no type I plasmid pattern was observed (lanes

2, 3, and 4, right panel, Figure 6B). Moreover, to confirm the

antioxidant property of AFP, we performed the Fenton reaction

using bacterially purified GST-AFP, with GST as a control

(Figure 6C). In the presence of 2 mg of bacterially purified GST-

AFP, the supercoiled (I) form appeared (lane 4, Figure 6C).

However, in the presence of 2 mg of GST, the type I plasmid form

was not observed (lane 3, Figure 6C). Furthermore, the

antioxidant activity of bacterially purified GST-AFP was directly

assessed using the hydrogen peroxide radical scavenging assay.

Purified GST-AFP scavenged hydrogen peroxide in a dose-

dependent manner (Figure 6D). The scavenging activity of purified

GST-AFP (2 mg) was almost 20%. Interestingly, the scavenging

activity of GST-AFP was synergistically enhanced in the presence

of estradiol. However, in the presence of 2 mg of GST, almost no

scavenging of hydrogen peroxide was observed (Figure 6D).

Moreover, the scavenging activity of GST was not enhanced in the

presence of estradiol. Previous studies showed that purified GST

does not exhibit antioxidant properties [32]. Collectively, these

data suggest that AFP in H-PE acts as an antioxidant protein.

Next, we assessed the effect of ectopic AFP overexpression on

the cell viability of keratinocytes. First, we confirmed the

exogenous expression of AFP in keratinocytes and verified that

AFP levels increased in AFP-overexpressing cells (Figure 7A-a).

Under 0.5 mM H2O2 exposure, cell viability was reduced up to

50% in mock-transfected (control) and AFP-overexpressing cells

(Figure 7A-b). Although we detected slight increase in cell viability

in AFP-overexpressing cells, treatment with NAC further lowered

cell viability in AFP-overexpressing cells. The intracellular ROS

level was also slightly decreased in AFP-overexpressing cells

(Figure 7B). To investigate the synergic effect of estradiol and AFP

on the antioxidant activity in keratinocytes under oxidative stress,

we treated AFP-overexpressing cells with estradiol. When AFP-

overexpressing cells were exposed to 0.5 mM H2O2 in the

presence of estradiol, cell viability improved (Figure 7A-b).

Estradiol treatment protected AFP-overexpressing keratinocytes

from oxidative stress-induced cell death. Under estradiol treat-

ment, the intracellular ROS level decreased significantly, nearly to

the level observed with NAC treatment (Figure 7B). These data

indicated that estradiol had antioxidant properties and protected

against H2O2-induced cell death by regulating ROS levels in AFP-

overexpressing keratinocytes. Taken together, these data suggest

that AFP is a potential antioxidant agent and a novel marker

protein for the antioxidant effect of H-PE.

Discussion

Many studies have investigated the mechanisms of various

materials with the potential for use in clinical or cosmetic fields.

Some of these studies focused on extracts derived from natural

substances [16,33,34]. Porcine PE has been reported to accelerate

wound healing in the skin of rats, indicating that PEs might be

useful for skin protection [6]. Although human PE contains anti-

oxidative, collagen-derived peptides [5,9], their effects at the

cellular level have not been extensively investigated. Several

studies showed the effects of PEs on various cellular activities, such

as anti-inflammatory, melanogenesis, wound healing, and antiox-

idant responses [17,18,34–36]. However, the active components of

PE were not identified.

In our study, we prepared porcine extracts to confirm that H-

PE has antioxidant effects in H2O2-treated human keratinocytes.

Our results indicated that porcine placenta was a good source

material for a strong antioxidant (Figure 2). To identify the main

component with strong antioxidant activity in PE, we separated H-

PE by chromatography and tested the antioxidant effect of several

fractions (Figures 3 and 4). Protein bands in the selected

chromatography fractions were compared by silver staining. AFP

precursor was identified as a candidate protein by MALDI-TOF

and the MASCOT program (Figure 6). During fetal development,

AFP, a serum glycoprotein, is produced at high levels in the liver

and the yolk-sac endoderm and at lower levels in the developing

gastrointestinal tract [37,38]. AFP synthesis decreases dramatically

after birth, and only trace amounts are detected in adults [38].

The abundance of AFP during fetal development has led to

speculation that this serum protein is essential for mammalian

embryo development and/or sexual differentiation [35,36,39].

AFP also binds and transports numerous ligands, including

bilirubin, fatty acids, retinoids, steroids, heavy metals, dyes,

flavonoids, phytoestrogens, dioxin, and various drugs [40,41].

Abnormal levels of embryonic AFP are indicative of spina bifida or

Down’s syndrome in the fetus [42,43]. Several groups have

reported that AFP participates in various biological activities, such

as drug conjugation, ligand binding, carrier functions, and growth

regulation [14,15]. However, the function of AFP in adults is not

clear. The current results suggest a novel role for AFP as an

antioxidant and identify AFP as a marker protein for the

antioxidant effect of porcine placenta.

Several studies have suggested that the binding of estrogen to

AFP is related to antioxidant activity [44–46]. Estrogens, especially

17-beta-estradiol, which possess a phenolic hydroxyl group, have

antioxidant activity. Estradiol may affect several anti-atherogenic

genes, such as nitric oxide synthase [47], thereby increasing the

levels of nitric oxide, an antioxidant [21,22,48–51]. When AFP-

overexpressing keratinocytes were incubated with estradiol and

0.5 mM H2O2, we observed a synergistic antioxidant effect

(Figure 7B). To determine the function of AFP in vivo, further

studies are necessary. Taken together, our data suggest that AFP is

a potent antioxidant agent and a novel marker protein for the

antioxidant effect of H-PE. Thus, AFP or the AFP-containing H-

PE fraction may have applications in skin protection.

Acknowledgments

We thank Professor Ick-Hwan Kim from Korea University for providing

the human HaCaT cell line and thank Dr. Dong-Whan Gu from

Choongang Biotech for providing the porcine placentas.

Author Contributions

Conceived and designed the experiments: SGC JHK HYC. Performed the

experiments: HYC SWK HNL SJK SK. Analyzed the data: SGC HYC

SWK. Contributed reagents/materials/analysis tools: SK JK YBK. Wrote

the paper: SGC HYC SWK BWK MS.

References

1. Bickers DR, Athar M (2006) Oxidative stress in the pathogenesis of skin disease.

J Invest Dermatol 126: 2565–2575.

2. Parvez S, Tabassum H, Rehman H, Banerjee BD, Athar M, et al. (2006)

Catechin prevents tamoxifen-induced oxidative stress and biochemical pertur-

bations in mice. Toxicology 225: 109–118.

3. Black HS (2004) ROS: a step closer to elucidating their role in the etiology of

light-induced skin disorders. J Invest Dermatol 122: xiii–xiv.

4. Trouba KJ, Hamadeh HK, Amin RP, Germolec DR (2002) Oxidative stress and

its role in skin disease. Antioxid Redox Signal 4: 665–673.

Antioxidant Effect of Alpha-Fetoprotein in Placental Extracts

PLOS ONE | www.plosone.org 10 June 2014 | Volume 9 | Issue 6 | e99421



5. Halliwell B, Gutteridge JM (1990) Role of free radicals and catalytic metal ions

in human disease: an overview. Methods Enzymol 186: 1–85.
6. Briganti S, Picardo M (2003) Antioxidant activity, lipid peroxidation and skin

diseases. What’s new. J Eur Acad Dermatol Venereol 17: 663–669.

7. Mates JM (2000) Effects of antioxidant enzymes in the molecular control of
reactive oxygen species toxicology. Toxicology 153: 83–104.

8. Zhou Q, Mrowietz U, Rostami-Yazdi M (2009) Oxidative stress in the
pathogenesis of psoriasis. Free Radic Biol Med 47: 891–905.

9. Rahman K (2007) Studies on free radicals, antioxidants, and co-factors. Clin

Interv Aging 2: 219–236.
10. Lennon SV, Martin SJ, Cotter TG (1991) Dose-dependent induction of

apoptosis in human tumour cell lines by widely diverging stimuli. Cell Prolif 24:
203–214.

11. Barbouti A, Doulias PT, Nousis L, Tenopoulou M, Galaris D (2002) DNA
damage and apoptosis in hydrogen peroxide-exposed Jurkat cells: bolus addition

versus continuous generation of H(2)O(2). Free Radic Biol Med 33: 691–702.

12. Hedley SJ, Layton C, Heaton M, Chakrabarty KH, Dawson RA, et al. (2002)
Fibroblasts play a regulatory role in the control of pigmentation in reconstructed

human skin from skin types I and II. Pigment Cell Res 15: 49–56.
13. Banerjee KK, Bishayee A, Chatterjee M (1992) Anti-inflammatory effect of

human placental extract: a biochemical mechanistic approach. Riv Eur Sci Med

Farmacol 14: 361–366.
14. Avissar N, Eisenmann C, Breen JG, Horowitz S, Miller RK, et al. (1994) Human

placenta makes extracellular glutathione peroxidase and secretes it into maternal
circulation. Am J Physiol 267: E68–76.

15. Sies H (1993) Strategies of antioxidant defense. Eur J Biochem 215: 213–219.
16. Cianfarani F, Zambruno G, Brogelli L, Sera F, Lacal PM, et al. (2006) Placenta

growth factor in diabetic wound healing: altered expression and therapeutic

potential. Am J Pathol 169: 1167–1182.
17. Wu CH, Chang GY, Chang WC, Hsu CT, Chen RS (2003) Wound healing

effects of porcine placental extracts on rats with thermal injury. Br J Dermatol
148: 236–245.

18. Herbig U, Ferreira M, Condel L, Carey D, Sedivy JM (2006) Cellular

senescence in aging primates. Science 311: 1257.
19. Jung TJ CH, You YB, Gwak MG, Kim MJ, Han YS, et al. (2006) Method for

manufacturing additive used in feed and water for livestock to promote growth
of livestock and to improve meat quality obtained from the livestock fed with the

additive by using pig placental extract. In: Patent K, editor. http://
patentipexlcom/KR/1020060058214html. A23K 01/10 ed. Republic of Korea:

: Choongang Biotech.

20. Dodd S, Dean O, Copolov DL, Malhi GS, Berk M (2008) N-acetylcysteine for
antioxidant therapy: pharmacology and clinical utility. Expert Opin Biol Ther 8:

1955–1962.
21. Mooradian AD (1993) Antioxidant properties of steroids. J Steroid Biochem Mol

Biol 45: 509–511.

22. Santanam N, Shern-Brewer R, McClatchey R, Castellano PZ, Murphy AA, et
al. (1998) Estradiol as an antioxidant: incompatible with its physiological

concentrations and function. J Lipid Res 39: 2111–2118.
23. Jayaprakasha GK, Jaganmohan Rao L, Sakariah KK (2004) Antioxidant

activities of flavidin in different in vitro model systems. Bioorg Med Chem 12:
5141–5146.

24. Chakraborty PD, Bhattacharyya D, Pal S, Ali N (2006) In vitro induction of

nitric oxide by mouse peritoneal macrophages treated with human placental
extract. Int Immunopharmacol 6: 100–107.

25. Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A, et al.
(1988) Normal keratinization in a spontaneously immortalized aneuploid human

keratinocyte cell line. J Cell Biol 106: 761–771.

26. Takehara Y, Yoshioka T, Sasaki J (1990) Changes in the levels of lipoperoxide
and antioxidant factors in human placenta during gestation. Acta Med

Okayama 44: 103–111.
27. De D, Chakraborty PD, Bhattacharyya D (2011) Regulation of trypsin activity

by peptide fraction of an aqueous extract of human placenta used as wound

healer. J Cell Physiol 226: 2033–2040.
28. Angelucci C, Lama G, Sica G (1999) The growth of malignant and

nonmalignant human cells is modulated by a human placental extract.
Anticancer Res 19: 429–436.

29. Imlay JA, Chin SM, Linn S (1988) Toxic DNA damage by hydrogen peroxide

through the Fenton reaction in vivo and in vitro. Science 240: 640–642.
30. Kim SY, Je JY, Kim SK (2007) Purification and characterization of antioxidant

peptide from hoki (Johnius belengerii) frame protein by gastrointestinal

digestion. J Nutr Biochem 18: 31–38.
31. Lappas M, Permezel M, Rice GE (2005) Leptin and adiponectin stimulate the

release of proinflammatory cytokines and prostaglandins from human placenta
and maternal adipose tissue via nuclear factor-kappaB, peroxisomal proliferator-

activated receptor-gamma and extracellularly regulated kinase 1/2. Endocri-

nology 146: 3334–3342.
32. Yamashita H, Avraham S, Jiang S, London R, Van Veldhoven PP, et al. (1999)

Characterization of human and murine PMP20 peroxisomal proteins that
exhibit antioxidant activity in vitro. J Biol Chem 274: 29897–29904.

33. Hong JW, Lee WJ, Hahn SB, Kim BJ, Lew DH (2010) The effect of human
placenta extract in a wound healing model. Ann Plast Surg 65: 96–100.

34. Liu KX, Kato Y, Kaku T, Sugiyama Y (1998) Human placental extract

stimulates liver regeneration in rats. Biol Pharm Bull 21: 44–49.
35. Togashi S, Takahashi N, Iwama M, Watanabe S, Tamagawa K, et al. (2002)

Antioxidative collagen-derived peptides in human-placenta extract. Placenta 23:
497–502.

36. Wu YT, Tan HL, Huang Q, Kim YS, Pan N, et al. (2008) Autophagy plays a

protective role during zVAD-induced necrotic cell death. Autophagy 4: 457–
466.

37. Andrews GK, Dziadek M, Tamaoki T (1982) Expression and methylation of the
mouse alpha-fetoprotein gene in embryonic, adult, and neoplastic tissues. J Biol

Chem 257: 5148–5153.
38. Tilghman SM, Belayew A (1982) Transcriptional control of the murine

albumin/alpha-fetoprotein locus during development. Proc Natl Acad Sci U S A

79: 5254–5257.
39. Gabant P, Forrester L, Nichols J, Van Reeth T, De Mees C, et al. (2002) Alpha-

fetoprotein, the major fetal serum protein, is not essential for embryonic
development but is required for female fertility. Proc Natl Acad Sci U S A 99:

12865–12870.

40. Deutsch HF (1991) Chemistry and biology of alpha-fetoprotein. Adv Cancer Res
56: 253–312.

41. Mizejewski GJ (2001) Alpha-fetoprotein structure and function: relevance to
isoforms, epitopes, and conformational variants. Exp Biol Med (Maywood) 226:

377–408.
42. Cuckle HS, Wald NJ, Lindenbaum RH (1984) Maternal serum alpha-

fetoprotein measurement: a screening test for Down syndrome. Lancet 1:

926–929.
43. Leighton PC, Kitau MJ, Chard T, Gordon YB, Leek AE (1975) Levels of alpha-

fetoprotein in maternal blood as a screening test for fetal neural-tube defect.
Lancet 2: 1012–1015.

44. Baker ME, Medlock KL, Sheehan DM (1998) Flavonoids inhibit estrogen

binding to rat alpha-fetoprotein. Proc Soc Exp Biol Med 217: 317–321.
45. Montano MM, Welshons WV, vom Saal FS (1995) Free estradiol in serum and

brain uptake of estradiol during fetal and neonatal sexual differentiation in
female rats. Biol Reprod 53: 1198–1207.

46. Nishi S, Matsue H, Yoshida H, Yamaoto R, Sakai M (1991) Localization of the
estrogen-binding site of alpha-fetoprotein in the chimeric human-rat proteins.

Proc Natl Acad Sci U S A 88: 3102–3105.

47. Hishikawa K, Nakaki T, Marumo T, Suzuki H, Kato R, et al. (1995) Up-
regulation of nitric oxide synthase by estradiol in human aortic endothelial cells.

FEBS Lett 360: 291–293.
48. Hogg N, Darley-Usmar VM, Wilson MT, Moncada S (1993) The oxidation of

alpha-tocopherol in human low-density lipoprotein by the simultaneous

generation of superoxide and nitric oxide. FEBS Lett 326: 199–203.
49. Hogg N, Struck A, Goss SP, Santanam N, Joseph J, et al. (1995) Inhibition of

macrophage-dependent low density lipoprotein oxidation by nitric-oxide donors.
J Lipid Res 36: 1756–1762.

50. Niki E, Nakano M (1990) Estrogens as antioxidants. Methods Enzymol 186:

330–333.
51. Subbiah MT, Kessel B, Agrawal M, Rajan R, Abplanalp W, et al. (1993)

Antioxidant potential of specific estrogens on lipid peroxidation. J Clin
Endocrinol Metab 77: 1095–1097.

Antioxidant Effect of Alpha-Fetoprotein in Placental Extracts

PLOS ONE | www.plosone.org 11 June 2014 | Volume 9 | Issue 6 | e99421

http://patentipexlcom/KR/1020060058214html
http://patentipexlcom/KR/1020060058214html

