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Abstract

Aim: To investigate the effects of vitamin C on the expression of the genes related to apoptosis in extravillous trophoblasts
(EVTs) in the first trimester. Methods: Extravillous trophoblasts were cultured under 2% O, followed by 2% O, or 8% O, with
or without vitamin C. The level of reactive oxygen species (ROS) in the cultured medium was estimated using electron spin
resonance spectroscopy. The expression levels of the genes TP53, BCL2, and BAX were quantified using real-time quantitative
polymerase chain reaction. Results: Reactive oxygen species were found to be decreased after adding vitamin C under increasing
oxygen concentrations. In addition, the ratio of BAX/BCL2 also increased after adding vitamin C under conditions of 2% O,, while
the gene expression level of BCL2 increased after adding vitamin C under increasing oxygen concentrations. In contrast, the gene
expression level of TP53 and the ratio of BAX/BCL2 both decreased. Conclusion: We have revealed that vitamin C reduces
ROS and may promote the apoptosis of EVTs under conditions of 2% O, while paradoxically preventing apoptosis under

increasing oxygen concentrations.
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Introduction

Although the pathogenesis of preeclampsia remains largely
unclear, many researchers have reported that the insufficient
invasion of extravillous trophoblasts (EVTs) into the uterine
decidua and myometrium contributes to the development of
deficient placental perfusion, which is subsequently associated
with pregnancy-related preeclampsia.' Deficient perfusion is
related to oxidative stress, which is considered to play a crucial
role in the onset of preeclampsia.’” Several authors have
hypothesized that excessive oxidative stress inhibits tropho-
blast invasion with subsequently poor placentation.” Patients
with preeclampsia exhibit profound cellular dysfunction with
an increased response of unfolded proteins and apoptosis of vil-
lous trophoblasts.® The levels of proapoptotic proteins, p53 and
Bax, are increased in trophoblasts in the placenta at term com-
plicated by preeclampsia.®’” Adequately high levels of reactive
oxygen species (ROS) induce structural and functional damage
to lipids. A recent systematic review revealed that patients
with preeclampsia have high levels of malondialdehyde, an

indicator of lipid peroxidation, low levels of erythrocyte super-
oxide dismutase (SOD), which functions as an antioxidant,’
and low levels of serum vitamins C and E.® Such findings indi-
cate the potential role of antioxidant vitamins in maintaining
the oxidative status of tissues.

Vitamin C is a chain-breaking antioxidant that halts the pro-
pagation of peroxidative processes and reacts with membrane-
bound oxidized vitamin E, thus reducing it back to its native
form.”'° Vitamin C also plays a role in many enzyme reac-
tions, including those leading to the synthesis of amino acids
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and peptide hormones. These findings suggest that vitamin C
behaves as an ROS scavenger and may be effective in combat-
ing oxidative damage under conditions of increasing oxygen
concentrations and apoptosis. Several randomized studies of
the efficacy of antioxidant vitamins in preventing preeclampsia
have shown no beneficial effects of vitamin C and E supple-
mentation during pregnancy with respect to reducing the risk
of preeclampsia.''"® Intriguingly, epidemiological studies
have reported a decreasing trend in the incidence of severe pre-
eclampsia among patients with a high dietary intake of vitamin
C and increased plasma vitamin C levels.'®!”

During the first trimester, the intervillous space of the devel-
oping placenta is separated from the uterine circulation by
plugs of trophoblasts that occlude the tips of uteroplacental
arteries. At the end of the first trimester, these plugs are subse-
quently dislocated, allowing the maternal blood to flow freely
and continuously in the intervillous space.'® The most convin-
cing evidence regarding this issue, obtained by Jauniaux, is that
the oxygen concentration in the intervillous spaces increases
from 2% O, before 9 weeks of gestation to 8% O, at 10 to
12 weeks of gestation.'” Based on these findings, the process
of increasing oxygen is clearly an important phase in tropho-
blast proliferation. Nevertheless, recent clinical studies of vita-
mins C and E in a number of different settings have proved
unsuccessful. In these clinical trials, the antioxidant vitamins
were only given during pregnancy (after 9-16 weeks of gesta-
tion); however, placental invasion is already established in
early gestation. We therefore hypothesized that the administra-
tion of vitamin C at a high physiological concentration prevents
apoptosis in EVTs from a burst of oxidative stress under
increasing oxygen concentrations.

The aim of the present study was to clarify whether vitamin
C administration activates neutralizing ROS and inhibits the
expression of genes related to apoptosis in EVTs under condi-
tions of hypoxia and increasing oxygen concentrations.

Materials and Methods

Tissue Collection

Extravillous trophoblasts obtained from surgically removed
villous tissue specimens obtained from pregnant females
requesting artificial abortion before 7 weeks of gestation were
analyzed between December 2013 and June 2014. The villous
tissue specimens obtained from cases of multiple gestation,
self-reported smokers, illicit drug use, and preexisting medical
conditions, such as diabetes, chronic hypertension and renal
disease were excluded in the present analysis. The gestational
age was decided based on last menses period, which confirmed
or corrected with the crown-rump length with detection of the
fetal heartbeat at Okayama Clinic (Tokyo, Japan) and Kitamura
Clinic (Kawasaki, Japan), and villous samples were collected at
7 to 8 weeks. This study was approved by the Ethics Committee
of Human Genomic Analysis at Showa University School of
Medicine (approval number: 144/2011). Written informed con-
sent was obtained from each patient prior to participation.

Following collection, the villi were immediately suspended
in sterile saline and transported to the laboratory at the Depart-
ment of Obstetrics and Gynecology at Showa University
School of Medicine (Tokyo, Japan) within 3 hours, at which
time the villous tissues were washed 3 times in sterile
phosphate-buffered saline (PBS) to remove excess blood.

Isolation, Purification, and Treatment of EVTs

Extravillous trophoblasts were isolated from the villous tissues
using a previously published method.?? Briefly, the villous
materials were washed in Hanks balanced salt solution (HBSS;
Sigma-Aldrich Co, Missouri). Then, after eliminating the
deciduous membrane, the villi tissues were dissected, minced
to a size of 0.5 mm>, and digested for 35 minutes at 37°C in
0.25% trypsin (Invitrogen Co, California) and 0.5 mg of DNa-
sel (Sigma-Aldrich Co) twice. At the end of the warm extrac-
tion procedure, the supernatants were collected. Following
centrifugation, the cell pellets were resuspended in HBSS and
loaded on top of a 5% step-layer Percoll (Sigma-Aldrich Co)
gradient ranging from 10% to 70% and centrifuged. Tropho-
blasts were isolated from the middle layer of 35% to 45%
Percoll and cultured within the culture medium (HAM F12
containing 10% fetal bovine serum, 1000 U/mL of penicillin,
1 mg/mL of streptomycin, and 1.5 mg/mL of amphotericin B
obtained from Sigma-Aldrich Co)

Extravillous trophoblasts (5 x 10° cells/500 uL per well)
were plated in a 24-well plate coated with growth factor-
reduced Matrigel (Becton Dickson, East Rutherford, New
Jersey) and incubated for 24 hours at 37°C, 5% CO,, and 2%
O, to promote the invasion of EVTs into the Matrigel. The
EVTs were subsequently cultured under 4 conditions: 2% O,
with vehicle, 2% O, with 200 pmol/L of ascorbic acid, 8%
O, with vehicle, and 8% O, with 200 umol/L of ascorbic
acid, as described in Figure 1. The plasma vitamin C in phar-
macokinetic model reported that vitamin C plasma concentra-
tions were tightly controlled when the vitamin is ingested
orally and the peak values did not exceed 220 pumol/L after the
high oral administration, even at 3 g given orally every 4
hours.>® We performed this study in the experiments under
200 pmol/L of ascorbic acid for the considerable high physio-
logical concentration.

At the end of the incubation period, the cells were removed
from the Matrigel after spreading cell recovery solution (BD
Biosciences, Bedford, Massachusetts). The layers of cells and
gel were then scraped with 2 mL of cell recovery solution per
well, and the samples were left on ice for 1 hour until the Matri-
gel was completely dissolved, after which the cells were recov-
ered via centrifugation (300g for 5 minutes at 4°C) and washed
twice in sterile PBS.

Detection and Quantitative Analysis of ROS

The formation of ROS was observed by electron spin resonance
(ESR). The ESR spin trapping technique involves an addition
reaction of a short-lived radical to a diamagnetic compound
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Figure |. Experimental design of the EVTs culture. EVTs were cul-
tured under conditions of 2% O, for 24 hours to promote attachment
to the Matrigel. The cells were then cultured for an additional 24
hours under conditions of 2% O, with or without 200 pmol/L of vita-
min C or 8% O, with or without 200 pmol/L of vitamin C. The expres-
sion levels of genes related to mitochondria-dependent apoptosis and
ROS were subsequently analyzed. EVT indicates extravillous
trophoblast.

to make a more stable free radical product, spin adduct. The
intensity of the spin adduct signal corresponds to the amount
of short-lived radicals trapped. In this study, 5,5-dimetyl-1-
pyrroline-N-oxide (DMPO; Dojin Chemicals, Kumamoto,
Japan) was used to trap free radicals, and the ESR spectra were
recorded with a JES RE1X (X-band 100 kHz; JEOL, Tokyo,
Japan). In order to analyze free radicals in the medium, 100
pL of the supernatant of the culture medium was immediately
mixed with 100 pL. of DMPO by vortexing for 5 seconds and
immediately stored in liquid nitrogen. Within 10 minutes of
thawing, the intensity of free radicals was measured using an
ESR spectrometer. The conditions for ESR were applied at
room temperature (23°C) with the following spectrometer set-
tings: microwave power = 16 mW, magnetic field =335.4 + 5
mT, modulation amplitude = 0.1 mT, time constant = 0.1 sec-
onds, and scanning time = 2 minutes. The intensity of free radi-
cals was defined as the ratio of the signal intensity of the first
peak of the free radical spin adduct to the internal ESR signal

derived from Mn>* 2423

RNA Extraction and Reverse Transcription

Total RNA was extracted from the cell pellets using the
RNeasy Mini Kit (Qiagen, Valencia) according to the manufac-
turer’s instructions. The purity of the RNA was determined
using a NanoDrop ND-1000 spectrophotometer (Thermo
Scientific Inc. Wilmington) by measuring the absorbance at
260 and 280 nm. An OD 260/280 ratio greater than 1.90 was
considered to indicate that the sample was acceptable for fur-
ther processing. All RNA samples met this purity requirement.
The extracted total RNA (2 pg) was immediately reverse

transcribed into complementary DNA using the PrimeScript
RT Master Mix (Takara Bio Inc, Shiga, Japan) according to the
manufacturer’s instructions. The process was performed in a
Veriti Thermal Cycler (Applied Biosystems, Foster City, Cali-
fornia) under the following thermal conditions: 15 minutes at
37°C, followed by 5 minutes at 85°C.

Real-Time Quantitative Polymerase Chain Reaction

The real-time quantitative polymerase chain reaction (RT-
qPCR) analysis was performed using the StepOnePlus Real-
Time PCR System (Applied Biosystems). Assay-on-Demand
TagMan primers and primers obtained from Applied Biosystems
were used to quantify the levels of TP53 (TagMan Gene Expres-
sion Assay ID Hs01034249_m1), BAX (Hs00180269_m1), and
BCL2 (Hs00608023_m1). ACTB (Hs01060665_g1) was used
as a reference gene. The selected genes were briefly expressed
as follows. TP53 encodes a tumor suppressor protein, which
induces apoptosis mediated by the stimulation of BAX (a proa-
poptotic regulator) and repression of BCL2 (an antiapoptotic
regulator). The thermal cycling conditions were as follows:
95°C for 30 seconds, followed by 40 cycles at 95°C for 5 sec-
onds and 60°C for 30 seconds. All samples were analyzed in
duplicate, and multiple negative water blanks were included in
each analysis. The transcript numbers were determined based
on the linear regression model of the standard curves. The gene
expression levels were normalized to the level of ACTB as a
ratio (absolute expression of the target gene/absolute expression
of ACTB).

Data Analysis

The data are expressed as the fold change relative to equivalent
control and presented as the mean + standard error of the
mean. Statistically significant differences were assessed using
the Wilcoxon rank-sum test. All analyses were carried out
using the JMP version 11.0.0 software program (SAS Institute,
Cary, North Carolina). A P value of <.05 was considered to be
statistically significant.

Results

Extravillous trophoblastsobtained from 12 pregnant females
without any exclusion criteria. The ESR spin trapping analysis
demonstrated the typical ESR spectra for the formation of the
alkoxyl radical (RO’) DMPO spin adduct (Figure 2A). Under
an increasing oxygen concentration in the presence of 200
pmol/L of vitamin C, significant decreases were observed in
the height of the first peak of the spectrum (0.81 + 0.03 fold
lower, P = .013, n = 4), which represented the relative amount
of DMPO-RO’ adduct, compared to that obtained without the
presence of vitamin C in the 2% O, culture (Figure 2B).
Figure 3 shows the changes in the messenger RNA (mRNA)
expression levels of pro- and antiapoptotic genes under the con-
ditions of hypoxia with and without vitamin C at a concentra-
tion of 200 pmol/L. The BAX/BCL2 gene expression ratio, an
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Figure 2. Medium free radical generation under conditions of increasing oxygen concentrations with vitamin C. The medium was mixed with
DMPO and subjected to an ESR spin-trapping analysis. The ESR spectrum of the medium without vitamin C is shown, which revealed the pres-
ence of RO’ (A). The signal intensity of RO’ under conditions of an increasing oxygen concentration in the presence of 200 pmol/L of vitamin C
was decreased (n = 4; B). # indicates RO’ spin adduct. *, P < .05, between the samples cultured with and without vitamin C; DMPO, 5,5-dimetyl-
I-pyrroline-N-oxide; ESR, electron spin resonance; RO-, alkoxyl radical.
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Figure 3. Expression of apoptosis-related genes induced by the generation of oxidative stress under conditions of hypoxia with or without
vitamin C. Using real-time quantitative PCR, a significantly increased ratio of BAX/BCL2 mRNA was observed (D). ACTB mRNA was used
to normalize the gene expression. The results are expressed as the mean + SEM. * indicates P < .05, between the samples cultured with and
without vitamin C; PCR, polymerase chain reaction; mRNA, messenger RNA; SEM, standard error of the mean.
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Figure 4. Expression of apoptosis-related genes induced by the generation of oxidative stress under conditions of increasing oxygen concen-
trations with or without vitamin C. Using RT-qPCR, a significantly decreased expression of TP53 mRNA was observed (A) in the samples
treated with vitamin C, compared to an increased expression of BCL2 mRNA (C). Vitamin C decreased the ratio of BAX/BCL2 mRNA (D).
ACTB mRNA was used to normalize the gene expression. The results are expressed as the mean + SEM. * indicates P < .05, between the
samples cultured with and without vitamin C; RT-qPCR, real-time quantitative polymerase chain reaction; mRNA, messenger RNA; SEM, stan-

dard error of the mean.

index of apoptosis, was 1.43 + 0.20-fold higher in the culture
with vitamin C (P = .015, Figure 3D). However, there were no
significant differences in the expression levels of TP53, BAX,
or BCL2 mRNA between the samples cultured with and with-
out vitamin C (1.29 + 0.12-fold higher; P = .106, Figure 3A,
1.11 + 0.09-fold higher; P = .247, Figure 3B; and 0.87 +
0.12-fold lower; P = .699, Figure 3C).

Figure 4 shows the results for the 8% O, culture. The mRNA
level of TP53 in the culture with vitamin C was 0.82 4+ 0.03-
fold lower (P = .015, Figure 4A) than that obtained without
vitamin C. In addition, the BAX/BCL2 gene expression ratio
was decreased by the addition of vitamin C (fold change:
0.75 + 0.10, P = .006, Figure 4D) as was the gene expression
level of BCL2, an antiapoptotic regulator (fold change: 1.77 +
0.22, P = .006, Figure 4C). However, we found no significant

differences in the gene expression levels of BAX between
the samples treated with and without vitamin C (0.95 +
0.07; P = .247, Figure 4B).

Discussion

This study demonstrated that vitamin C removes ROS induced
by oxidative stress under increasing oxygen concentrations. Spe-
cifically, these findings demonstrated that vitamin C increased
the gene expression ratio of BAX/BCL2, an index of apoptosis,
under conditions of hypoxia. In addition, under increasing oxy-
gen levels, vitamin C increased the gene expression of BCL2, an
antiapoptotic regulator, and decreased the gene expression of
TP53, a proapoptotic factor, and the ratio of BAX/BCL2 mRNA,
an apoptotic index. These findings suggest that vitamin C
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exhibits a suppressive effect against the apoptosis of EVTs
induced by an increasing oxygen concentration, whereas an
opposite effect is observed under conditions of 2% O,.

Prior to around 10 weeks of gestation, the oxygen concentra-
tion in the intervillous space is approximately 1% to 2%. Fol-
lowing the increase in the maternal blood flow to the
placenta at 10 to 12 weeks of gestation, the oxygen concentra-
tion in the intervillous space sharply rises to approximately 6%
to 8%.2%?” The placenta subsequently adapts to the increment
in the oxygen concentration, which supports a normal placental
function, by increasing cellular antioxidant defenses.”®*’ The
EVTs replace the maternal endothelium as far as the inner third
of the myometrium in this sequence. The placental bed of
patients with preeclampsia is characterized by a decreased
number of spiral arteries with transformation of the myometrial
segment.>*>! Premature perfusion of the intervillous space at
10 weeks of gestation increases the risk of pregnancy loss.?’
Such premature perfusion is associated with an increased level
of oxidative stress, enhanced apoptosis, and decreased cell pro-
liferation.**> Gene expression studies of chorionic villous sam-
pling in females who subsequently develop preeclampsia have
demonstrated a decreasing expression of SOD.*® These find-
ings indicate that an increased ROS level and consequent
uncontrollable state of ROS production result in the onset of
preeclampsia and initiation of pregnancy loss.

An ESR spin trapping analysis was employed to directly mea-
sure the extent of ROS production in EVTs under increasing
oxygen concentrations. The results indicated that ROS produc-
tion was suppressed by the presence of EVTs with vitamin C,
further confirming that vitamin C acts as an effective ROS sca-
venger, thus mediating the formation of bifunctional electro-
philes due to the production of the alkoxy radical.** The
intracellular ROS reduction induced by vitamin C modulates the
expression of genes involved in signal transduction pathways
leading to cell cycle progression, cell differentiation, and apop-
tosis.”> The rate of production of ROS and outflow of electrons
from electron transport chains are limited by hypoxia and
increase sharply if the oxygen level rises.>> Excessive ROS pro-
duction is an apoptotic signal that leads to cell death via the
actions of mitochondria. The mitochondrial pathway is regulated
by members of the Bcl-2 family of proteins under the control of
p53 proteins. TP53, which produces p53 proteins, is a negative
regulator of BCL2 and antiapoptotic gene and acts as a transcrip-
tional activator of BAX, a proapoptotic gene.>® Increased apop-
tosis among trophoblasts may result in an impaired placental
function, and p53 may play a pivotal and complex role in regu-
lating trophoblast cell turnover.>” The present findings are con-
cordant with previous reports in which intracellular vitamin C
has been reported to prevent human umbilical vein endothelial
cells from progressing to hypoxia—reoxygenation-induced apop-
tosis.*® Various researchers have also reported that vitamin C
decreases the rate of apoptosis induced by hypoxia—reoxygena-
tion in term placental explants.*>*° In addition to a previous
study, the present analysis is the first to reveal the antiapoptotic
effects of vitamin C alone in EVTs derived from first trimester
tissue under conditions of increasing oxygen concentrations.

Paradoxically, vitamin C increased the BAX/BCL gene
expression ratio under conditions of hypoxia in the present
study. Cells treated with vitamin C exhibit an increased expres-
sion of proapoptotic genes induced by UV irradiation and DNA
damage’” as well as an increased BAX/BCL2 ratio in the cyto-
sol, which leads to apoptosis.*! Moreover, Hung et al observed
enhanced apoptosis following the concomitant supplementa-
tion of vitamin C and E in term placental explants under
hypoxia-standard culture conditions.*> Some researchers
reported that the potential mechanism underlying vitamin C-
associated apoptosis is through the regulation of p38
MAPK.*** The sustained activation of the p38 MAPK path-
way leads to the transcription of the apoptosis-related genes
as well as the p53-regulated BAX gene.*®

These findings provide information regarding the effects of
vitamin C in enhancing susceptibility to apoptosis and protect-
ing mechanisms of apoptosis against increased oxidative stress
as an ROS scavenger. It may be suggested that vitamin C shows
the apoptotic process in hypoxic EVT of the 8 to 10 weeks of
gestation and antiapoptotic process to prevent excessive ROS
generation, which leads to p53-induced apoptosis, in EVT of
the 10 to 12 weeks of gestation under increasing oxygen con-
centration. Our study is associated with some limitation. First,
the sample size was small. Second, the present study documen-
ted only the gene expression. Third, we did not conduct an ESR
analysis in the hypoxia medium, as the aim of our study was to
assess the effects of antioxidants under increasing oxygen con-
centrations. Further studies are thus required to clarify the
effects of high or low concentrations of vitamins C on the func-
tion and apoptosis of trophoblasts.

In conclusion, the findings of this study revealed the effects
of vitamin C in neutralizing ROS and promoting the expression
of genes related to apoptosis in EVTs obtained from first-
trimester tissue under conditions of hypoxia. In addition, our
findings discovered that vitamin C paradoxically inhibited the
expression of gene-related apoptosis in EVTs under increasing
oxygen concentrations. Our results suggest that vitamin C plays
arole as an antioxidant and may thereby promote the apoptosis
of EVTs under conditions of hypoxia, with a suppressive effect
against the apoptosis of EVTs induced by an increasing oxygen
concentration. These findings may support the protective use of
vitamin C against mitochondria-dependent apoptosis arising
from bursts of oxidative stress under conditions of steeply
increasing oxygen concentrations. These data indicate that
more attention should be focused on the antioxidant status of
pregnant females in the early first trimester, namely, from 7
to 8 weeks of gestation.
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