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Abstract. Placental oxidative stress is present throughout the
duration of pregnancy, but it is when oxidative stress exceeds
the normal physiological level that complications can occur.
Trophoblast cell lines are commonly utilized for oxidative
stress research due to their distinct uniform cell popula-
tion and easy-to-apply interventions. However, conflicting
results are often reported when different oxidative stress cell
models are used. In this study, the aim was to characterize
the intracellular and extracellular metabolite profiles of
different oxidative stress cell models commonly used in the
research of pregnancy complications. HTR8/SVneo human
trophoblast cell lines were treated with five different oxidative
stress-inducing conditions: Hypoxia (1% oxygen); hypoxia and
reoxygenation; cobalt chloride (CoCl,; 300 ymol/l); sodium
nitroprusside (SNP; 2.5 mmol/l); and the serum of women
with preeclampsia (10% v/v). Intracellular metabolites were
extracted from cells and extracellular metabolites were
collected from spent media for metabolomic analysis via gas
chromatography-mass spectrometry. The results demonstrated
that there were distinct differences in the intracellular and
extracellular metabolome between the different cell models.
Meanwhile, treatments with exogenous drugs, such as CoCl,
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and SNP, resulted in more similar metabolite profiles. These
disparities between the different oxidative stress cell models
will have implications for the applications of these results, and
highlight the need for the standardization of oxidative stress
cell models in obstetric research.

Introduction

Oxidative stress describes cellular damage caused by reac-
tive oxygen/nitrogen species (ROS/RNS), combined with
a biological inability to eliminate the oxidants or repair the
consequent damage (1,2). During the early stage of pregnancy,
extravillous cytotrophoblast cells occupy the uterine spiral
arterioles and create a low-oxygen environment (3). Thus, the
placenta and embryo experience hypoxia-induced oxidative
stress as part of the normal physiological process during early
pregnancy (4-6). However, excessive elevated oxidative stress
leads to complications such as preeclampsia (PE), spontaneous
abortion and intrauterine growth restriction (7-9). Ethical
considerations restrict the induction of oxidative stress directly
onto the human embryo, so knowledge concerning the conse-
quences of excessive oxidative stress during pregnancy has
been solely acquired using cell and animal models (10). There
are five main oxidative stress cell models used to investigate
pregnancy complications (11-15). Firstly, there is hypoxia or
low partial pressure of oxygen (<5% O,) (13,16,17). Researchers
usually culture cells in 1-2% O, for 12-72 h as a hypoxic condi-
tion to induce oxidative stress (13,16,17). Hypoxia is perceived
as the oxidative stress model for pregnancy complications
because trophoblast invasion and/or vascular remodeling are
compromised (18). The persistent placental ischemia results
in elevated ROS production and provokes oxidative stress in
the placenta (19). Conversely, hypoxia and reoxygenation (HR)
mimics the oxidative stress induced by ischemia and reperfu-
sion injury (14). Researchers commonly cultivate cells in a low
partial pressure of oxygen (1-2%) for 4-8 h and subsequently
enhance the oxygen concentration to 20% to induce oxida-
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tive stress (20,21). Alternatively, endogenous chemicals can
be used to induce oxidative stress, cobalt chloride (CoCl,) is
known as a hypoxia mimetic agent. The hypoxia-inducible
factor (HIF) activates the expression of genes that contain
a hypoxia response element (HRE). The a-subunits of the
HIF transcription factors are degraded during normoxia
and stabilized under hypoxic conditions (22). The cobalt
prevents the degradation of HIF-1a and mimics the HIF-HRE
cascade-induced hypoxia (15). Another oxidative stressor,
sodium nitroprusside (SNP) is a nitric oxide (NO) donor and
induces a state of oxidative stress via the generation of ROS
and RNS (5,23-25). Researchers often treat villi explants or
cells with various concentrations of SNP to induce oxidative
stress (11,26,27). Finally, serum from patients with PE can be
used; it is a common practice that researchers create PE-like
cell models via the addition of PE serum/plasma into cell
cultures (12,28-31). This method mimics the second stage of
the two-stage model of PE, which is often associated with
oxidative stress (32).

There are studies that have attempted to apply the knowledge
gained from these oxidative stress cell models to develop new
therapeutic interventions for pregnancy complications (33,34).
For instance, in vitro studies using oxidative stress cell models
have suggested that heparin may improve the uterine environ-
ment for successful implantation by preventing apoptosis caused
by oxidative stress and modulating the decidual process (33).
Furthermore, the antioxidant and cytoprotective mechanisms
of aspirin have been observed in a hydrogen peroxide-mediated
oxidative stress cell model, which may aid the understanding of
the role of aspirin in reducing the risks of preterm birth, PE and
fetal growth restriction (34). However, there are no published
studies that have evaluated the different types of oxidative
stress cell model used in pregnancy research. In this study,
the aim was to investigate the metabolite profiles of a tropho-
blast cell line (HRT-8/SVneo) under five different models of
oxidative stress using gas chromatography-mass spectrometry
(GC-MS)-based metabolomic analysis. Identification of the
metabolic similarities and discordances among the cell models
will further the understanding of the mechanisms of oxidative
stress and may have useful therapeutic implications for preg-
nancy complications.

Materials and methods

PE serum. All serum samples (n=6; age range, 26-34 years)
from participants with PE were collected from the Complex
Lipids in Mothers and Babies study that was conducted at The
First Affiliated Hospital of Chongqing Medical University in
China between September 2015 and June 2017 (35). A total of
3 ml of peripheral blood was collected from patients with PE,
transferred into coagulation-promoting tubes and centrifuged
twice at 2,400 x g for 10 min at 4°C. The supernatant serum
was then transferred into cryotubes (Dakewe Biotech Co.,Ltd.)
and stored at -80°C in a freezer. All participants at enrollment
signed written informed consent and this study was approved
by the Ethics Committee of Chongqing Medical University
(policy no. 2014034).

Culturing HTR8/SVneo cells. The immortalized human tropho-
blast cell line HTR8/SVneo was kindly donated by Dr Charles
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Graham (Queen's University, Kingston, Canada) (36). The cells
were cultured in RPMI-1640 medium (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.), penicillin (100 U/ml), and streptomycin
(0.1 mg/ml) in 5% CO, at 37°C. The cells were passaged at a
ratio of 1:4 every 4 days.

Cytotoxicity assays of CoCl, and SNP. To determine the most
appropriate concentrations of CoCl, and SNP for the oxidative
cell stress model, the cytotoxicity of CoCl, (Sigma-Aldrich;
Merck KGaA) and SNP (Sigma-Aldrich; Merck KGaA) were
assessed using Cell Counting Kit-8 (CCK-8) assays was used
according to the manufacturer's protocols (Dojindo Molecular
Technologies, Inc.). Briefly, HTR8/SVneo (1x10* cells/well)
cells were seeded in a 96-well flat bottom plate and cultured
overnight at 37°C. Subsequently, cells were incubated with
100 pl of RPMI-1640 medium with CoCl, (0, 100, 200, 300,
400 and 500 pm) for 24 h or SNP (0, 0.5, 1, 2, 3 and 4 mM)
for 8 h at 37°C. A total of five wells/group were tested at each
concentration on the gradient. After 10 ul of CCK-8 solution
was added to each well, cells were incubated at 37°C for 3 h,
and the absorbance was measured at 450 nm, using a micro-
plate reader.

Oxidative stress models. For subsequent experiments, the
cells were seeded in complete medium in 10-cm dishes at
5x10° cells/dish, under standard culture conditions overnight
(37°C in a 5%-humidified CO, incubator). The cells were
separated randomly into seven groups with six replicates per
treatment. There were two control groups under normal levels
of oxygenation (20% O,, 5% CO, and 75% N,); one group was
prepared for 8 h (control for SNP) and the second was prepared
for 24 h (control for hypoxia, HR, CoCl, and PE serum). A
total of five oxidative stress groups were prepared: Hypoxia
for 24 h (1% O,, 5% CO, and 94% N,); hypoxia followed by
reoxygenation for 12 h; CoCl, (300 ymol/l) under normal
oxygenation for 24 h; serum of patients with PE (10% v/v)
under normal oxygenation for 24 h; and SNP (2.5 mmol/l)
under normal oxygenation for 8 h.

Extracellular metabolite collection from culture medium.
After the oxidative stress conditions were established, 1.5 ml
of cell culture medium was transferred to a centrifuge tube
and cell debris was removed by centrifugation at 4°C and
2,000 x g for 10 min. The supernatants were isolated and 20 ul
of 2,3,3,3-d4-alanine (10 mM; Thermo Fisher Scientific, Inc.)
internal standard was added. The blank media was treated
exactly the same way without any cell components. The
isolated supernatants were then concentrated by a Labconco
CentriVap® SpeedVac concentrator (Labconco Corporation)
for 4-5 h and stored at -80°C prior to chemical derivatization.

Intracellular metabolite extraction from treated HTR8/SVneo
cells. Treated HTR8/SVneo cells were washed with 10 ml
of PBS at 37°C. Cellular metabolism was terminated by
the addition of 15 ml of liquid nitrogen into the cell culture
dishes. After the evaporation of liquid nitrogen, 1.5 ml of cold
methanol-chloroform extraction solvent at 4°C (9:1 ratio with
20 pul 2,3,3,3-d4-alanine; 10 mM; Thermo Fisher Scientific,
Inc.) was added. Then, the cells were scraped with a cell lifter
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Figure 1. Concentrations of CoCl, and SNP treatments as determined using
cell viability assays. HTR8/SVneo cells were treated with different concen-
trations of (A) CoCl, for 24 h and (B) SNP for 8 h. Percentages of viable
cells were measured using the Cell Counting Kit-8 assay. The viability of
HTR8/SVneo cells was inhibited by CoCl, and SNP in a dose-dependent
manner, showing an IC50 of 300 #M and 2.5 mM, respectively. CoCl,, cobalt
chloride; SNP, sodium nitroprusside; IC50, inhibited concentration at which
50% of the cells were viable.

and transferred to a 1.5-ml centrifuge tube. After vortexing
for 30 sec, samples were centrifuged for 15 min at 4°C
at 20,000 x g, and the supernatant was isolated and dried using
a Labconco CentriVap SpeedVac concentrator for 4-5 h.

Methylchloroformate (MCF) derivatization and GC-MS
analysis. The dried pellets were resuspended in 200 ul of
sodium hydroxide (1 mol/l) and then transferred into silanized
glass tubes. The MCF derivatization was performed in accor-
dance with the protocol published in Smart e al (37). The
derivatives of the MCF metabolites were analyzed using an
Agilent GC7890B system (Agilent Technologies, Inc.) coupled
to a MSD5977A mass spectrometer (Agilent Technologies,
Inc.) with the electron impact ionization set at 70 eV. The gas
chromatograph used to separate the metabolites was a Zebron
ZB-1701 Capillary GC column (30 mx250 ym id x0.15 ym
with a 5 m guard column; Phenomenex); 1 ul of derivatized
sample was injected into the GC inlet that operated at 290°C
in a split-less mode under 180 kPa for 1 min. Details of GC
and MS parameters were also set up according to the method-
ology reported in Smart et al (37). Helium gas flow rate was
constantly controlled at 1 ml/min. The GC oven temperature
was initiated at 45°C for 2 min and raised to 180°C at 9°C/min
for 5 min. Subsequently, the oven temperature was raised
at 40°C/min to 220°C and held for 5 min. The temperature
was then increased again at 40°C/min to 240°C and held for
11.5 min. The last temperature increase was at 40°C/min to
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Figure 2. PC analysis plot of the metabolic profiles of HTR8/SVneo cells
treated under seven different conditions. Samples with similar metabolite
profiles appear closer together. Colored ellipses represent the 95% confidence
intervals. CoCl, group (red dots), hypoxia group (green dots), HR group (dark
blue dots), normal 24 h group (bright blue dots), PE group (yellow dots), SNP
group (grey dots) and normal 8 h group (purple dots). CoCl,, cobalt chloride;
SNP, sodium nitroprusside; PE, preeclampsia; HR, hypoxia and reoxygen-
ation; PC, principal component.

280°C and held for 2 min. The transfer interface between GC
and MS was setup at 250°C, the MS ion source at 250°C and
the quadrupole at 130°C.

Data mining and statistical analyses. Metabolite identifica-
tion and chromatographic deconvolution were performed
using AMDIS software (V2.1; National Institute of Standards
and Technology). The MS1 metabolite identifications were
achieved by comparing their fragmentation mass spectrum to
the in-house MCF mass spectral library (built using chemical
standards) (37) and associated retention time within a 1-min
window. The relative concentration of identified metabolites
was calculated using the in-house XCMS-based R script
(V 3.8.1) (38) by identifying the most abundant fragment
ion within an accurate retention time window. The metabo-
lite concentrations were normalized by 2,3,3,3-d4-alanine
and total protein level was used to correct for any dilution
effect. The extracellular metabolites were determined by
subtracting the levels of the corresponding metabolites
detected in the control medium without any cellular compo-
nents. Principal component analysis (PCA) was conducted
via Metaboanalyst 3.0 package for R (39). Tukey's honest
significant difference test was conducted to test for significant
differences between the treatment and the control groups. A
false discovery rate (Q-value) was used to account for multiple
comparison testing. Both P<0.05 and Q<0.05 were regarded
as statistically significant. Heatmap and line plots were illus-
trated via ggplot2 R packages (40).

Results

Cytotoxic effects of CoCl, and SNP on cell viability. The
viability of HTR8/SVneo cells was inhibited in a dose-depen-
dent manner by CoCl, (Fig. 1A) and SNP (Fig. 1B). The
inhibited concentration (IC) of CoCl, at which ~50% (ICs,) of
the cells were viable was 300 um (Fig. 1A), while the ICs, of
SNP on HTR8/SVneo cells was ~2.5 mM (Fig. 1B). Therefore,
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Figure 3. Heatmap demonstrating differences in the intracellular metabolome across five oxidative stress cell models, when compared to their corresponding
control group. Relative levels of intracellular metabolites are shown by a log, scale. Red colored squares show higher metabolite concentrations in the oxidative
stress cell model groups than the control groups, whereas green colored squares indicate reduced metabolite concentrations in the oxidative stress cell model
groups when compared to the control groups. Only the intracellular metabolites with P<0.05 and Q<0.05 (false discovery rate) are shown. CoCl,, cobalt
chloride; HR, hypoxia and reoxygenation; PE, preeclampsia; SNP, sodium nitroprusside; TCA, tricarboxylic acid.

300 um of CoCl, and 2.5 mM SNP were chosen for this  metabolite profiles of the five models revealed a clear sepa-
experiment. ration between the SNP group compared to the normal 8 h

control group, as well as a distinct disparity between the CoCl,
Intracellular metabolite profiling of five oxidative stress and HR groups, when compared to the normal 24 h control
cell models. The PCA scores plot (Fig. 2) of the intracellular  group. Meanwhile, the hypoxia and PE group didn't show a
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Figure 4. Relative levels of extracellular metabolites for HTR8/SVneo cells when cultured under CoCl,, HR, hypoxia and PE serum conditions. The line y=0
distinguishes secretion of metabolites into the medium (positive values) from consumption of metabolites from the medium (negative values). Only the metabo-
lites for which there was a statistically significant (P<0.05) difference in concentrations between normal 24 h group and the treatment group were displayed.
AA, amino acid; TCA, tricarboxylic acid; SFA, saturated fatty acid; UFA, unsaturated fatty acid; CoCl,, cobalt chloride; HR, hypoxia and reoxygenation;

PE, preeclampsia.

distinct disparity from the normal 24 h group. The first two
principal components explained 58.7 and 11.7% of the variance
in intracellular metabolites between all experimental groups.
There were a total of 103 metabolites identified by the in-house
mass spectral library, 33 of which were found to significantly
differ between the five oxidative stress cell models and the

corresponding normal control groups (P<0.05 and Q<0.05;
Fig. 3). Levels of saturated and unsaturated intracellular fatty
acids were lower in the models treated with CoCl, and SNP.
Lower levels of glutathione, four amino acids, two amino
acid derivatives and all of the tricarboxylic acid (TCA) cycle
intermediates were also observed in the CoCl,-treated cells. In
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Figure 5. Relative levels of extracellular metabolites for HTR8/SVneo cells when cultured with SNP. The line y=0 distinguishes secretion of metabolites into
the medium (positive values) from consumption of metabolites from the medium (negative values). Only the metabolites for which there was a statistically
significant (P<0.05) difference in concentrations between normal 8 h group and the treatment group were displayed. AA, amino acid; TCA, tricarboxylic acid;

UFA, unsaturated fatty acid; SNP, sodium nitroprusside.

contrast, nine unsaturated fatty acids, six saturated fatty acids,
glutathione, two amino acids and two TCA cycle intermediates
were found to be significantly elevated in the cells exposed to
the HR treatment. Metabolite levels were altered in various
ways when treated with PE serum (six metabolites increased
and five decreased) and only two metabolites, arachidonic acid
and succinic acid, were reduced in response to hypoxic condi-
tions (Fig. 3). The overall intracellular metabolite profiles
differed greatly between the five oxidative stress cell models.

Extracellular metabolite profiling of five oxidative stress
cell models. A total of 174 metabolites were detected in the
spent media of the HTR8/SVneo culture; 36 of the extracel-
lular metabolites, including amino acids, unsaturated fatty
acids, saturated fatty acids and TCA cycle intermediates, were
significantly different (P<0.05 and Q<0.05) compared with
the normal and oxidative stress-treated groups (Figs. 4 and 5).
A reduction in the secretion of metabolites, including one
amino acid (methionine), two TCA cycle intermediates and
two unsaturated fatty acids, was observed when the cells
were treated with CoCl,. When grown in hypoxic conditions,
most of the amino acids and unsaturated fatty acids were
secreted into the spent media. In contrast, all the significant
extracellular metabolites were found in lower levels following
exposure to the HR conditions. In the case of PE serum, levels
of the majority of the extracellular unsaturated fatty acids were

significantly increased. Interestingly, all significant extracel-
lular metabolites were absorbed from the culture medium
when cells were treated with SNP (Fig. 5).

Discussion

The present study is the first, to our knowledge, to apply
metabolomics to investigate the differences in the intracellular
and extracellular metabolite profiles of oxidative stress cell
models induced in vitro. Selecting an appropriate cell model
of oxidative stress applicable to obstetric research is a chal-
lenging endeavor. One criterion that may be useful in future
selections is how well the model resembles the metabolic
etiology of the pregnancy complication under investigation.
Large metabolic disparities were observed between the five
different cell models investigated in the present study. This
raises concerns that the use of different models of oxidative
stress in prior studies may be responsible for the contradictory
findings observed.

The HR cell model demonstrated accumulation of all
intracellular metabolites and increased nutrient uptake.
During hypoxia, the oxygen deficiency resulted in the down-
regulation of ATP production, and energy metabolism shifted
towards gluconeogenesis and fatty acid oxidation. Anaerobic
respiration converts glucose into lactate to sustain cellular
viability (41). Nevertheless, anaerobic respiration is unable to
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meet the requirement of the aerobic cell, as a result the elec-
tron transport chain is damaged and intracellular pH levels are
reduced (42). During the subsequent reoxygenation, ROS are
generated through the incomplete reduction of oxygen by the
damaged mitochondria (43). In order to protect against free
radicals, cells may uptake more nutrients to feed into the TCA
cycle for the generation of additional NADPH required to
maintain glutathione levels (43,44). The results of the present
study suggested that HTR8/SVneo cells raise the levels of
intracellular metabolites to protect from oxidative stress
induced by hypoxia followed by reoxygenation.

Interestingly, both CoCl, and SNP-treated cell models
expressed the most similar metabolic profiles, in that all
intracellular and extracellular metabolites were reduced
following CoCl, treatment, whereas all intracellular fatty acids
were decreased following SNP treatment. It is commonly
known that CoCl, has the ability to stimulate an intracellular
hypoxia-like condition by regulating the stability of HIF-1a,
thus upregulating hypoxia-associated genes, reducing anti-
oxidant enzymes and rapidly increasing levels of intracellular
ROS (45). As a result, CoCl, may lead to cytotoxicity and
downregulate the global cellular metabolism, attenuating the
biosynthesis of intracellular metabolites and compromising
extracellular excretion. On the other hand, SNP is readily
degraded into NO, which in turn acts to induce oxidative
degradation of unsaturated fatty acids, thus resulting in the
formation of unstable fatty acid radicals, which can cause
cell damage (44). Moreover, in the presence of H,0,, NO can
be converted into peroxynitrite, a potent oxidant that reacts
with unsaturated fatty acids within liposomes to initiate
lipid peroxidation chain reactions and eliminate lipid-soluble
antioxidants (44,46,47). Therefore, both exogenous chemicals
CoCl, and SNP induce oxidative stress, and their cytotoxic
effects on viable cells are similar in terms of the overall reduc-
tion in metabolites, as observed in the present study.

The oxidative stress cell model established using PE
serum did not share a similar metabolite profile with any of
the other four cell models. In the PE model, the extracellular
excretion of w-6 unsaturated fatty acids (bihomo-y-linoleate
and arachidonate) and w-3 unsaturated fatty acids [eicosa-
pentaenoate (EPA) and docosahexaenoate (DHA)] was
higher. These fatty acids are involved in vasodilation, as
well as having anti-inflammatory and antioxidant properties.
For instance, bihomo-y-linoleate is desaturated to arachi-
donate, which acts as the precursor for the production of
prostaglandins (48). EPA serves as another precursor for the
biosynthesis of prostaglandin and anti-inflammatory leukot-
rienes-5 (49). Both EPA and DHA, via the cyclooxygenase
and lipoxygenase pathways, have potent anti-inflammatory
and pro-resolving effects, as well as the ability to suppress
the expression of pro-inflammatory cytokines such as tumor
necrosis factor-a, interleukin-6 and plasminogen activator
inhibitor-1 (50,51). EPA and DHA also facilitate circulating
glutathione peroxidase and superoxide dismutase, and
they exhibit vasodilating properties via the inhibition of
Na/Ca*" exchange and al-adrenoceptor activity (52). As
these w-unsaturated fatty acids are involved in the protec-
tive cellular mechanisms against inflammation and oxidative
stress, it is hypothesized that PE serum, rather than being a
potent oxidative stress inducer like the other models, initi-
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ates protective physiological responses in HTR8/SVneo cells
during the early stages of disease progression. Therefore, the
suitability of PE serum to study oxidative stress underlying
PE pathogenesis may need to be reconsidered.

In the present study, it was hypothesized that while
HTRS8/SVneo cells are capable of maintaining their intra-
cellular metabolic homeostasis under 1% O, hypoxia, they
attempt to modify their external environment via extracel-
lular secretion. In the hypoxia group, it was observed that
only two intracellular metabolites were reduced, meanwhile
ten extracellular metabolites, in particular fatty acids, were
secreted into the spent media. HTR8/SVneo cells are an
extravillous trophoblast cell. Trophoblast cells experience a
physiological hypoxic environment (3% O,) 8-10 weeks into
pregnancy (53,54), so it is unsurprising that these cells exhib-
ited hypoxic tolerance in 1% O, for 24 h, with only minor
intracellular metabolic disturbances observed. In addition to
withstanding hypoxic conditions, trophoblast cells can also
increase the secretion of angiogenic factors in order to promote
new blood vessel formation to increase O, supply (55). In the
present study, cells in the hypoxia group showed increased
excretion of conjugated linoleic acid; this is a polyunsaturated
fatty acid that has been reported to stimulate the angiogenesis
of placental trophoblast cells in the first trimester (56). In
addition, conjugated linoleic acid suppresses ROS production
via the upregulation of peroxisome proliferator-activated
receptor y expression (57,58).

The present study had certain limitations that should be
considered when designing future studies. Firstly, it would
be useful to study primary cell lines isolated directly from
human placenta in order to investigate metabolic changes
under various oxidative perturbations. Secondly, genomic
and proteomic data should be investigated to further validate
the metabolomic findings and support conclusions from the
present study.

In conclusion, the present study showed the differences
between the intracellular and extracellular metabolite profiles
of five different oxidative stress cell models commonly used
to study pregnancy complications. The findings suggested that
there is a need for the standardization of cell models used for
oxidative stress research in order to avoid contradictory find-
ings, particularly in the discipline of perinatal research.
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