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Oxidative Stress Impairs Fatty Acid
Oxidation and Mitochondrial Function
in the Term Placenta
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Abstract
Placental fatty acid oxidation (FAO) is impaired and lipid storage is increased in pregnancy states associated with chronic oxidative
stress. The effect of acute oxidative stress, as seen in pregnancies complicated with asthma, on placental lipid metabolism is
unknown. We hypothesized that induction of acute oxidative stress would decrease FAO and increase esterification. We
assessed [3H]-palmitate oxidation and esterification in term placental explants from lean women after exposure to hydrogen
peroxide (H2O2) for 4 hours. Fatty acid oxidation decreased 16% and 24% in placental explants exposed to 200 (P¼ .02) and 400
mM H2O2 (P ¼ .01), respectively. Esterification was not altered with H2O2 exposure. Neither messenger RNA nor protein
expression of key genes involved in FAO (eg, peroxisome proliferator-activated receptor a, carnitine palmitoyl transferase 1b)
were altered. Adenosine triphosphate (ATP) levels decreased with induction of oxidative stress, without increasing cytotoxicity.
Acute oxidative stress decreased FAO and ATP production in the term placenta without altering fatty acid esterification. As
decreases in placental FAO and ATP production are associated with impaired fetal growth, pregnancies exposed to acute oxi-
dative stress may be at risk for fetal growth restriction.
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Introduction

Placental lipid metabolism strongly affects fetal lipid delivery,

which is necessary for fetal growth and neurological develop-

ment.1-4 Fatty acid oxidation (FAO) produces adenosine tripho-

sphate (ATP) for energy, while fatty acid esterification is

required for membrane structure and storage of lipids. Oxidative

stress—the imbalance of reactive oxygen species (ROS) and

antioxidant defenses5-7—has been shown to impair metabolic

processes (ie, FAO, ATP production) that take place in human

mitochondria.7 In hepatocytes, induction of oxidative stress

decreases FAO due to inhibition of mitochondrial function via

regulation of peroxisome proliferator-activated receptor a
(PPAR-a) and carnitine palmitoyl transferase 1b (CPT-1b).8,9

In the placenta, oxidative stress secondary to a hypoxic environ-

ment has been associated with decreased mitochondrial electron

transport chain expression,10 suggesting that oxidative stress

directly impairs placental mitochondrial function.

While both oxidative stress and alterations in lipid meta-

bolism have been observed in the placenta under chronic

adverse pregnancy conditions (ie, obesity, diabetes),11-15 the

effect of acute oxidative stress on placental lipid metabolism

and energy production is unknown. Several complications

expose women to acute oxidative stress in pregnancy. Asthma

affects up to 8% of pregnant women16 and, if poorly con-

trolled, can lead to increased small for gestational age

infants.16,17 In addition, respiratory decompensation in cases

of pneumonia or pyelonephritis can lead to development of

acute respiratory distress syndrome in pregnancy.16 Hypoxic

events such as these are associated with development of

ROS,10 and the effect of these ROS in the acute setting on

fatty acid metabolism and energy production in the placenta is

not known. We hypothesized that acute oxidative stress would

lower FAO and increase esterification by impairing mito-

chondrial function in the placenta.
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Methods

Study Design

Placentas were obtained from uncomplicated lean (prepreg-

nancy body mass index [BMI] < 25 kg/m2) pregnant mothers

who delivered at our institution by scheduled, nonlabored

cesarean section at term (�37 weeks’ gestation) after an over-

night fast. Placentas were collected after written consent was

obtained. Patients were excluded if they were overweight/

obese (BMI � 25), smokers, had multifetal gestations, fetal

anomalies, active hepatitis/HIV, maternal history of drug use

(heroin, cocaine, crack, LSD, or methamphetamines), maternal

history of alcohol abuse, maternal rheumatological/chronic

inflammatory states, or chorioamnionitis (diagnosed by cul-

ture). Approval of this study was obtained by MetroHealth’s

institutional review board prior to recruitment.

Placental Explant Preparation

Placental explants were collected within 10 minutes of delivery

and cultured as previously described.13 Explants were chosen

as the initial model system due to their proximity to whole

tissue (eg, maintenance of intercellular connections/communi-

cation). They were taken from the maternal face of the pla-

centa, avoiding calcified or underperfused cotyledons. Several

full-depth samples were collected randomly from different

areas of the placenta encompassing multiple cotyledons;

decidua and chorion were removed, and they were placed in

warm DPBS. Tissue was then dissected into smaller pieces

under sterile conditions and placed into net wells, 4 per well,

each explant representing different cotyledons. They were

incubated in 1.5 mL of DMEM:F12 media (supplemented with

10% fetal bovine serum [FBS]) at 37�C (95% air, 5% CO2) for

30 minutes.

Oxidative Stress Induction

8-Hydroxy-2’-deoxy guanosine (8OH-dG) production, an

indicator of cellular oxidative stress, was measured in the

media of untreated placental explants of obese women (BMI

� 30 kg/m2; N ¼ 4) after 4-hour incubation. These were

considered physiologically relevant levels of oxidative stress

to target in the development of our experimental model. To

determine the concentrations of hydrogen peroxide (H2O2)

needed to induce comparable levels of oxidative stress in

placental explants of lean women (N ¼ 5), 8OH-dG produc-

tion was measured following a 4-hour incubation with a range

of H2O2 (0, 200, and 400 mM). The concentration of 8OH-dG

was measured using the StressXpress DNA Damage (8-

OHdG) ELISA kit (StressMarq Biosciences, Victoria, British

Columbia), per manufacturers guidelines, and normalized to

milligrams of tissue.

The placentas of lean women treated with 200 mM of H2O2

reached similar 8OH-dG levels as the placentas from obese

women (Supplemental Figure 1). For the remaining experi-

ments, 200 and 400 mM of H2O2 were used to determine

dose–response effects. Following dissection, explants were

initially equilibrated in DMEM:F12 media without H2O2 for

30 minutes. Media was removed and fresh DMEM:F12 media

(supplemented with 1% Pen-Strep, and H2O2) was added. Each

concentration of H2O2 was repeated in triplicate with final

concentrations of 0, 200, and 400 mM. Explants were incubated

with H2O2 for 4 hours at 37�C (95% air, 5% CO2).

Placenta Fatty Acid Metabolism

Fatty acid oxidation assays (N ¼ 12) were performed in vitro

with placental explants as described previously, with some

modifications.18 Briefly, explants from 12 placentas were incu-

bated in culture medium supplemented with 10% FBS and 1%
penicillin/streptomycin in the presence of 1.25% fatty acid-free

body surface area (BSA), 0.1 mmol/L unlabeled palmitate, and

18 500 Bq/mL [3H]-palmitate for 18 hours at 37�C under 5%
CO2. After 18 hours of incubation with [3H]-palmitate as

described earlier, the medium was collected, and tritiated water

([3H]2O), representing the oxidized palmitate, was determined

by the phase equilibration method.19 Data were calculated as

nmol palmitate/mg protein/hour.

Fatty acid esterification in placental explants (N ¼ 12) was

determined as described previously.18 As described above, the

explants were incubated for 18 hours with [3H]-palmitate. At

the end of the incubation period, explants were washed with

ice-cold phosphate-buffered saline (PBS) and homogenized in

200 mL of high-performance liquid chromatography-grade

acetone. Following total cellular lipid extraction, radioactiv-

ity in a 100 mL aliquot representing nonoxidized (largely

esterified or stored) palmitate was counted on a Beckman

LS3801 Liquid Scintillation Counter (Beckman Coulter,

Brea, California). An additional aliquot was used to determine

total proteins using the bicinchoninic acid method (Sigma, St

Louis, Missouri). Esterification was calculated as nmol pal-

mitate/mg protein/hour. The [9, 10-[3H]]-palmitic acid was

from Movarek Biochemicals (Brea, California) and fatty

acid-free BSA was from Sigma.

Gene Expression Analysis

To assess the impact of oxidative stress on expression of genes

regulating FAO, quantitative polymerase chain reaction (PCR)

was performed in N ¼ 12 sets of experiments. Total RNA

(N ¼ 12) was extracted from *10 mg of placental tissue using

TRIzol reagent (Invitrogen, Carlsbad, California) as per

manufacturer’s guidelines. Gene expression was monitored

by real-time PCR using a Roche thermal cycler (Roche Applied

Science, Indianapolis, Indiana) with Lightcycler Fast-start

DNA Sybr Green 1 master mix (Roche) as previously

described.15 Gene-specific primers were designed to analyze

the expression of key genes involved in FAO: CPT-1b and

PPAR-a. Primer sequences are shown in Supplemental Table

1. For each primer pair, a standard curve including no template

control and unknowns was run in triplicate. The melt curve of

the resulting amplicon was analyzed to ensure that a single
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product was detected for each replicate, and data were analyzed

using Roche LightCycler 480 software (version 1.5.1) as

described previously.18 L19 was used as a reference gene. Val-

ues were expressed as a ratio of the gene of interest:reference

gene in each sample.

Western Blotting

To assess the effect of oxidative stress on placental lipid meta-

bolism protein expression, Western blotting was performed in a

subset of samples (n ¼ 8). Briefly, 25 mg of total protein was

separated on a 10% SDS-polyacrylamide gel and electrotrans-

ferred onto a nitrocellulose membrane. After blocking the

membrane with 5% milk PBS-T buffer, it was incubated with

primary antibody rabbit anti-PPARa (1:500 [sc-9000]; Santa

Cruz Biotechnology, Dallas, Texas) or anti-CPT-1b (1:500

[134988]; Abcam, Cambridge, Massachusetts) overnight. After

washing with PBS-T, the membrane was exposed to the anti-

rabbit secondary antibody (1:2500 to 1:4000 [sc-2004]; Cell

Signaling Technology, Danvers, Massachusetts) for 1 hour at

room temperature. b-actin was the housekeeping protein used

to normalize the data for placenta. Values were expressed as

the ratio between protein of interest and housekeeping protein

expression. Image was detected using enhanced chemilumines-

cence (GE Life Sciences, Marlborough, Massachusetts) and

densitometry performed using NIH Image J software (version

1.48).

Adenosine Triphosphate Production in Primary
Trophoblast Cells

Adenosine triphosphate production was measured in response

to H2O2 exposure as an assessment of mitochondrial function.

Human trophoblast cells were isolated from an additional

7 placentas of women who met the above inclusion criteria

as cumulative ATP production over the exposure period could

not be measured in explants using the available technology.

Trophoblasts were isolated by sequential trypsin and DNase

digestion followed by gradient centrifugation as described pre-

viously.18,20 Cells were seeded onto 96-well plates at a density

of 150 000 cells/well and cultured overnight in Iscoves’s mod-

ified DMEM culture medium supplemented with 10% FBS and

1% penicillin/streptomycin and maintained at 37�C under 5%
CO2. Primary trophoblast ATP concentration and cytotoxicity

were evaluated using the Promega Mitochondrial ToxGlo

Assay (Madison, Wisconsin) per the manufacturer’s specifica-

tions. Adenosine triphosphate detection reagent, ATPase inhi-

bitors, and thermostable Ultra-Glo luciferase were added to

each well after 4 hours of H2O2 (0-800 mM). Cells were lysed

and luminescence was generated proportional to the amount of

ATP produced. The plate was placed on an orbital shaker for 5

minutes, and ATP concentration was determined by measuring

luminescence with a Perkin Elmer EnSpire 2300 Multilabel

Reader (Shelton, Connecticut).

Statistical Analysis

Data in Table 1 are presented as means with interquartile

range. All figures are presented as mean + standard error

of the mean unless noted otherwise. Results for the messenger

RNA (mRNA) data were expressed in arbitrary units and

normalized to the housekeeping gene (L19). Protein quantifi-

cation of PPAR-a and CPT-1b was expressed in arbitrary

units and normalized to b-actin. Friedman repeated-

measures analysis of variance and Dunn multiple comparison

testing were utilized to assess the effect of increasing H2O2

doses. Statistical analysis was performed using GraphPad

Prism (version 7; La Jolla, California). A value of P < .05 was

considered statistically significant.

Results

Women recruited had a mean age of 29 years (range: 21-41

years; Table 1), prepregnancy BMI of 22.8 kg/m2; and a gesta-

tional weight gain of 14.1 kg (range: 5.9-28.2 kg). The gesta-

tional age at delivery was 39 weeks and neonatal birthweight

was 3.3 kg (range: 2.7-4.4 kg) in our cohort.

Measured levels of 8OH-dG in placentas from obese women

had a mean of 79.38 (standard deviation + 19.05) (pg/mL)/mg

tissue. Mean concentrations of 8OH-dG in placentas from lean

women treated with H2O2 were 52.91 (+ 13.96), 79.23 (+
23.69) and 64.22 (+ 19.04) (pg/mL)/mg tissue for 0, 200, and

400 mM, respectively (Supplemental Figure 1). Hydrogen per-

oxide concentrations of 200 and 400 mM were chosen to induce

oxidative stress in subsequent experiments, as they increased

8OH-dG in placental explants from lean women to physiologi-

cally relevant levels. [3H]-palmitate oxidation decreased 16%
and 24% in placental explants exposed to 200 (P ¼ .02) and

400 mM H2O2 (P ¼ .01), respectively, following treatment of

H2O2 when compared to control (Figure 1). [3H]-palmitate

esterification/storage did not change in placental explants

treated with 200 mM H2O2 or 400 mM H2O2 when compared

to control (Figure 2). Neither PPAR-a mRNA (Figure 3A)

and protein (Figure 3B and C) expression nor CPT-1b mRNA

(Figure 4A) and protein expression (Figure 4B and C) differed

with increasing concentration of H2O2.

Adenosine triphosphate production decreased with increas-

ing H2O2 exposure in primary trophoblast cells (P < .0001;

Figure 5). Decreases of 42%, 56%, and 71% were seen with

Table 1. Maternal, Neonatal, and Placental Characteristics.a

Maternal age, years 29.0 [11.0]
Maternal prepregnancy BMI, kg/m2 22.8 [2.4]
Gestational weight gain, kg 14.1 [8.0]
Gestational age, weeks 39 [0]
Neonatal birthweight, kg 3.3 [0.6]
Placenta weight, grams 571 [111]

Abbreviation: BMI, body mass index.
aData presented as mean [interquartile range], N ¼ 19 except for placental
weight (N ¼ 16).
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H2O2 concentrations of 200, 400, and 800 mM, respectively.

Cytotoxicity did not increase significantly with increasing

H2O2 concentrations (Figure 5).

Discussion

Our primary finding was that acute oxidative stress impairs

lipid metabolism and mitochondrial function in the term pla-

centa. Oxidative stress directly decreased placental FAO and

ATP production, highlighting the importance of minimizing

clinical scenarios in which acute oxidative stress can affect the

growing fetus.

We found that placental FAO was decreased following

induction of oxidative stress after 4 hours of H2O2 exposure.

Chronic oxidative stress has been linked to lower FAO in the

placenta and other tissues. Pettinelli et al showed that increased

levels of ROS caused decreased FAO in the liver.8 In cases of

obesity and diabetes in pregnancy, oxidative stress has been

shown to be increased11,21 and these pregnancy states have also

been associated with decreased placental FAO.3,15,22,23 How-

ever, until now, the direct effect of acute oxidative stress on

lipid metabolism in the placenta has not been studied.

We found no changes in [3H]-palmitate esterification (stor-

age in total lipids), nor decreases in CPT-1b mRNA or protein

expression in response to 4-hour exposure to H2O2; thus, our

results indicate that impaired FAO was not secondary to

increases in esterification in our model. In the short term, the

Figure 1. [3H]-Palmitate oxidation in response to oxidative stress
(4 hours of H2O2) in placental explants. Data graphed as mean + stan-
dard error of the mean. N ¼ 12. *P < .05 vs 0 mM by Friedman
repeated-measures analysis of variance and Dunn multiple comparison
testing.

Figure 2. [3H]-Palmitate esterification/storage in response to oxida-
tive stress (4 hours of H2O2) in placental explants. Data graphed as
mean + standard error of the mean. N ¼ 12. *P < .05 vs 0 mM by
Friedman repeated-measures analysis of variance and Dunn multiple
comparison testing.

Figure 3. A, Messenger RNA expression of PPAR-a, a key gene
involved in fatty acid oxidation. Data (mean + standard error of the
mean) are expressed as the ratio of PPAR-a: reference gene (L19),
N ¼ 11. B, Representative Western blot of PPAR-a in a placenta. C,
Densitometry analysis of PPAR-a protein expression, N ¼ 6. *P < .05
vs 0 mM by Friedman repeated-measures analysis of variance and Dunn
multiple comparison testing. AU indicates arbitrary units; PPAR-a,
peroxisome proliferator-activated receptor a.
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lack of response of placental rates of FA esterification and

storage to oxidative stress may be due to decreased fatty acid

uptake secondary to lower FAO, thus decreasing the cellular

drive for uptake of fatty acids as demonstrated by Perazzolo

et al4 If sustained (chronic oxidative stress), these initial

impairments in placental FAO may result in intracellular fatty

acid accretion. This idea is consistent with findings in placen-

tas of obese women: genes involved in FAO are decreased in

early gestation, before any changes in esterification and stor-

age genes are detected,24 whereas at term, placental FAO

genes remain decreased and esterification and lipid storage

is elevated.15

To further understand the potential mechanisms leading to

decreased FAO, we evaluated PPAR-a and CPT-1b. Peroxi-

some proliferator-activated receptor a is a nuclear receptor and

key transcription factor involved in FAO in a variety of tissues,

including the placenta.12,25-27 Carnitine palmitoyl transferase

1b is regulated by PPAR-a and is an enzyme that facilitates

transfer of fatty acids into the mitochondria to enter b-oxida-

tion.8,15 Our model demonstrated that oxidative stress induc-

tion, within the first few hours, does not alter FAO via changes

in PPAR-a or CPT-1b gene or protein expression. The acute

nature of our model may explain these discrepancies in com-

parison to chronic disease states.

To understand our finding of impaired FAO in lieu of altera-

tions in lipid esterification/storage or gene expression, we eval-

uated mitochondrial function. When mitochondrial function is

compromised, ATP production decreases, which has been

demonstrated in aging28 and nonalcoholic steatohepatitis.8

We found that ATP production decreased with increasing con-

centrations of H2O2, while cytotoxicity did not change at the

levels of H2O2 used in our FAO assays. Mantena et al has

shown that increased oxidative stress in the liver led to

decreased ATP levels due to proton leaks across the inner

mitochondrial membrane, producing ineffective mitochon-

dria.29 Similarly, in the kidney, oxidative stress led to inner

mitochondrial membrane damage, decreasing the proton gra-

dient and leading to decreased ATP production.30,31 While

other tissues in the human have produced similar results, the

direct effect of acute oxidative stress on ATP production in the

placenta has not been previously reported.

The finding of impaired ATP production without detectable

alterations in esterification/storage or gene expression changes

strongly suggest that decreased FAO is due to mitochondrial

dysfunction following acute oxidative stress exposure. Altera-

tions in lipid metabolism and mitochondrial function impair

placental effectiveness which ultimately can affect fetal growth

throughout pregnancy. Pregnancies complicated by placentas

Figure 4. A, Messenger RNA expression of CPT-1b a key gene
involved in fatty acid oxidation. Data (mean + standard error of the
mean) are expressed as the ratio of CPT-1b: reference gene (L19),
N ¼ 11. B, Representative Western blot of CPT-1b in a placenta. C,
Densitometry analysis of CPT-1b protein expression, N ¼ 8. *P < .05
vs 0 mM by Friedman repeated-measures analysis of variance and Dunn
multiple comparison testing. AU indicates arbitrary units.

Figure 5. Adenosine triphosphate production and cytotoxicity in
response to oxidative stress in primary trophoblast cells. N ¼ 7.
*P < .05 vs 0 mM by Friedman repeated-measures analysis of variance
and Dunn multiple comparison testing.
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and fetuses that lack the machinery for complete FAO are

associated with fetal growth restriction.2 In addition, others

have shown that in hypoxic states, placental ATP production

is decreased and is associated with impaired fetal growth.10

Clinically, acute oxidative stress events such as an asthma

attack or development of acute respiratory distress can now

be expected to affect both placental lipid metabolism and

energy production, potentially leading to growth restriction.

Poorly controlled asthma has been linked to growth restric-

tion17; however, no studies to our knowledge have evaluated

the correlation between number of acute oxidative stress

events and growth restriction. This would be an interesting

future investigation.

A major strength of this study was that placental tissue was

collected from lean women at time of scheduled cesarean, as it

minimized endogenous oxidative stress which is seen with

labor. In addition, we directly measured ATP production in

primary trophoblasts after H2O2 exposure, demonstrating that

impairment of mitochondria, but not cytotoxicity, may be

responsible for impairments in FAO. Limitations of our study

include utilizing a single agent to induce oxidative stress and

not elucidating the exact mechanism in which oxidative stress

affects the mitochondria. In addition, we utilized palmitate for

our metabolism experiments, and while this fatty acid is one of

the most prevalent, it does not represent all fatty acids. Future

studies should assess whether mitochondrial function could be

recovered following acute oxidative stress exposure.

In conclusion, acute oxidative stress decreases FAO and

mitochondrial function in the term placenta. Multiple expo-

sures to this type of stress may lead to sustained impairments

in placental nutrient metabolism. Due to the potential for

growth abnormalities from these alterations in placental func-

tion, pregnancies complicated by acute oxidative stress should

have fetal growth evaluated prenatally.
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