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Abstract

Placental villous trophoblast mitochondrial respiratory function is critical for a successful 

pregnancy and environmental influences such as maternal obesity have been associated with 

respiratory impairment at term. More recently, a gestational high fat diet independent of 

maternal body composition, has been highlighted as a potential independent regulator of 

placental mitochondrial metabolism. The current study aimed to characterize the direct impact 

of a prolonged and isolated exposure to the dietary fatty acids Palmitate (PA) and Oleate 

(OA) upon placental cell mitochondrial respiratory function. BeWo cytotrophoblast (CT) and 

syncytiotrophoblast (SCT) cells were treated for 72 hours with 100 μM PA, OA or PA+OA 

(P/O). Live-cell metabolic function was analyzed via the Seahorse XF Mito and Glycolysis Stress 

tests. Immunoblots and spectrophotometric activity assays were utilized to examine the protein 

expression and function of electron transport chain (ETC) complexes and key mitochondrial 

regulatory enzymes. Syncytialization of BeWo cells resulted reduced respiratory activity in 

conjunction with altered complex I and II activity and decreased pyruvate dehydrogenase (PDH) 

protein expression and activity. PA and P/O treatments were associated with increased basal 

and maximal respiratory activities in BeWo CT cells without alterations in protein expression 

or activity of individual ETC complexes and mitochondrial substrate regulators. The metabolic 

suppression in BeWo SCTs was consistent with that previously observed in primary human 

trophoblast cell cultures, while the observed increases in respiratory activity in PA-treated BeWo 
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CTs may be indicative of an early timepoint of specific dietary saturated fat-mediated placental 

cell mitochondrial dysfunction.
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Introduction

The prevalence of obesity within women of reproductive age has been increasing worldwide 

over the past several decades, and approximately 40 million pregnant women globally are 

obese [1–3]. Additional reports have highlighted that a majority of women of reproductive 

age have a hip-to-waist ratio (WHR) indicative of a high risk for metabolic disease 

development [4,5]. Increased body mass, obesity and elevated WHR prior to and during 

pregnancy have not only been associated with negative health impacts for the mother, 

but also with impaired metabolic health outcomes in the offspring [6–11]. For example, 

children born to mothers who were overweight or obese throughout the gestational period 

have an increased risk of developing metabolic complications such as type 2 diabetes 

mellitus and obesity compared to children born to mothers with lean body compositions 

[10]. Further, these children developed these “adult-associated” metabolic diseases as early 

as four years of age, and the prevalence of pediatric metabolic syndrome appears to be 

increasing [8,12,13].

The origin of early onset development of adult-associated diseases is the result of 

abberant in utero programming of fetal metabolism potentially induced by maternal obesity-

mediated alterations to placental mitochondrial function [14–16]. Specifically, due to their 

close proximity to maternal blood, trophoblast cells within the placental chorionic villi 

may be important in facilitating the adverse effects observed with increased maternal 

adiposity [9,17]. In fact, the large multinuclear syncytiotrophoblast (SCT) cells, and 

underlying progenitor cytotrophoblast (CT) cells that comprise the chorionic villi in 

obese pregnancies have been found to display decreased mitochondrial respiratory activity 

(oxidative phosphorylation) as well as reduced cellular ATP content [17–19]. Obesity-

associated impairments in placental mitochondrial function have also been identified 

through analysis of enzymes within mitochondrial energy production pathways. Specifically, 

the activity of citrate synthase (a proxy measurement of total cellular mitochondrial 

content) as well as the protein abundance and enzyme activity of electron transport chain 

(ETC) complex I (NADH Dehydrogenase) and complex II (Succinate Dehydrogenase) are 

decreased in villous trophoblast cells from term obese placentae, [19,20]. Since progenitor 

CT and differentiated SCT cells form the materno-fetal interface and regulate nutrient and 

gaseous exchange between mother and developing fetus, obesity-mediated mitochondrial 

dysfunction within these cell types can potentially alter transplacental nutrient transfer such 

that fetoplacental development becomes pathological [21].

Recently, analysis of dietary patterns in industrialized nations have discussed a link between 

poor diet and metabolic health risks, independent from measures of body composition 
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[22,23]. Studies analyzing gestational diet composition have demonstrated that many 

pregnant women consume diets that are calorie-dense but nutrient lacking and especially 

high in saturated and monounsaturated fatty acids [24–27]. Further studies examined fasting 

blood lipid levels in pregnancy and discussed hyperlipidemia in obese women as well as 

that the saturated FA palmitate (C16:0, PA) and the monounsaturated FA oleate (C18:1 cis 

9, OA) are the most abundant circulating NEFAs in pregnancy [28–30]. Circulating PA 

and OA levels have previously been found to be impacted by diet composition [31,32]. 

Increased levels of PA alone have been demonstrated in induce mitochondrial damage and 

impair mitochondrial oxidative function leading to decreased ATP content in a number of 

cell culture systems [33–35]. Additionally, maternal gestational diet has been identified 

as a regulator of placental function independent from maternal body composition, and a 

pre-gestational diet-reversal in obese non-human primates was associated with improved 

placental vascular function as well as improvements in fetal metabolic health [36–39]. 

As these diet reversal studies altered maternal fat intake to improve placental and fetal 

metabolic health, dietary fatty acids (FA) themselves may be important in mediating 

adverse outcomes in obese pregnancies. Collectively these data potentially highlight that 

the mitochondrial impairments observed in obese placentae could be due to dietary FA 

overabundance, and that changes in diet and fat content alone may have effects on placental 

function and ultimately offspring metabolic health.

While obesity has been well associated with functional impairments in villous trophoblast 

mitochondria, the underlying independent effects of dietary saturated and monounsaturated 

NEFAs in mediating these phenotypes remains uncertain. The objective of this study was 

to examine the direct prolonged effects of PA and OA on CT and SCT mitochondrial 

metabolism in isolation from the effects of maternal body composition and obesity. It was 

postulated that a prolonged exposure to the dietary NEFAs PA and OA both independently 

and in combination would impair mitochondrial function in BeWo CT and SCT cells.

Materials and Methods:

Materials

All chemicals were purchased from Millipore Sigma (Oakville, Canada) unless otherwise 

indicated.

Cell culture conditions

BeWo cells are a choriocarcinoma-derived immortalized cell line that are representative 

system of villous trophoblast cells of the human placenta, and have been previously utilized 

to examine human villous trophoblast metabolic function [40,41]. Under basal conditions 

these cells are proliferative and CT-like, and when cultured with a cAMP analogue 

(8-Br-cAMP) they differentiate into SCT-like cells that human chorionic gonadotropin 

(hCG) [42,43]. In the current study, BeWo cells were utilized as a model to examine the 

independent effects of dietary NEFAs as these cells are isolated from effects of maternal 

body composition and gestational diet.
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BeWo cells (CCL-98) were purchased from the American Type Culture Collection 

(ATCC; Cedarlane Labs, Burlington, Canada) (CCL-98™) and cultured in F12K media 

(Gibco, ThermoFisher, Missasauga, Canada) supplemented with 1% Penicillin-Streptomycin 

(Invitrogen, ThermoFisher, Missasauga, Canada) and 10% Fetal Bovine Serum (Gibco). 

Cells were maintained at 37 °C in 5% CO2/95% atmospheric air and used between passages 

5–15 for all experiments. For each experiment, BeWo CT cells were plated at stated specific 

experimental densities and allowed to adhere to cell culture plates overnight prior to NEFA 

treatment. For all NEFA treatments, fats were conjugated 2:1 (molar ratio) to fatty acid 

free bovine serum albumin (BSA). NEFA medias were heated at 37°C for at least 30 mins 

prior to media changes to ensure equilibrium state of FA-BSA complexes [44]. Media 

supplemented with 0.3% BSA were used for control cultures in all experiments (BSA-ctrl). 

For SCT differentiation, 250 μM 8-Br-cAMP was added to experimental cell culture media 

at 24H and 48H. Media in all experimental conditions were replenished every 24H. A 

schematic showing the experimental timeline is shown in Figure 1.

Cell viability

Cell viability in response to increasing concentrations (0–200μM) of PA, OA, and a 1:1 

ratio of PA and OA (P/O) conjugated 2:1 (molar ratio) to BSA was assessed via the 

CellTiter-Fluor live-cell protease activity assay (Promega Corporation, Madison, WI, USA). 

BeWo cells were plated at 1×104 cells/well in 96-well opaque walled plates, and viability 

was assessed at 72H for both CT and SCT cell types as per the manufacturer’s instructions, 

using a Spectromax M5 plate reader (Molecular Devices, San Jose, CA, USA).

Immunofluorescent analysis of BeWo syncytialization

To assess the syncytialization of NEFA-treated BeWo cultures, percent fusion was of 

each treatment group was determined via zona occuldens-1 (ZO-1) immunofluorescent cell 

imaging [45]. In brief, BeWo cells were plated at a density of 1.4×105 cells/well on glass 

coverslips coated with laminin (2 μg/cm2) in 6-well cell culture plates and cultured for 72H 

with 100 μM of PA, OA or P/O conjugated 2:1 (molar ratio) to BSA. At 72H cells were 

washed once with Phosphate Buffered Saline (PBS) and fixed with 1:1 methanol:acetone for 

30 mins at −20°C. Fixed cells were washed with PBS and permeabilized with 0.3% Triton-X 

100 in PBS for 5 mins. Coverslips were then washed three times with PBS and blocked 

with 10% goat serum (abcam, Toronto, Canada) in PBS (blocking buffer). Coverslips were 

then incubated with ZO-1 antibody (1:200 dilution in blocking buffer; catalog No. 33–9100, 

Invitrogen) for 1 hour at room temperature. After washing with PBS three times coverslips 

were incubated with donkey anti-mouse IgG secondary antibody, Alexa Fluor 594 (1:2000 

dilution in blocking buffer; Catalog No. R37115, Invitrogen) for 1 hour at room temperature. 

Coverslips were then washed 3 more times in PBS and mounted on slides using Fluoroshield 

with DAPI. Immunofluorescent images were then captured using the Zeiss Axioimager Z1 

microscope (Carl Zeiss AG, Oberkochen, Germany) at the Biotron Integrated Microscopy 

Facility, Biotron Research Centre, Western University, London, Ontario, Canada. Nuclei and 

fused BeWo cells were then counted using ZEN software (Carl Zeiss AG), and percent 

fusion calculated as the percentage of total counted cells lacking ZO-1 expression.
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Quantitative-PCR analysis of BeWo syncytialization

Relative mRNA transcript abundance of the gene encoding the beta subunit of human 

chorionic gonadotropin beta (CGB) was used as an indirect quantification of BeWo 

syncytialization following NEFA-treatment. Cells were plated at a density of 2×105 cells/

well 6-well plates and treated with 100 μM NEFAs as described above. Total RNA 

was then extracted via phenol-chloroform extraction using TRIzol reagent (Invitrogen) as 

per the manufacturer’s specifications. Isolated RNA was then reverse transcribed using 

random decamer primers and M-MLV reverse transcriptase (Invitrogen) and RT-qPCR 

was subsequently performed using the CFX384 Real Time System (BioRad, Mississauga, 

Canada).

Target CGB primer sequences were obtained from Malhotra et al., (2015); primer sequences 

for OVOL1 and ERVW1 were obtained from Kusama et al., (2018); and housekeeping 

reference genes (ATCB and PSMB6) were designed using the NCBI/Primer-BLAST tool 

(Supplementary Table 1). Amplification of target gene expression was reported as fold 

change relative to control CT cells using the 2-ΔΔCt method with the ΔCt of each treatment 

condition being assessed as Ct(target) – Geometric mean of Ct(ATCB) and Ct(PMSB6).

Quantification of apoptosis

The activation state of pro-apoptotic pathways in BeWo CT and SCT cells in response to 

100 μM NEFA treatments was assessed via caspase-3/7 activity at 72H. Cells were plated 

at a density of 1×104 cells/well in opaque walled 96-well plates and treated with 100 μM 

NEFAs as described above. Live cell caspase 3/7 activity was determined at 72H utilizing 

the Caspase-Glo 3/7 Assay (Promega Corporation) as per manufacturer’s instructions. BeWo 

CT cells treated with 100 μM of each rotenone (ETC complex I inhibitor) and antimycin 

A (ETC complex II inhibitor) were utilized as a positive control for upregulation of pro-

apoptotic pathways [48].

Optimization of Seahorse XF Assay Protocols

BeWo cells were plated at the determined optimal density of 7.5×103 cells/well in Seahorse 

XF24 V7PS cell culture microplates (Agilent Technologies, Santa Clara, CA, USA) 

coated with 9 μg/cm2 collagen I (Gibco). The optimal concentration of the ATP synthase 

inhibitor oligomycin (1.5 μg/mL) was determined as per manufacturer’s instructions. The 

mitochondrial uncoupler dinitrophenol (DNP; 50 μM) was utilized to measure maximal 

mitochondrial respiratory activity. Attempts to follow the manufacturer’s recommended 

uncoupler FCCP resulted in unstable and declining OCR measurements. Previous reports 

have identified that progesterone, which is secreted by BeWo cells, recouples FCCP 

uncoupled mitochondria, but not DNP uncoupled mitochondria, and the optimization of 

DNP in our system produced the required stable OCR increase to measure maximal 

respiratory rate [49,50]. The complex I inhibitor rotenone (0.5 μM), complex II inhibitor 

antimycin A (0.5 μM), D-glucose (10 mM), and 2-deoxy-D-glucose (50 mM) were used as 

per manufacturer’s recommendation.
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BeWo cell oxidative function

The optimized Mitochondrial (Mito) Stress Test was utilized to quantify the oxidative 

function of NEFA-treated (100 μM) BeWo CTs and SCTs. At the 72H timepoint the culture 

medium exchanged with Mito Stress Test assay media (Seahorse XF base media (Agilent 

Technologies) supplemented with 10 mM D-glucose, 2 mM sodium pyruvate, and 2 mM L-

glutamine (Gibco, ThermoFisher, Mississauga, Canada), pH 7.4), and cells were incubated 

at 37°C in 100% atmospheric air for 45 mins. Following basal OCR readings subsequent 

injections of oligomycin; DNP; and rotenone combined with antimycin A were utilized to 

measure parameters of mitochondrial respiratory function (Supplementary Fig. 1A/B).

Cells were lysed via freeze-thaw method in Seahorse assay media and total DNA was 

quantified using Hoescht dye fluorescence [51,52]. Briefly, cell lysates were mixed with 2x 

Hoescht Dye assay mix (0.0324 mM Hoescht 33342 Dye (Pierce, ThermoFisher Scientific, 

Mississauga, Canada), 2 mM NaCl, 2 mM NaH2PO4), fluorescence (360 nm excitation, 460 

nm emission) was then measured and DNA content was determined via standard curve.

BeWo cell glycolytic function

The optimized Glycolysis Stress Test was utilized to quantity the glycolytic function of 

NEFA-treated (100 μM) BeWo CTs and SCTs. At 72H culture media was exchanged 

with Glycolysis Stress Test assay media (Seahorse XF base media supplemented with 2 

mM L-glutamine, pH 7.4), and cells were incubated at 37°C in 100% atmospheric air for 

45 mins. Following basal Extracellular Acidification Rate (ECAR) readings, injections of 

D-glucose; oligomycin; and 2-Deoxy-D-glucuose were utilized to measure parameters of 

glycolysis function (Supplementary Fig. 1C/D). ECAR readings were normalized to total 

DNA content as described above.

Immunoblot analysis

BeWo cells were plated at 1×106 in 100mm cell culture plates and cultured with NEFAs 

(100 μM) as described. Total protein was collected with radioimmunopreciptation assay 

(RIPA) buffer containing protease inhibitors (leupeptin and aprotinin (1 μg/mL each; 

Bioshop, Burlington, Canada); and phenylmethylsulfonyl fluoride (PMSF, 1mM, Bioshop)) 

and phosphatase inhibitors (sodium orthovanadate (1 mM), New England Biolabs; and 

sodium fluoride (25 mM), Bioshop). The lysates were sonicated with 5 bursts at 30% output 

(MISONIX: Ultrasonic liquid processor) and centrifuged at 12,000g at 4°C for 15 mins. 

The supernatant was collected, and proteins quantified via Bicinchoninic Acid (BCA) assay 

(Pierce, ThermoFisher Scientific).

Protein abundance was then determined via immunoblotting. Protein were separated by 

molecular weight on sodium dodecyl sulfate polyacrylamide gels (10–15% acrylamide) 

and transferred to Immobilon polyvinylidene fluoride (PVDF) membrane (EMD Millipore, 

Fisher Scientific). Transfer of protein was confirmed with Ponceau-S stain (0.1% Ponceau-S 

in 0.5% acetic acid), and ponceau band density imaged with a ChemiDoc Imager (BioRad) 

for total lane protein normalization (Supplementary Fig. 3). Respective primary antibodies 

and horseradish peroxidase-labelled secondary antibodies were used to visualize proteins 

of interest (Supplementary Table 2). Protein bands were imaged with Clarity western ECL 
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substrate (BioRad) on a ChemiDoc. Protein band density was analyzed with ImageLab 

software (BioRad) and protein abundance was normalized to total lane protein [53].

ETC complex I and II activity

ETC complex I and II was assessed as previously described, and adapted for use with 

cell culture lysates [54]. BeWo cells were plated at a density of 4×105 cells/well in 60mm 

plates and collected by scraping following the T72 hr NEFA-treatment (100 μM). Cells 

were lysed in ETC lysis buffer (250 mM sucrose, 5 mM HEPES, 100 μg/mL saponin) 

containing protease and phosphatase inhibitors (as described above), centrifuged at 5000 g 

for 5 mins at 4°C and resuspended in Phosphate buffer (25 mM K2HPO4). Enzyme assays 

were performed at 37°C using a Spectramax plate spectrophotometer (Molecular Devices) in 

a 96-well plate. Enzyme activities were expressed relative to total protein concentration for 

each cell lysate (determined by BCA assay).

Complex I activity was assessed as rate of NADH oxidation (measured at 340 nm) following 

the addition of cell lysate (approximately 15 μg total protein) to assay buffer (25 mM 

KH2PO4, 2.5 mg/mL BSA, 0.13 mM NADH, 2 mM KCN, 2 μg/mL antimycin A, 65 

μM CoQ1). Complex I activity was calculated from the difference between rates with and 

without rotenone (10 μM) to account for non-specific NADH oxidation.

Complex II activity was assessed as rate of DCPIP oxidation (measured at 600 nm) 

following addition of CoQ1 (100 μM) to assay mix containing cell lysate (approximately 

10 μg total protein) in assay buffer (25 mM KH2PO4, 20 mM monosodium succinate, 50 μM 

DCPIP, 2 mM KCN, 2 μg/mL antimycin A, 2 μg/mL rotenone).

Lactate Dehydrogenase and Citrate Synthase activity

Lactate dehydrogenase (LDH) and citrate synthase activity were assessed as previously 

described and adapted for use with cell culture lysates [55,56]. BeWo cells were plated at a 

density of 4×105 cells/well in 60 mm cell culture dishes collected by scraping at 72H. Cells 

were subsequently lysed in glycerol lysis buffer (20 mM Na2HPO4, 0.5 mM EDTA, 0.1% 

Triton X-100, 0.2% BSA, 50% glycerol) containing protease and phosphatase inhibitors (as 

described above) and stored at −80°C until analyzed [57]. Assays were performed at 37°C 

using a 96-well plate. Enzyme activity rates were normalized to total protein content of cell 

lysates determined via BCA assay.

LDH activity was assessed as the rate of NADH oxidation (measured at 340 nm) following 

addition of cell lysate (corresponding to approximately 1 μg total protein) to assay buffer 

(0.2 mM NADH, 1mM sodium pyruvate).

Citrate synthase activity was assessed as rate of Ellman’s reagent consumption (measured at 

412 nm), following addition of oxaloacetate (0.33 mM) to assay mix containing cell lysate 

(approximately 30 μg total protein) in assay buffer (0.15 mM acetyl CoA, 0.15 mM DTNB).

Analysis of total Pyruvate Dehydrogenase Activity and PDHE1-subunit activity

Total PDH activity was assessed at 72H using the PDH Activity Assay Kit (Millipore 

Sigma). In brief, BeWo cells were plated at a density of 4*105 cells/well in 60mm cell 
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culture plates and treated with NEFAs as previously described. At 72H cells were lysed in 

400 μL of the provided lysis buffer and 50 μL of cell lysate was mixed with an equal volume 

of assay mix and PDH enzyme activity was assessed as per the provided kit instructions.

The activity of the PDH-E1 enzyme subunit was assessed as previously described, and 

modified for use with the BeWo cell line [58]. BeWo cells were plated at a density of 

4×105 cells/well in 60mm plates and treated with NEFAs as previously described. At 

72H cells were collected by scraping and were lysed by sonication with 10 bursts at 

15% output (MISONIX: Ultrasonic liquid processor) in 50 mM K2HPO4 buffer containing 

protease and phosphatase inhibitors. PDH-E1 enzyme activity was assessed at 37°C using a 

Spectramax plate spectrophotometer (Molecular Devices) in a 96-well plate, as the rate of 

DCPIP oxidation (measured at 600 nm) following the addition of cell lysate (approximately 

20 μg total protein) to assay buffer (50 mM KH2PO4, 1 mM MgCl2, 0.2 mM thymine 

pyrophosphate, 0.1 mM DCPIP, 2 mM sodium pyruvate). Enzyme activities were expressed 

relative to total protein concentration for each cell lysate (determined by BCA assay).

Statistical Analysis

A Randomized Block Design One-Way ANOVA and Dunnett’s Multiple Comparisons Test 

of raw fluorescence values was utilized to compare cell viabilities of BeWo cells treated 

with each NEFA to respective differentiation state BSA-alone control. BeWo percent fusion 

data, as well as the Mito Stress Test parameters of Spare Respiratory Capacity and Coupling 

Efficiency (expressed as expressed as percent basal OCR) and the Glycolysis Stress Test 

parameter of Reserve Capacity (expressed as percent ECAR) were log-transformed and 

statistically analyzed via Two-Way ANOVA (2WA) and Bonferroni’s Multiple Comparisons. 

A Randomized Block Design 2WA and Sidak’s Multiple Comparisons Test using raw 

data was utilized to analyze statistical differences in the relative CGB mRNA transcript 

abundance; live-cell caspase 3/7 activity; protein abundance; metabolic enzyme activities; as 

well as all other Seahorse Mito Stress Test and Glycolysis Stress Test parameters between 

the NEFA-treatment groups for the BeWo CT and SCT cells [59]. Data were then expressed 

as percent of untreated CT control (basal F12K media) for use in experimental figures. All 

statistical analyses were performed with GraphPad Prism 8 (GraphPad Software, San Diego, 

CA, USA).

Results

Characterization of un-differentiated and differentiated BeWo culture treated with NEFAs

BeWo cells treated with 8-Br-cAMP did display decreased ZO-1 protein expression and 

increased cell fusion (mean 78% fusion) compared to CT cells (mean 15% fusion) (Fig. 

2A,B; 2WA: differentiation state p<0.001). Additionally, BeWo cells treated with 8-Br-

cAMP displayed elevated CGB (mean expression 86-fold higher) and OVOL1 (mean 

expression 9-fold higher) mRNA abundance (23–85 fold higher expression) consistent with 

the differentiation process (Fig. 2CD; 2WA: differentiation state p<0.01)

Cell viability of BeWo CT and SCT cells following a prolonged (72H) NEFA treatment 

was assessed to ensure that subsequent mitochondrial activity measurements were not 
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confounded by a potential stress activated cell death program. A 100 μM NEFA treatment 

(PA, OA and P/O) did not negatively impact BeWo cell viability in either CT or SCT cells 

relative to BSA-alone treated controls at T72H (Table 1).

The 100 μM NEFA treatments were additionally not associated with altered BeWo fusion in 

either CT and SCT cells as measured with ZO-1 expression (Fig. 2A,B). Further, these 100 

μM treatments did not significantly alter the mRNA abundance of CGB or OVOL1 (markers 

of syncytialization in BeWo cells) within the CT and SCT cells (Fig. 2C,D)..

Additionally, in each NEFA-treatment there was no significant difference in live-cell caspase 

3/7 activity compared to respective differentiation state BSA-control sample (Fig. 2E; 2WA: 

differentiation state and 2WA: treatment p>0.05).

The impact of prolonged NEFA exposure upon respiratory activity of BeWo cells

BeWo CT cells treated with PA (100 μM) and P/O (containing 50 μM PA) for 72H exhibited 

a significant increase in basal mitochondrial activity compared to control CT samples (Fig. 

3A, 2WA: NEFA treatment p<0.01). Under DNP-stimulated conditions CT cells exposed to 

PA exhibited a significant increase in OCR compared to BSA-alone treated CT cells (Fig. 

3B, 2WA: NEFA Treatment p<0. 05). Conversely, BeWo SCT cells displayed diminished 

respiratory activity and had significantly lower OCR under basal and DNP-stimulated 

conditions compared to BeWo CT cells (Fig. 3A–B, 2WA differentiation state p<0.05). 

This diminished respiratory activity observed in BeWo SCT cells was associated with 

a significant reduction in spare respiratory capacity (Fig 3D., 2WA differentiation state 

p<0.001). No differences in BeWo cell proton leak or coupling efficiency was observed with 

differentiation state or NEFA-treatment (Fig. 3C,E)

Glycolytic function in BeWo cells is unaltered with NEFA treatments

Basal glycolysis, maximum glycolysis, glycolytic reserve capacity, and non-glycolytic 

acidification as measured by the Seahorse XF Glycolysis Stress Test, were not impacted 

after cells were differentiated to SCT cells and were unaltered with NEFA treatment (Table 

2).

NEFA impact upon electron transport chain complex protein abundance and activity

There were no significant differences in response to NEFA treatment in both CT and SCT 

cells for ETC complex I (NDUFB8 subunit), complex II (SDHB subunit), complex III 

(UQCRC2 subunit), complex IV (COX II subunit), and complex V (ATP5A subunit) protein 

abundance relative to total lane protein (Fig. 4). However, BeWo SCT displayed significantly 

increased Complex I and decreased complex II activity compared to CT cells (Table 3; 2WA: 

differentiation state p<0.05). Additionally, P/O-treated SCT cells exhibited a significantly 

reduced complex I activity relative to BSA-treated SCT controls (Table 3; 2WA treatment 

p<0.001).

The impact of prolonged NEFA exposure on metabolic enzyme activity

LDH activity was not significantly altered with differentiation state or NEFA-treatment 

(Table 3). BeWo SCT cells exhibited a significantly increased PDH-E1 subunit activity 
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compared to CT cells (Table 3). However, BeWo CT cells displayed a significantly increased 

rate of total PDH enzyme activity compared to SCT cells (Table 3; 2WA differentiation state 

p<0.01). Additionally, BeWo CT cells treated with PA had a significantly reduced total PDH 

enzyme activity compared to BSA-alone treated CT controls (Table 3; 2WA differentiation 

state p<0.05). There was no differentiation state or NEFA dependent alteration in citrate 

synthase enzyme activity in BeWo cells (Table 3).

Oxidative State in unaltered in NEFA-treated BeWo cells

There were no differences in the protein expression of 4-Hydroxynonenal (4-HNE) and 

3-Nitrotyrosine, markers of oxidative stress and nitrative stress respectively, with prolonged 

NEFA treatment or differentiation in BeWo cells (Fig. 5A,B).

The impact of prolonged NEFA exposure on metabolic enzyme expression

There was a differentiation state dependent expression pattern in Pyruvate Dehydrogenase 

(PDH) in both its unphosphorylated and phosphorylated (pPDH) form. BeWo SCT cells 

displayed significantly reduced relative abundances of both PDH and pPDH (Fig. 6A,B; 

2WA differentiation state p<0.05), however the ratio of pPDH:PDH (Fig. 6C) was 

not significantly altered between differentiation states. No differentiation state or NEFA-

treatment specific differences were found in the relative protein abundances of either LDH 

or carnitine palmitoyltransferase 1a (CPT1a) in BeWo cells (Fig. 6D,E).

Discussion

The current study aimed to characterize the mitochondrial function and respiratory activity 

in a model of the differentiating human villous trophoblast following a prolonged (72 

hour) NEFA challenge. To confirm that mitochondrial respiratory activity and metabolic 

function was examined using a stable population of cells we analyzed cell viability, CT-

to-SCT differentiation potential and apoptotic state of the treated cells. Our experiments 

demonstrated that NEFA treatments exceeding 200 μM produced large variances in cell 

viability, which is consistent with previous observations in primary human trophoblast 

culture systems [60]. A treatment of 100 μM of PA, OA and P/O was found to not 

impact BeWo cell syncytialization or upregulate pro-apoptotic pathways, yielding a stable 

cell culture system in which mitochondrial function could be examined. Additionally, the 

100 μM of PA and OA used in this current study also aligned with published human 

third trimester fasting circulating lipid levels under conditions of obesity highlighting a 

physiological relevance of the utilized NEFA treatment [28].

Differentiation and BeWo Metabolic Function

BeWo cells displayed a significant reduction in mitochondrial respiratory activity (Mito 

Stress Test readouts) following 8-Br-cAMP induced differentiation to SCT cells. These 

reductions in basal and maximal respiration rates were consistent with previous reports 

in human primary trophoblast cell culture, which demonstrated that SCT cells were less 

metabolically active than the progenitor CT cells [61]. More strikingly, we observed these 

similarities despite the BeWo cells in our culture system fusing at rates around 60%, further 
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supporting that diminished mitochondrial oxidative function is an important physiological 

marker of placental syncytialization.

This study provides novel insight into dynamic changes in the activity of individual 

ETC complexes during CT differentiation in SCT. Specifically, we observed significant 

differences in complex I and complex II activity between CT and SCT cell types that were 

independent of alterations in mitochondrial biomass as assessed by citrate synthase enzyme 

activity. The decreased complex II activity observed in BeWo SCT cells may allude to a 

biochemical mechanism that potentially explains the overall reduction in respiratory activity 

observed in syncytialized BeWo cells.

Additionally, the BeWo SCT cells in our study may exhibit a diminished oxidative 

metabolism of pyruvate substrates as evidenced by reduced protein expression and enzyme 

activity of total Pyruvate Dehydrogenase (PDH). These data may indicate an overall 

decrease in the conversion of glycolysis-derived pyruvate to acetyl-CoA in BeWo SCTs and 

may further highlight the mechanism by which oxidative energy production is suppressed 

in differentiated villous trophoblast cells. However, future studies are needed to elucidate if 

similar mechanisms govern the reduction in mitochondrial function in the differentiated SCT 

cell populations in both BeWo cells and isolated primary trophoblasts.

NEFAs and BeWo Metabolic Function

The current study demonstrated a novel NEFA-induced increase mitochondrial respiratory 

activity in PA and P/O-treated BeWo CT cells under basal and DNP-stimulated (maximal) 

conditions of the Mito Stress Test that was not associated with any specific alterations 

in the individual enzyme activities of ETC Complexes I and II. Previously, an overall 

reduction in mitochondrial respiratory activity has been reported as an indication of 

mitochondrial dysfunction in term placentae [19]. However, increases in mitochondrial 

respiratory activity have also been described as a preliminary marker of mitochondrial 

failure in disease states that are linked to an ultimate mitochondrial dysfunction [62,63]. 

In particular, mitochondrial dysfunction induced in hepatocytes under conditions of Non-

alcoholic fatty liver disease (NAFLD) has been suggested to be the result of an initial 

increase in mitochondrial respiratory activity stimulated by saturated fat overabundance that 

in turn promotes increased Reactive Oxygen Species (ROS) production, and ultimately, 

oxidative damage to mitochondria [62,64]. We speculate that the increases in respiratory 

activity observed in the PA and P/O-treated BeWo CT cultures may be indicative of an 

early timepoint of mitochondrial dysfunction in the villous trophoblast, mirroring these other 

reports of activation of mitochondrial activity prior to an ultimate failure.

In many other culture systems PA treatment has been demonstrated to increase ROS 

production leading to cellular oxidative stress [65–67]. As oxidative stress has additionally 

been identified as a marker of metabolic dysfunction in the term obese placenta, we 

speculate that the increased respiratory activity observed in PA and P/O-treated BeWo CT 

cells in this study could over time increase ROS production and lead to oxidative stress 

[68,69]. However, at the timepoint utilized in the current study there were no indications of 

oxidative stress in any of the treatments, as evidenced by immunoblots for total abundance 

of 3-nitrotyrosine and 4-HNE. Further studies are needed to investigate if continued 
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exposure of BeWo CT cells to the selected physiologically relevant PA treatment will lead 

to ROS-induced mitochondrial oxidative damage and ultimately impaired mitochondrial 

respiratory function.

It is important to note that OA has previously been shown to elicit anti-oxidant capabilities 

and rescue mitochondrial function in muscle and pancreatic beta-cells treated with high 

levels of saturated fats [34,70]. Thus, the co-culture of OA with PA (P/O) over longer 

timepoints may prevent the accumulation of PA-stimulated ROS and may potentially 

preserve villous trophoblast mitochondrial function as has been observed in other systems.

While this study has demonstrated the impacts of a prolonged PA exposure on placental cell 

metabolic function, the use of the immortalized BeWo cell line may limit the conclusions 

that can be drawn as they may confer properties not observed in primary culture or 

other ex vivo systems. Having said that, the use of a cell line model of the villous 

trophoblast in the current study allowed for the analysis of the effects of lipid exposure 

in isolation from factors of maternal body composition and gestational diet. Specifically, 

the BeWo choriocarcinoma cell line enabled us to analyze the metabolic function of SCTs 

differentiated under constant exposure to elevated dietary-NEFAs, analogous to that of a 

differentiating trophoblast throughout gestation in an obese pregnancy, but independent to 

non-dietary obesogenic environment components [71–73]. However, future studies still need 

to examine if prolonged NEFA challenge at physiologically relevant levels can lead to 

similar early markers of mitochondrial dysfunction in primary-derived trophoblast cultures. 

However, the use of trophoblasts from early gestational periods may be required in these 

future works to develop a primary culture model that, similar to this study, is independent 

from the influence of material body composition and gestational diet.

Conclusion

The current study aimed to characterize the mitochondrial function and respiratory activity 

in a model of the differentiating human villous trophoblast following a prolonged (72 hour) 

NEFA challenge. Differentiated BeWo SCT cells displayed a reduced basal and maximal 

mitochondrial respiratory activity, similar to that previously observed in primary trophoblast 

culture (Fig. 7A). Additionally, this study highlights that an isolated and prolonged exposure 

to physiological levels of dietary-NEFAs, independent from factors of maternal body 

composition, increases villous trophoblast cell mitochondrial respiratory function (Fig. 7B). 

The observed increases in basal and maximal respiratory activity in response to PA and P/O 

treatments in this study may be indicative of an early phenotype of placental mitochondrial 

impairment that may later trigger oxidative damage to the mitochondria. Overall, this 

study highlights that dietary fats independently modulate villous trophoblast mitochondrial 

function, and further demonstrates that maternal diet composition is an important regulator 

of the adverse placental outcomes that underlie the development of metabolic disease in the 

offspring.
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Figure 1. Cell culture timeline for BeWo cell NEFA-treatments.
BeWo cells were plated and allowed to adhere overnight prior to NEFA-treatment initiation 

at T0H. At T24H 250 μM 8-Br-cAMP or a vehicle control was added to the cell culture 

plates to allocate cells to either CT or SCT cell type. All metabolic activity assays and cell 

collections were performed at T72H.
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Figure 2: 100 μM of PA, OA or P/O does not negatively impact BeWo cell syncytialization or 
upregulate pro-apoptotic pathways at 72H.
(A) Representative ZO-1, DAPI and merged immunofluorescent images of BeWo CT and 

SCT cells (scale bar = 50 μm); (B) Percent fusion of NEFA-treated BeWo CT and SCT cells; 

data is expressed as percentage of nuclei lacking ZO-1 staining. Relative mRNA abundance 

of (C) CGB and (D) OVOL1 in NEFA-treated BeWo CT and SCT cells; RT-qPCR data 

is presented as the fold-change of target mRNA abundance compared to CT BSA ctrl 

samples relative to the geometric mean of ACTB and PMSB6 mRNA abundance. (E) 
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Live-cell caspase activity of NEFA-treated BeWo CT and SCT cells; data is presented as 

percent untreated CT control luminescence values (B n=3/group; C-E n=5/group; different 

letters denote statistical significance p<0.05; B percent fusion data was log transformed and 

analyzed via two-way ANOVA (2WA); C,D relative mRNA abundance data was analyzed 

via randomized-block 2WA).
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Figure 3. Mitochondrial respiratory activity of BeWo cells following prolonged NEFA treatment.
Oxygen Consumption Rate (OCR) of experimental media was measured under basal 

conditions and following subsequent injections of: Oligomycin (1.5 μg/mL); Dinitrophenol 

(50 μM); and Rotenone and Antimycin A (0.5 μM each) to calculate the (A) Basal 

Respiration, (B) Maximal Respiration, (C) Proton Leak, (D) Spare Respiratory Capacity, 

and (E) Coupling Efficiency in NEFA-treated BeWo CT and SCT cells (n=5/group). (A, 
B, C) Statistical analysis was performed on DNA-normalized OCR rates via Two-Way 

Randomized Block ANOVA, Sidak’s multiple comparisons Test; (D, E) percent basal OCR 
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was log transformed and analyzed via Two-Way ANOVA). (A, B, C) Respiratory activity 

data is expressed as OCR normalized to Fsutotal DNA content and presented as percent 

CT untreated control; (D, E) data is represented as percent basal OCR for each condition. 

Different letters denote statistical significance (p<0.05, n = 5/group).
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Figure 4. Prolonged NEFA treatment did not affect BeWo Electron Transport Chain complex 
protein abundance.
Relative protein abundance of (A) Complex I (NDUFB8 subunit) (B) Complex II (SDHB 

subunit) (C) Complex III (UQCRC2 subunit) (D) Complex IV (COX II subunit), and (E) 
Complex V (ATP5A subunit) of the Electron Transport Chain was determined at T72H via 

immunoblotting. Data is presented as percent untreated CT control for each experimental 

replicate (n=5/group). Representative full length ponceau loading control image is available 

in Supplementary Figure 3.
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Figure 5. Prolonged NEFA treatment does not alter oxidative state of BeWo cells.
Relative Protein abundance of (A) 4-Hydroxynonenal (4-HNE) and (B) 3-Nitrotyrosine was 

determined in NEFA-treated BeWo CT and SCT cells at 72H via immunoblotting. Data is 

presented as relative protein density normalized to total lane protein density and expressed 

as percent CT untreated control protein abundance (n=5/group). Representative full-length 

blots are available in Supplementary Figure 2. Representative full length ponceau loading 

control images are available in Supplementary Figure 3.
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Figure 6. Prolonged NEFA treatments did not affect protein expression of enzymes involved in 
mitochondrial uptake of pyruvate or long-chain fatty acid species.
Relative protein abundance of (A) Pyruvate Dehydrogenase (PDH), (B) PDH-E1α (pSer232) 

(pPDH), (C) the pPDH/PDH ratio, (D) Pyruvate Dehydrogenase Kinase-1 (PDHK1) (E) 
Lactate Dehydrogenase (LDH), and (F) CPT1a was determined in NEFA-treated BeWo 

CT and SCT cells at 72H via immunoblotting. Data is presented as percent CT untreated 

control (n=5/group). Representative full length ponceau loading control images are available 

in Supplementary Figure 3.
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Figure 7. Summary description of changes in BeWo cell metabolic function following (A) 
syncytialization (48-hour supplementation of cell culture media with 250 μM 8-Br-cAMP) and 
(B) 72-hour treatment with exogenous palmitate either independently (PA; 100 μM) or in 
conjunction with oleate (P/O; 50 μM each).
BeWo Syncytialization was associated with a suppression in basal and maximal 

mitochondrial function that has previously been observed following syncytialization of 

primary human trophoblast cells. Exogenous palmitate treatment increased basal and 

maximal respiratory activity in BeWo cytotrophoblast cells.
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Table 1

Cell viability of NEFA-treated BeWo CT and SCT cells. Data are mean ± SEM.

NEFA Treatment (μM) CT Cell Viability (% CT F12K) SCT Cell Viability (% SCT F12K)

BSA Control 72.35 ± 2.61 46.25 ± 4.17

PA

50 86.83 ± 3.56 * 87.08 ± 9.46 *

100 77.34 ± 4.92 61.40 ± 12.14 *

200 55.03 ± 10.31 45.32 ± 16.53

OA

50 88.10 ± 4.93 73.70 ± 59.02 *

100 72.97 ± 6.13 59.02 ± 10.18 *

200 48.78 ± 10.19 34.54 ± 11.59

P/O

50 85.57 ± 4.39 70.27 ± 10.72 *

100 76.37 ± 6.09 57.92 ± 9.71

200 57.87 ± 10.59 40.18 ± 14.48

*
denotes significantly different cell viability relative to respective differentiation state BSA-control (n=4/group)
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Table 2:

NEFA treatments did not affect the glycolytic activities of BeWo CT or SCT cells. Data are mean ± SEM 

(n=5/group).

Cell Type / Treatment Basal glycolysis
1

Max Glycolysis
2

Reserve Glycolytic Capacity
3

Non-Glycolytic Acidification
4

CT

BSA Control 86.14 ± 10.71 72.19 ± 8.22 120.80 ± 6.79 84.25 10.01

PA 89.99 ± 6.20 81.61 ± 5.62 134.30 ± 6.77 91.31 8.53

OA 97.59 ± 11.09 86.11 ± 11.81 129.50 ± 11.57 87.72 11.08

P/O 89.26 ± 6.19 85.82 ± 5.47 142.90 ± 6.68 91.90 7.33

SCT

BSA Control 83.53 ± 7.97 67.04 ± 6.54 115.50 ± 4.48 117.70 9.16

PA 81.91 ± 14.13 66.57 ± 11.47 137.00 ± 27.10 104.90 13.76

OA 83.51 ± 11.90 67.32 ± 8.49 118.40 ± 13.33 105.00 9.36

P/O 75.55 ± 8.19 65.30 ± 6.97 131.30 ± 7.73 98.36 8.68

1
% CT F12K ECAR;

2
% CT F12K ECAR;

3
% basal glycolysis;

4
% CT F12K ECAR
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Table 3:

Maximal activity rates of mitochondrial enzymes in NEFA-treated BeWo CT and SCT cells. Data are mean ± 

SEM of % untreated CT U/mg protein.

Cell Type / 
Treatment

Citrate 
Synthase

ETC 
Complex I

ETC 
Complex II

Lactate 
Dehydrogenase

PDH-E1 
subunit

Pyruvate 
Dehydrogenase

CT

BSA Ctrl 116.20 ± 
22.37

120.7 ± 7.71 113.8 ± 13.71 163.20 ± 45.50 99.23 ± 6.37 105.04 ± 6.93a

PA 93.62 ± 15.00 98.00 ± 10.03 98.99 ± 19.80 109.80 ± 14.41 101.72 ± 
3.83

86.78 ± 10.96b

OA 85.31 ± 14.22 100.00 ± 5.59 94.46 ± 17.77 104.90 ± 19.23 102.84 ± 
16.80

112.01 ± 10.41a

P/O 90.34 ± 5.44 106.20 ± 0.32 93.67 ± 17.50 133.60 ± 31.71 118.96 ± 
21.97

99.56 ± 7.37ab

SCT

BSA Ctrl 60.68 ± 6.01 191.50 ± 
31.49a

61.76 ± 13.75 79.25 ± 18.77 260.45 ± 
41.81

84.66 ± 4.99

PA 49.80 ± 4.60 183.10 ± 
25.80a

62.05 ± 15.57 79.54 ± 16.18 246.35 ± 
20.16

88.20 ± 9.06

OA 39.80 ± 4.74 129.2 ± 
13.85ab

51.88 ± 17.79 73.79 ± 17.63 222.28 ± 
19.02

80.33 ± 3.51

P/O 63.52 ± 4.14 103.60 ± 
17.77b

58.96 ± 8.20 78.59 ± 13.26 233.78 ± 
57.00

81.68 ± 8.10

*Differentiation state 
difference

NS * * NS * *

*
denotes a differentiation state dependent difference in enzyme activity between BeWo CT and SCT cells (n=5/group). Different letters denote 

significant differences between NEFA treatments within a differentiation state.
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