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Abstract
Background: The fetal fraction of cell-free DNA (cfDNA) in maternal plasma is decreased in obese women. The underlying
mechanism is not well understood. The amount of cfDNA released from the placenta has not been directly examined in maternal
obesity. Objective: We sought to quantify release of cfDNA from the placenta and fetal membranes in maternal diet-induced
obesity using explant cultures in an established mouse model. Study Design: C57BL6/J females were fed either 60% high-fat diet
or 10% fat-matched control diet for 14 weeks prepregnancy and throughout gestation. Placentas and fetal membranes were
collected on e18 and randomly allocated to time 0-, 1-, or 6-hour culture times. The CfDNA was isolated from culture media,
quantified, and normalized to tissue weight. Results: Placentas from obese dams released significantly less cfDNA compared to
those of lean dams at time 0 (45.8 + 4.3 ng/mg vs 65.6 + 7.9 ng/mg, P ¼ .02). Absolute cfDNA levels increased with longer
placental culture, with no significant differences between obese and lean dams at 1 and 6 hours. Membranes released significantly
less cfDNA than did placentas at every time point. Conclusions: Maternal obesity is associated with decreased release of cfDNA
from the placenta compared to lean controls immediately after tissue harvest. This may provide an alternative explanation for the
lower fetal fraction of cfDNA noted in maternal obesity.
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Introduction

Cell-free DNA (cfDNA) is released into maternal plasma by

cells undergoing apoptosis.1 In pregnancy, the placenta is the

primary source of cell-free “fetal” DNA (cffDNA) in maternal

plasma, releasing DNA via apoptosis of villous trophoblasts.2

The application of cffDNA for aneuploidy screening has become

well integrated into prenatal care in the first and second trime-

sters. Recent investigations have also examined the association

of cffDNA with adverse pregnancy outcomes at later gestational

ages, including intrauterine growth retardation,3,4 severe pree-

clampsia,5 and preterm labor.6 In addition, the results of a small

human study suggest that increased methylation ratios in total

cfDNA at term may be associated with spontaneous labor.7

These clinical applications rely on the assessment of the fetal

fraction of cfDNA, defined as the amount of cffDNA in a sample

divided by the total cfDNA (maternal plus fetal cfDNA). Mul-

tiple studies have found that maternal obesity is associated with a

decreased fetal fraction of cfDNA,8-13 but the underlying

mechanism is poorly understood. It has been hypothesized that

this may be due to a larger volume of maternal adipose tissue

that undergoes apoptosis, thereby adding to the pool of maternal

cfDNA in circulation and diluting the fetal fraction.14,15 This

hypothesis relies on the assumption that lean and obese pregnant

women release the same amount of cfDNA from the placenta,

which has not been evaluated. We sought to test an alternative

hypothesis that placental release of cfDNA is diminished in the

setting of maternal obesity using placental explant cultures in

our established mouse model of maternal diet-induced obesity.16

Fetal membranes are biologically active and respond to

changes in the intrauterine environment.17 Studies in human
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and animal models have noted increased senescence and apop-

tosis of fetal membranes at term17-19 and in the setting of

preterm premature rupture of membranes.17,20,21 However, the

effect of maternal obesity on membrane cfDNA release is

poorly understood, and little is known about the relative con-

tribution of the fetal membranes to cffDNA. We thus also

sought to investigate the effect of maternal obesity on cfDNA

released by fetal membranes and to compare the relative con-

tribution of membranes versus placenta to the total amount of

cfDNA released by fetal tissues at term.

Materials and Methods

Animal Model

The Tufts Medical Center Institutional Animal Care and Use Com-

mittee approved this protocol (B2016-69); all institutional guide-

lines for animal care and use were followed. From 4 weeks of age,

C57BL/6J females (Jackson Laboratories, Bar Harbor, Maine)

were fed ad libitum either a lard-based, high-fat diet (HFD) con-

taining 60% calories from fat (n ¼ 10; Research Diets, D12492,

New Brunswick, New Jersey) or a matched control diet (CD) con-

taining 10% calories from fat (n ¼ 10; Research Diets, D12450J)

for 14 weeks prebreeding to ensure maternal diet-induced obesity

and throughout the pregnancy. The diets were matched for fiber,

protein, sucrose, and micronutrient content (Supplemental Table

1). Previous studies have validated the use of these diets in BL/6

dams to establish maternal diet-induced obesity.16,22-24 C57BL/6J

breeder males were fed the CD. Dams were weighed weekly until

breeding. Maternal obesity was defined as at least 30% increase in

weight compared to age-matched controls.16,25 Dams were paired

with breeder males and examined daily for vaginal plugs. Males

were removed when vaginal plugs were noted and pregnant dams

were singly housed. Dams were weighed during pregnancy on day

P0 (day of mating), P10, and P15.

At embryonic day 18 (e18.0, reflective of term gestation in

humans), embryos and placentas were rapidly dissected from

the uterine horns using sterile surgical technique and immedi-

ately washed in ice-cold sterile Dulbecco phosphate-buffered

saline (DPBS-1�; Gibco, Grand Island, Nebraska). The mem-

branes were carefully separated from the placenta, with care

taken to minimize tissue trauma. Tissues were rinsed in ice-

cold DPBS, and placentas and membranes were individually

placed into sterile tissue culture media (45% Dulbecco modi-

fied Eagle medium [DMEM]/45% Ham F12/10% fetal bovine

serum [FBS] þ Pen/Strep) for transfer to the explant cultures.

Fetal sex genotyping was performed on tail snip DNA using

real-time polymerase chain reaction (PCR) with specific

probes for the Sry gene (Transnetyx, Cordova, Tennessee).

Placental Explant Cultures

In order to avoid the contribution of maternal cfDNA inherent

in studies of maternal plasma and evaluate only placental

(fetal) cfDNA release, placental explant cultures were per-

formed using an established and validated method,26 as

depicted in Supplemental Figure 1. Briefly, under sterile condi-

tions, each placenta was quartered with a scalpel into 4 equal

pieces, and all 4 pieces were placed into a single culture well with

1 mL of room temperature tissue culture media (45% DMEM/

45% Ham’s F12/10% FBS þ Pen/Strep). Placentas were ran-

domly allocated to time 0 (immediately after tissue retrieval,

approximately 10-15 minutes elapsed between euthanasia of the

mouse and plating the explant cultures), 1-hour, or 6-hour culture

times and incubated at 37�C, 5% CO2, and 95% room air (ambi-

ent O2 levels of 21%). Although normoxic conditions for placen-

tal physiology are described to be 8%,27 prior placental explant

studies have demonstrated that cfDNA release does not differ

between 8% and 21% O2.26,28 One to 3 placentas were used from

each litter for each time point, depending on the litter size.

Membrane Explant Cultures

Evaluation of membrane cfDNA release was performed in a

similar fashion as the placental explant cultures as described

earlier, with the exception that the membranes were not

quartered, due to their small size. All membranes from each

individual gestation were placed into a well containing 500 mL

of media and incubated in the conditions described earlier.

Fetal membranes were assigned to the same time point as their

corresponding placentas, with 1 to 3 fetal membranes utilized

per litter for each time point, depending on the litter size.

Cell-Free DNA Extraction

At the designated time point, the culture media were collected

and centrifuged at 14 600 rpm for 20 minutes to remove cellular

debris. The CfDNA was subsequently extracted from 300 mL

aliquots of supernatant using the Roche High Pure PCR Tem-

plate Preparation Kit (Roche, Indianapolis, Indiana) to a final

volume of 50 mL. Concentration of cfDNA was determined with

NanoDrop spectrophotometry (Thermo Scientific, Waltham,

Massachusetts) and the Qubit dsDNA HS Assay Kit (Thermo

Scientific). Levels of CfDNA were normalized to placental tis-

sue weight by calculating the total nanogram amount of cfDNA

in the extracted volume (based on the measured cfDNA con-

centration in ng/mL) and then dividing the nanogram amount by

the placental tissue wet weight in milligrams. Quantification

assays were performed in duplicate for each sample.

Statistics

Differences between cfDNA released by placentas and mem-

branes of lean and obese dams were evaluated with Student

t test (normally distributed data) or Mann-Whitney U testing

(nonnormally distributed data). Two-way analysis of variance

(ANOVA; sex � maternal obesity status) was performed to

examine interactions between maternal obesity, fetal sex, and

cfDNA release. Data are reported as mean + standard error of

the mean unless otherwise noted. All statistical analyses were

performed using GraphPad Prism 7 (GraphPad Software, San

Diego, California).
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Results

Dams on the 60% HFD gained significantly more weight and

ended the prebreeding feeding period significantly heavier than

dams on the 10% fat CD (26.06 + 0.22 g vs 19.31 + 0.34 g,

P < .0001). The HFD dams were significantly heavier than CD

dams at the time of e18 placental retrievals (46.12 + 1.62 g vs

36.08 + 0.79 g, P < .0001).

In total, 60 placentas and membranes from obese dams

(10 litters) and 51 placentas/membranes from lean dams (10

litters) were retrieved. Litter size did not differ significantly

between maternal obese and lean groups. One to three placen-

tas/membranes per litter were allocated to each time point.

Table 1 describes the characteristics of the study population

and tissue samples at each time point.

At time 0, placentas from obese dams released significantly

less cfDNA compared to those of lean dams (45.77 + 4.27

ng/mg vs 65.56 + 7.87 ng/mg placenta, P¼ .02; Figure 1). The

CfDNA levels in both obese and lean groups increased with

longer placental culture, with no significant differences

between obese and lean groups at 1 and 6 hours (Figure 1; time

1 hour: 80.06 + 7.60 ng/mg vs 73.70 + 9.22 ng/mg, P ¼ .63;

time 6 hour: 103.50 + 15.54 ng/mg vs 103.90 + 15.91 ng/mg,

P¼ .98). Placentas from obese dams weighed significantly less

than those of lean dams (71.80 mg vs 78.80 mg, P ¼ .03).

Given that tissue weight was accounted for by normalizing

cfDNA concentration to placental weight, the weight differ-

ence was not the etiology for the diminished release of cfDNA

from obese placentas.

Similar to the placentas, cfDNA release by the fetal mem-

brane explants from the obese dams was lower than that from

the lean dams at time 0, although this finding did not achieve

statistical significance (mean cfDNA release by fetal mem-

branes 2.12 + 0.58 ng/mg in obese vs 4.56 + 1.61 ng/mg in

lean, P ¼ .12). Within both obese and lean study groups, mem-

branes released significantly less cfDNA than placentas at

every time point (Table 2).

Distribution of fetal sex in the obese and lean groups at the

3 time points is described in Table 1. Two-way ANOVA

demonstrated no significant effect of fetal sex on placental

cfDNA release and no significant sex–diet interaction. The

CfDNA release by fetal sex and diet group is depicted in

Supplemental Figure 2.

Comment

In our established mouse model of maternal diet-induced obe-

sity,16 we demonstrated that placentas from obese dams

released significantly less cfDNA compared to placentas from

lean dams at time 0, the time point most likely to reflect in vivo

physiology of placental cfDNA release just prior to parturition.

Later time points (time 1 hour and 6 hours) may be more

reflective of cellular changes/apoptosis of fetal tissues in vitro.

Placentas from obese dams were smaller than those of lean

dams, but even after accounting for this difference by normal-

izing cfDNA release to placental weight, the quantity of

cfDNA released was still significantly decreased in the setting

of maternal obesity. The amount of cfDNA released by the

placenta was not influenced by fetal sex in our study. These

data suggest a refined hypothesis for the lower fetal fraction of

cfDNA observed in maternal obesity: There is an intrinsic dif-

ference in placental cfDNA release in the setting of maternal

Table 1. Characteristics of Study Population and Tissue Samples.

Time 0 Time 1 hour Time 6 hour

Obese Lean Obese Lean Obese Lean

Number of placentas 24 20 24 20 12 11
Placental weight,a mg, mean + SEM 74.16 + 3.01 77.45 + 3.12 69.49 + 3.38 74.33 + 2.44 71.60 + 6.60 81.82 + 5.03
Number of litters 10 10 10 10 8 9
Fetal sexb

Male 12 11 9 7 7 6
Female 9 6 12 10 4 2

Abbreviation: SEM, standard error of the mean.
aP ¼ .03 for placental weight of obese versus lean placentas overall.
bFetal sex was not determined for the initial 3 litters, so sex is unknown for 1 to 3 placentas per group.

Figure 1. Placental cell-free DNA release in obese versus lean dams
by time in culture. Placentas from obese dams release significantly less
cell-free DNA at time 0 compared to those from lean dams. While
cell-free DNA release rises in both groups as time in culture increases,
there are no significant differences between obese and lean placentas
at 1 hour and 6 hours. Lean: Control dams. Obese: Maternal obesity.
*P < .05.
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obesity compared to normal maternal weight. The CfDNA

release by fetal membranes trended in the same direction as

the placental explants (reduced in the setting of maternal obe-

sity at time 0), albeit not statistically significant. Fetal mem-

branes released significantly less cfDNA compared to

placentas in both lean and obese study groups at every time

point. The placenta, not the fetal membranes, was the primary

source of cffDNA released in this model system.

After Lo and colleagues described the presence of cffDNA

in human maternal plasma,1 multiple studies have since

described the presence of cffDNA in maternal plasma in vari-

ous animal models.29-32 Studies by Tjoa and colleagues deter-

mined that the “fetal” source of cfDNA in maternal circulation

is the placenta, with increased cfDNA released by villous tro-

phoblasts in the setting of apoptosis and oxidative stress.2 How-

ever, studies of cffDNA in maternal plasma are challenging due

to the relatively small contribution from fetal compared to

maternal cfDNA in maternal circulation (fetal DNA comprises

only 3%-20% of cfDNA in maternal circulation, depending on

gestational age and study).15,33-36 Phillippe and Adeli have

demonstrated that murine placental explant cultures provide a

valid and useful model for fetal/placental cfDNA release into

maternal circulation.26 They demonstrated the feasibility of

isolating and quantifying placental cfDNA in culture media

at multiple time points from time 0 through 21 hours and that

these explant cultures at time 0 were an appropriate model for

in vivo physiology and could serve as a proxy for cffDNA in

maternal plasma.26 They also demonstrated that apoptosis was

the likely mechanism releasing cfDNA from the placentas into

media, with increasing biomarkers of apoptosis seen with

increasing time in culture.26 Thus, in our experimental

protocol, time 0 best represents the in vivo physiology of

placental tissue release of cfDNA into maternal circulation,

while the 1- and 6-hour time points may be more reflective

of apoptosis of the placenta in vitro.

To date, no studies have examined the release of cffDNA in

an animal model of maternal diet-induced obesity. In addition,

given that the initial focus on cffDNA in maternal plasma was

for prenatal screening,1,37,38 the data on cffDNA in the setting

of maternal obesity have been primarily derived from studies

evaluating first- and early second-trimester samples. We are

not aware of any study that has examined cffDNA in maternal

circulation of obese versus lean women at term. In contrast, a

few studies have examined total cfDNA in maternal circulation

of pregnant women at term, and these have been limited by

their inability to distinguish fetal from maternal cfDNA or to

account for the effect of maternal body mass index (BMI) on

cfDNA in maternal circulation.7,14,39 Evaluation of cffDNA in

maternal plasma is difficult due to the low fetal fraction of

cfDNA in maternal plasma. Given that all the cfDNA collected

in the explant cultures comes directly from fetal tissues, this

model has the advantage of definitively answering the question

about quantity of fetal cfDNA release, without needing to

simultaneously consider the contribution of maternal cfDNA.

Thus, the data in the current study fill a knowledge gap regard-

ing the effect of maternal obesity on fetal (placental) DNA

release at term. The decreased cfDNA released by placentas

from obese dams in our model suggests that the placental

release of cfDNA is itself modified by maternal obesity.

Our model system also allows for examining the amount of

cfDNA released by fetal membranes. We are not aware of any

study that has examined cfDNA release by membranes, nor one

that has compared the quantity of cfDNA released by the fetal

membranes versus the placenta. Our results demonstrate that

while the fetal membranes do release increasing amounts of

cfDNA over time in culture, the amount of cfDNA released by

the placenta is significantly greater at every time point. There-

fore, the majority of cffDNA in maternal circulation likely

originates from the placenta, not fetal membranes.

The decreased placental weights observed in the obese dams

is consistent with other studies demonstrating decreased

embryo weights16,40 and smaller placentas41 in obese dams

using this 60% HFD model of diet-induced obesity. In addition,

metabolic studies of C57BL6/J dams in this model have

demonstrated hyperlipidemia and glucose intolerance.16,25,42,43

Given that vasculopathy and morbid obesity can result in pla-

cental insufficiency and fetal growth restriction in human preg-

nancies,44,45 and that long-standing exposure to HFD was

similarly noted to result in both smaller placentas and smaller

fetuses41 in a mouse model, there is both precedent and biolo-

gic plausibility for our observation of decreased placental

weights in our obese dams.

Table 2. Placental and Membrane Cell-Free DNA Release in Obese Versus Lean Dams by Time in Culture.

Time Point

Amount of cfDNA Released, ng/mga, mean + SEM

Lean Obese

Placenta Membrane P Value Placenta Membrane P Value

0 65.56 + 7.87 4.56 + 1.61 <.0001 45.77 + 4.27 2.12 + 0.58 <.0001
1 hour 73.70 + 9.22 15.50 + 3.87 <.0001 80.06 + 7.60 16.70 + 3.11 <.0001
6 hours 103.90 + 15.91 43.90 + 10.10 .005 103.50 + 15.54 44.70 + 7.19 .002

Abbreviations: cfDNA, cell-free DNA; SEM, standard error of the mean.
aAll cell-free DNA values normalized to tissue wet weight. P values reflect differences in cfDNA release between placenta and membranes within obese and lean
study groups.
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Given that obesity is often considered a chronic state of

inflammation46 and that increased inflammation leads to

increased cell turnover, our observation of reduced cfDNA

release in obese placentas seems counterintuitive. However,

a small human study demonstrated decreased placental

apoptosis and reduced cell turnover in the setting of maternal

obesity.47 In addition, analysis of amniotic fluid samples

demonstrates gene expression patterns consistent with

reduced apoptosis in multiple fetal organ systems in the set-

ting of maternal obesity.48 Therefore, a small number of prior

studies demonstrate biologic plausibility for our finding that

the obese placenta releases less cfDNA.

Our findings may have implications for prenatal aneuploidy

screening using cffDNA. The accuracy of noninvasive prenatal

screening in assessing the risk of aneuploidy relies on a suffi-

cient fetal fraction,33,49 and studies in patients with an elevated

maternal BMI have demonstrated increased rates of “no calls”

for noninvasive prenatal testing50,51 and a diminished fetal

fraction.8-13 Our results suggest that the diminished fetal frac-

tion in the setting of maternal obesity may not be attributable

solely to increased maternal adipose tissue apoptosis but also to

decreased release of cfDNA by the placenta itself. This

nuanced understanding of the low fetal fraction seen in the

setting of maternal obesity may spur modifications in the anal-

ysis of cfDNA testing to account for these differences and to

improve interpretation of results in obese patients. In addition,

this novel observation may aid in a better understanding of

pregnancy outcomes at term. Further studies are needed to

evaluate the effect of cffDNA release at term.

Limitations of our study include the use of in vitro culture

techniques to gain insight into cffDNA in maternal serum in

vivo. The strength of using placental explant cultures in this

setting is that we were able to ensure quantification of fetal/

placental, rather than maternal cfDNA, which other studies

examining the effects of maternal obesity on cffDNA have

been unable to do. We did not attempt to directly measure

cffDNA in maternal plasma in our model. While the ability

to extrapolate cfDNA released by placenta in culture to

cffDNA in maternal circulation is limited, experiments quanti-

fying cffDNA in maternal plasma in a mouse model may be

confounded by the multiple gestations with varying number of

pups that necessarily exist in murine pregnancy. In human

pregnancies, studies have demonstrated an apparent homeo-

static pool of cffDNA in maternal circulation which is slightly

increased but not proportional to the number of gestations.52

Moreover, studies have shown that dizygotic twins often

contribute different amounts of cffDNA into the maternal

circulation.53,54 In addition, our study is also limited in its

power to detect sex differences in placental and membrane

release of cfDNA in the setting of obesity, if such differences

exist. Sex-specific placental adaptations have been noted in

humans and in mice in the setting of maternal medical comor-

bidities, including obesity.55-57 We assessed relatively small

numbers of male and female placentas/membranes, and it was

not possible to achieve equal number of each sex at a given

time point, as the fetal sex was not known at the time the tissue

was allocated to culture wells. More males and females would

be needed in each group at each time point to draw definitive

conclusions about whether there is an impact of fetal sex on

placental cfDNA release in maternal obesity. Finally, while it is

plausible that the mechanism underlying our observation is

reduced placental apoptosis in the setting of maternal obesity,

markers of placental apoptosis were not specifically quantified

in these placentas of obese dams. The release of cfDNA in

placental explant cultures has been demonstrated to correlate

with placental apoptosis in normal-weight dams, however.24

In conclusion, our mouse model demonstrates that maternal

diet-induced obesity is associated with diminished release of

cfDNA by the placenta. These findings offer an alternative

hypothesis for the decreased fetal fraction of cfDNA seen in

obese pregnancies.
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