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Abstract: New bronchopulmonary dysplasia is a developmental lung disease associated with pla-
cental dysfunction and impaired alveolarization. Risk factors for new BPD include prematurity,
delayed postnatal growth, the dysregulation of epithelial-to-mesenchymal transition (EMT), and
parental exposure to toxicants. Our group previously reported that a history of paternal toxicant
exposure increased the risk of prematurity and low birth weight in offspring. A history of paternal
toxicant exposure also increased the offspring’s risk of new BPD and disease severity was increased in
offspring who additionally received a supplemental formula diet, which has also been linked to poor
lung development. Risk factors associated with new BPD are well-defined, but it is unclear whether
the disease can be prevented. Herein, we assessed whether a paternal fish oil diet could attenuate
the development of new BPD in the offspring of toxicant exposed mice, with and without neonatal
formula feeding. We investigated the impact of a paternal fish oil diet preconception because we
previously reported that this intervention reduces the risk of TCDD associated placental dysfunction,
prematurity, and low birth weight. We found that a paternal fish oil diet significantly reduced the risk
of new BPD in neonatal mice with a history of paternal toxicant exposure regardless of neonatal diet.
Furthermore, our evidence suggests that the protective effects of a paternal fish oil diet are mediated
in part by the modulation of small molecules involved in EMT.

Keywords: multigenerational; toxicants; bronchopulmonary dysplasia; therapeutics; lung development

1. Introduction

The Developmental Origin of Health and Disease (DOHaD) concept was first pro-
posed by Dr. David Barker who originally recognized the relationship between maternal
malnutrition and the risk of metabolic syndrome in their adult children [1,2]. In recent
years, the DOHaD concept has expanded and now recognizes a wide variety of factors that
impact (positively or negatively) the fetal environment and, by extension, the child’s adult
health [3–5]. Although originally focused on maternal factors relevant to the current study
(diet, stress, environmental exposures), it now recognizes that the health of the paternal
parent can also significantly impact the fetal environment and offspring health.

The father’s biological contribution to pregnancy is contained within his seminal fluid
at the time of copulation. In addition to the spermatozoa, seminal fluid contains a variety
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of nutrients (fructose, citric acid), microbes, and proteolytic enzymes that are necessary for
sperm survival and the successful fertilization of the oocyte [6–8]. Numerous studies have
demonstrated that the quality of the seminal fluid can influence embryonic implantation,
the microbial composition of the intrauterine environment, and placental function [9–13].
Importantly, the placenta is largely a paternally derived organ and is critical for pregnancy
maintenance and fetal development [14]. For this reason, poor seminal fluid quality has
the potential to not only negatively impact the development and function of the placenta
but also to negatively impact fetal development and long-term child health.

Smoking and exposure to pollution are factors that reduce the quality of the seminal
fluid and contribute to the DOHaD. Our laboratory previously reported that in utero
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)—a byproduct of smoke and a
contributor to pollution—subsequently reduced the number and quality of sperm in male
mice of reproductive age [10]. Furthermore, the offspring of these mice were susceptible to
premature birth and intrauterine growth restriction (IUGR) [15,16]. We later demonstrated
that these complications were associated with TCDD associated placental dysfunction
that is characterized by alterations in the size of the placenta as well as the expression of
placental progesterone receptor and toll-like receptor-4, which each play integral roles in
placental function and pregnancy outcomes [10].

Paternal diet has also been shown to influence the DOHaD by modulating the quality
of seminal fluid [17]. Our group and others have reported that a paternal fish oil diet im-
proves the quality of seminal fluid. We found that providing a preconception supplemental
fish oil diet to male mice that were exposed to TCDD in utero markedly improved both
sperm density and motility and was associated with a significant increase in fertility. The
improvement in sperm quality also translated to enhanced placental function, marked by
a reduced expression of toll-like receptor 4 and increased expression of the progesterone
receptor. Intervening with a paternal fish oil diet also reduced the risk of premature birth
and eliminated the incidence of offspring IUGR [18].

In human neonates, premature birth and IUGR are each associated with an increased
risk of developing new BPD, a developmental lung disease that is characterized by im-
paired alveolarization [19,20]. Several studies have suggested that placental dysfunction
precedes (and contributes to) the development of new BPD [21–24]. The onset and severity
of developmental lung diseases, such as new BPD, have also been linked to exposure to
pollution in humans and experimental animal models [25–29]. Our laboratory found that
the offspring of male mice that were exposed to TCDD in utero were also susceptible to
new BPD [29]. Herein, we examined the efficacy of a paternal fish oil diet to prevent this
potentially fatal neonatal disease. Our study revealed markedly improved lung develop-
ment and reduced incidence of new BPD in offspring sired by a father with a history of
TCDD exposure that was also provided a fish oil diet preconception.

Finally, exposure to components of fish oil and TCDD have been found to influence
proteins that help to regulate epithelial-to-mesenchymal transition (EMT) within the lung;
a process that is linked to the development of new BPD [30–33]. Therefore, we investigated
whether a paternal fish oil diet attenuated the development of new BPD by modulating
the small molecules involved in EMT. We also observed how neonatal diet impacted these
parameters because maternal milk is associated with better infant health outcomes than
formula feeding, which has been linked to poor postnatal lung development [34,35]. We
found that the reduced risk of new BPD in the offspring of fish oil-supplemented males was
associated with significantly reduced beta-catenin gene expression—a molecule involved
in EMT and the development of new BPD [36–39].

2. Materials and Methods
2.1. Animals

Adult (10–12 weeks) and neonatal C57BL/6 mice were used in this study. Adult
mice were obtained from Envigo (Indianapolis, IN, USA) or born in-house. All neonatal
mice were born in-house. The animals were housed in the Barrier Animal Care Facility at
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the Vanderbilt University Medical Center, which is free from common mouse pathogens.
Adult mice were provided food and water ad libitum. Animal room temperatures were
maintained between 22–24 ◦C with a relative humidity of 40–50% on a 12-h light–dark
schedule. Experiments described in this study were approved by Vanderbilt University’s
Institutional Animal Care and Use Committee (IACUC) as per the Animal Welfare Act
protocol #M2000098. Approval date: 1 December 2019.

2.2. Chemicals

TCDD (99% in nonane #ED-908) was purchased from Cambridge Isotope Laboratories
(Andover, MA, USA). Esbilac Puppy Milk Replacer Powder was purchased from Pet-Ag,
Inc (Hampshire, IL, USA). All other chemicals were obtained from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated.

2.3. TCDD Exposure and Mating Scheme

Virgin 10- to 12-week-old C57BL/6 females were mated with intact males of a similar
age. The females were weighed daily and monitored for the presence of a vaginal semen
plug, denoting that copulation had occurred. The morning a vaginal plug was identified,
the dam was considered pregnant (denoted as embryonic day 100.5 and moved to a new
cage. Following the confirmation of pregnancy, dams were exposed to TCDD (10 µg/kg) in
corn oil or corn oil vehicle alone by gavage on 1015.5 at 1100 h CST. The dams provided with
vehicle only were used as unexposed controls while dams receiving TCDD were designated
F0 mice (the founding generation).

Although the selected dose of TCDD is higher than typical human exposures, this
dose reflects the more rapid clearance of this toxicant in mice compared to humans. This
dose is well below the LD50 for adult C57BL/6 mice (230 µg/kg) [40] and is not overtly
teratogenic or abortogenic. In our hands, parturition typically occurred on E20 for both
control and F0 pregnancies. Finally, since the half-life of TCDD is 11 days in C57BL/6 mice,
the offspring of the F0 dams (F1 pups) were directly exposed to TCDD in utero and during
lactation [40]. Germ cells present within F1 fetuses were also directly exposed to TCDD,
and these cells had the potential to become the F2 generation.

2.4. Diet and Mating Scheme for the F1 Generation

Purina Mills (TestDiet division) provided the 5% Menhaden fish oil diet, which also
contained 1.5% corn oil to prevent the depletion of omega-6 fatty acids. Menhaden fish oil,
(OmegaProtein, Houston, TX, USA) has an established fatty acid profile (~40% omega-3
fatty acids) and was processed by the manufacturer to remove dioxins and polychlorinated
biphenyls. The fish oil diet is a modification of Purina’s low phytoestrogen rodent chow
5VR5, which was used as the control (standard) diet. Protein, total fat, and energy content
was the same for each diet. The fish oil diet was maintained in vacuum-sealed bags at
−20 ◦C until use and once provided to mice, it was replaced every 3 days.

After weaning, F1 and control males were maintained on a standard or fish oil diet
for at least 7 weeks (one full cycle of spermatogenesis) and mated at 10–12 weeks of age
with age-matched unexposed C57BL/6 females. Once a vaginal semen plug was identified,
dams were singly housed until parturition. Offspring sired by control males were denoted
as CT whereas the offspring of F1 males were denoted F2TCDD.

2.5. Formula Feeding

Beginning on postnatal day 7 (PND7), CT and F2TCDD pups were sexed, weighed,
and randomized to a strict maternal milk diet or a supplemental formula diet. Pups were
bottle-fed 30 µL of formula three times a day over the course of four days using a small
nipple attached to a 1ml syringe (Miracle Nipple Mini for Pets and Wildlife). Each 30 µL
dose was provided in two aliquots of 15 µL, each 10 min apart. All pups remained with
dams for the duration of the study and were allowed to nurse ad libitum. Pups were
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weighed daily and monitored for macroscopic signs of new BPD (e.g., labored breathing
and difficulty feeding) from PND 7–10.

2.6. Euthanasia and Collection of Tissue

To assess the development of new BPD, we performed necropsies on PND 11 as our
previous studies revealed that the disease was prevalent by this time in F2TCDD pups [29].
On PND 11 at 1100 h local time, CT and F2TCDD pups were weighed and observed for
external signs of new BPD (labored breathing and/or delayed growth), then euthanized by
decapitation performed under deep anesthesia as per the AAALAC guidelines. Following
euthanasia, the peritoneal cavity and rib cage were opened, and the lungs and trachea
were isolated and weighed. The lungs were perfused and inflated using an intratracheal
injection of 1× phosphate buffered saline (PBS) as previously described [41,42]. A 1mL
syringe filled with PBS was inserted into the trachea and used to inflate the left lobe of the
lung. A small string was tied around the right lobe to prevent inflation. The non-inflated
lobe was stored at −80 ◦C for qPCR and immunoblot analyses and the inflated lobe was
fixed in 10% buffered formalin. The fixed tissues were processed and paraffin-embedded,
and slides containing 4 µm sections were prepared by Vanderbilt University’s Translational
Pathology Shared Resource Center (TPSR).

2.7. Hematoxylin and Eosin (H and E) Staining

Formalin-fixed, paraffin-embedded tissue sections were mounted on slides, then deparaf-
finized in xylene and rehydrated in ethanol. Slides were then incubated in Hematoxylin, washed,
and incubated in Eosin. The slides were dehydrated in ethanol and xylene, then coverslipped
using Cytoseal XYL (Thermo Scientific, Waltham, MA, USA; Cat# 8312-4).

2.8. Alveolus Diameter and Radial Alveoli Count

The measurements of alveoli diameter and radial alveolar count were conducted as
previously described by others [43–45]. The linear ruler on Image J was used to assess the
horizontal length of the individual alveoli that developed in the alveolar space of each
group. Measurements were taken using the horizontal length of the alveoli to account
for irregularities in alveolar shape/branching. H and E-stained slides from at least six
pups from six separate litters were used to determine the average alveolus diameter for
each group. At least 10 measurements were taken per 100× image to obtain the average
alveolus diameter per pup. The manual measurements of the pulmonary alveolar space
were confirmed using the mean linear intercept, a semi-quantitative method for lung
morphology that has been used previously [46]. For the radial alveolar count, a line was
drawn from the surface epithelium to the nearest bronchiole. Alveoli that intersected
the line were counted and the average was taken for each group in the same manner as
described above.

2.9. Histological Determination of BPD

We developed an unbiased lung scoring system to identify mice that did or did not
have new BPD. The diagnosis of new BPD was determined using a lung injury scale that
accounted for alveoli diameter, radial alveolar count, and the presence of red blood cells
(RBCs) in the lung. We measured these parameters because reduced alveolus diameter and
radial alveolar count are established markers for reduced lung alveolarization and impaired
lung function [47]. Furthermore, the altered distribution of RBCs in the lung is related to
respiratory distress and hypertension, which are associated with new BPD [48–51]. We carefully
assessed multiple sections from 10 non-littermate CT pups to determine the normal range
of these parameters.

Healthy pups had an average alveolus diameter of 25 ± 5 µM and an average radial
alveolar count of 5–7. Healthy pups also exhibited little to no RBCs infiltrating the alveolar
space. A lung injury score of 1–4 was indicative of a healthy lung, marked by the formation
of distinct alveoli. Pups were considered to have mild BPD when they exhibited an average
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alveolus diameter of 20 ± 4 µM, an average radial alveolar count of 3–4, and the presence
of RBCs in 20–50% of the alveolar space. Pups with mild BPD received a lung injury score
of 5–7. Pups diagnosed with severe BPD exhibited an average alveolus diameter of 16 µM
or less, an average radial alveolar count of 3 or less, and the presence of RBCs in more than
50% of the alveolar space. Pups with severe BPD were given a lung injury score of 8 or 9.
To date, pups have not exhibited overlapping pulmonary phenotypes.

2.10. qRT-PCR

Lung tissue was lysed using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) and
the total RNA was purified from tissue lysates using the RNeasy Mini Kit (Qiagen, Valencia,
CA, USA). An iScript cDNA synthesis kit was used to generate cDNA from 1 µg of the
total RNA (Bio-Rad) using random decamer primers. The same thermal cycling program
was applied to all primers: 95 ◦C for 30 s, 40 cycles of 95 ◦C for 5 s, and 60 ◦C for 5 s using a
Bio-Rad CFX96 real-time thermocycler. The melting curve was analyzed to confirm product
purity. All reactions were performed in triplicate. A Ribosomal 18s transcript was used as
a housekeeping gene to normalize the transcript levels of E-cadherin and β-catenin for
all samples. The results were evaluated using the delta-delta Ct method as previously
described [15,18]

2.11. Immunoblot Assays

Lung tissue was homogenized in a RIPA buffer (Life Technologies, cat# R0278; CA,
USA), containing a protease inhibitor cocktail set III at 1:100 (Calbiochem, Gibbstown, NJ,
USA) and phosphatase inhibitor cocktails 2 and 3 at 1:100 each (Sigma Aldrich, St. Louis,
MO, USA), and using a Tissue Tearor (United Lab Plastics, St. Louis, MO, USA). Lysates
(20 µg/well) were separated by SDS-PAGE using 4–15% gradient polyacrylamide gels and
transferred onto nitrocellulose membranes (Life Technologies, Carlsbad, CA, USA). The
membranes were blocked in Intercept TBS Blocking Buffer (LI-COR Biosciences, Lincoln,
NE, USA) and then incubated with an appropriate primary antibody diluted at 1:1000
in the blocking buffer at 4 ◦C overnight on a shaker: rabbit anti-beta-Catenin antibody
(Cell Signaling Technology, Danvers, MA, USA; Cat# 8480); mouse anti-e-cadherin (Cell
Signaling Technology, Danvers, MA, USA; Cat# 3195). Blots were incubated in a mouse
anti-beta-actin monoclonal antibody (Sigma Aldrich, MO, USA; Cat# C7207) for 1 h at
room temperature. The blots were washed and incubated with the IRDye 680RD Donkey
anti-Mouse or IRDye 800 CW Goat anti-Rabbit (Licor, Lincoln, NE; cat# 926-68072 and
925-3221) secondary antibody in the blocking buffer containing 0.01% Tween 20 for 1 h at
room temperature. The blots were washed with 1X TBS 0.01% Tween 20 and the bound
antibody bands were scanned using the infrared fluorescence detection Odyssey Imaging
System (LI-COR Biosciences). The housekeeping beta-actin signal was used for the nor-
malization of the data. Each experiment was conducted in biological triplicates and the
quantitation of band intensity was performed by densitometry using Image J.

2.12. Statistical Analysis

The alveolar measurements, qRT-PCR, and immunoblot data were analyzed using
GraphPad Prism’s one-way ANOVA and the Tukey post-hoc test. For all experiments, six
non-littermates were used to obtain the average for each group. The presented images are
representative of each group. The data are represented as the mean ± standard deviation.
p < 0.05 were considered significant. Significance was determined by comparing each
treatment group to maternal milk-fed CT pups. All experiments were repeated twice using
different non-littermates. In each group, approximately half of the pups were male and the
other half were female. The majority of the pups were male in groups with uneven samples
sizes.
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3. Results
3.1. A Paternal Fish Oil Diet Preconception Improves Postnatal Growth in Pups with a History of
TCDD Exposure

Infants diagnosed with new bronchopulmonary dysplasia (BPD) typically exhibit
low birth weight, delayed postnatal growth, and lung hypoplasia [52–54]. To determine
the efficacy of a preconception paternal fish oil diet intervention in eliminating factors
associated with new BPD, we monitored pup growth from postnatal day (PND) 7–10 and
assessed lung-to-body weight ratios on PND 11. Control (CT) pups had an average body
weight of 3.3 g by PND 7, which increased to an average of 5.3 g by PND 10. Seven-day-old
pups sired by fathers exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin in utero (F2TCDD
pups) who were maintained on a standard diet preconception had a similar average body
weight to CT pups. By PND 7, F2TCDD pups on a maternal milk diet had an average body
weight of 3.3 g, which was reduced by 0.3 g in formula-supplemented pups. The average
body weight of F2TCDD pups receiving maternal milk plateaued at 4 g by PND 8, but the
average body weight of pups who received supplemental formula gradually increased to
5 g by PND 10. Regardless of their postnatal diet, F2TCDD pups sired by a father on a fish
oil diet had an average body weight of 4.5 g by PND 7, which gradually increased to 6 g by
PND 10. However, these trends in postnatal growth did not reach statistical significance
(Figure 1A), as demonstrated in Table S1.

Figure 1. A dietary fish oil intervention improves postnatal development in pups: CT and F2TCDD
pup body weight was monitored from postnatal day 7–10 (A), lung hypoplasia was determined by
measuring lung-to-body weight ratios in CT and F2TCDD pups (B). Growth curve data represents
the mean value of 4–5 non-littermate pups. Lung-to-body weight ratio data represents individual
values of 4–5 non-littermate pups. Standard deviation is shown. *** p ≤ 0.001.
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Lung hypoplasia manifests as a lung-to-body weight ratio of 0.0115, or 1.15%, or
less [55,56]. On PND 11, CT pups displayed an average lung-to-body weight ratio of
0.022 g, or 2.2%. F2TCDD pups sired by a standard diet father exhibited an average
lung-to-body weight ratio of 0.018, or 1.8%, when they received a strict maternal milk diet
and 0.017, or 1.7%, when they received supplemental formula. F2TCDD pups were not
diagnosed with lung hypoplasia, but they displayed a significant reduction in lung-to-
body weight ratios compared to CT pups (p < 0.0005). Intervening with a paternal fish
oil diet preconception normalized lung-to-body weight ratios to 0.020, or 2%, in maternal
milk-fed and 0.021, or 2.1%, in formula-supplemented F2TCDD pups (Figure 1B). These
results confirm our previous finding that a paternal fish oil diet intervention influences the
offspring’s postnatal development [18]. Herein, we demonstrated that a paternal fish oil
diet intervention improved postnatal growth rates and lung-to-body weight ratios in pups
with a history of paternal TCDD exposure, regardless of their postnatal diet.

3.2. A Paternal Fish Oil Diet Mitigates Delayed Lung Development in Pups with a History of
TCDD Exposure

To confirm that a paternal fish oil diet preconception improves lung development in
pups, we observed pulmonary histology using hematoxylin- and eosin-stained (H and E)
lung slides. CT pups exhibited normal lung development and alveolarization, marked
by the distinct formation of alveoli (Figure 2A,E). Supplementing the CT pup diet with
formula led to a visible reduction in alveolar space and the thickening of alveolar walls
(Figure 2B,F). CT pups sired by a father who received a fish oil diet preconception exhibited
improved lung alveolarization, regardless of their postnatal diet (Figure 2C,D,G,H).

Figure 2. A paternal dietary fish oil intervention improves lung development in pups: Representative
images of Hematoxylin- and Eosin-stained perfused lung tissue of PND11 CT pups sired by a standard
or fish oil diet father following a maternal milk diet or supplemental formula at a magnification of
100× (A–D) and 400× (E–H); F2TCDD pups sired by a standard or fish oil diet father following a
maternal milk diet or formula supplementation at a magnification of 100× (I–L) and 400× (M–P).
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Lung H and Es confirmed that F2TCDD pups sired by fathers on a standard diet
exhibited an impaired development of distinct alveoli and thickening of alveolar walls
(Figure 2I,M). When provided supplemental formula, many F2TCDD pups experienced
interalveolar red blood cell (RBC) infiltration (Figure 2J,N). A paternal fish oil diet precon-
ception improved lung alveolarization and reduced the risk of interalveolar RBC infiltration
in F2TCDD pups, regardless of postnatal diet (Figure 2K,L,O,P).

H- and E-stained slides were used to assess lung morphology by manually measuring
the pulmonary space and radial alveoli count as previously described [43,45]. The pul-
monary alveolar space measurements were verified using mean line intercept (MLI), an
automated semi-quantitative lung morphology analysis [46]. CT pups sired by a father
on a standard diet preconception had an average alveolar diameter of 25 ± 5 µm. Sup-
plementing CT pups with formula led to a significant reduction in the average alveolar
diameter (p = 0.0027). A paternal fish oil diet intervention normalized the average alveolar
diameter of formula-supplemented CT pups. F2TCDD pups sired by a standard diet father
also exhibited a significant reduction in the diameter of their alveolar space, regardless
of postnatal diet (p < 0.0001). Intervening with a paternal fish oil diet in F2TCDD pups
normalized their alveolar diameter to that of CT pups (Figure 3A).

We confirmed that formula-fed CT pups sired by a standard diet father also exhibited
a significant decrease in lung MLI (p < 0.0228). F2TCDD pups also exhibited a significant
reduction in lung MLI, independent of postnatal diet (p = 0.0001) (Figure 3B). All CT
pups exhibited an average number of alveoli of 6 ± 1, independent of their postnatal diet.
F2TCDD pups sired by a father on a standard diet displayed a significant reduction in
their average number of alveoli compared to CT pups (p < 0.0001). Intervening with a
paternal fish oil diet preconception in F2TCDD pups normalized their average number
of alveoli to that of CT pups (Figure 3C). Our results confirm formula-fed CT pups and
formula-fed/maternal milk-fed F2TCDD pups exhibit poor postnatal lung development,
marked by a reduction in alveolar diameter, lung MLI, and radial alveolar count. We also
confirmed the hypothesis that intervening with a paternal fish oil diet preconception in
these groups improves lung development by increasing the average diameter of alveolar
space, lung MLI, and number of alveoli in the offspring.

3.3. A Paternal Fish Oil Diet Reduces the Incidence of New BPD in Pups with a History of TCDD
Exposure

To determine the incidence of new BPD among pups, we used a scoring system based
on relevant histologic markers, as detailed in the methods and demonstrated in Figure 4B–G.
Regardless of their postnatal diet, F2TCDD pups sired by a father receiving a standard diet
preconception displayed a significant increase in the incidence of new BPD compared to all
CT pups (p < 0.0001) (Figure 4A). This translated to 85% of maternal milk-fed and 71% of
formula-supplemented F2TCDD pups developing new BPD. Intervening with a paternal
fish oil diet preconception reduced the incidence of new BPD to 25% in maternal milk-fed
and 10% in formula-supplemented F2TCDD pups (Table 1). These findings support our
hypothesis that a paternal fish oil diet preconception mitigates the development of new
BPD in pups with a history of paternal TCDD exposure.
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Figure 3. A paternal dietary fish oil intervention improves the alveolarization of pup lungs: Pul-
monary alveolar space (A), mean linear intercept (B), and radial alveolar count (C) of CT and F2TCDD
pups ± a fish oil intervention and/or supplemental formula was measured on PND11. Groups used
for manual determination of pulmonary alveolar space and radial alveolar count contained 6–10
non-littermates. Data points represent the mean values from individual pups. Standard deviation is
shown. Groups used for automated mean linear intercept contained 3–4 non-littermates.* p ≤ 0.05;
** p ≤ 0.01;*** p ≤ 0.001;**** p ≤ 0.0001.
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Figure 4. A dietary fish oil intervention reduces the incidence of BPD in TCDD-exposed pups:
Incidence of BPD was determined in CT and F2TCDD pups ± a fish oil intervention and/or formula
supplementation (A), the incidence of BPD was determined using a novel scale based on lung
histology (B–G). Data points represent the individual lung injury scores of 6–10 non-littermates from
each group. Standard deviation is shown. **** p ≤ 0.0001.

Table 1. Incidence of pups with BPD across all groups. CT, control; FO, fish oil.

Exposure Group Incidence of New BPD Average Lung Injury Score

CT 0/7 = 0% 1
CT + FO 0/7 = 0% 1

CT + FORMULA 1/16 = 16% 3
CT + FO + FORMULA 1/6 = 16% 2

F2TCDD 6/7 = 85% 6
F2TCDD + FO 2/8 = 25% 3

F2TCDD + FORMULA 5/7 = 71% 7
F2TCDD + FO + FORMULA 1/10 = 10% 3

3.4. Diet and History of TCDD Exposure Influences Pup Pulmonary Beta-Catenin and E-Cadherin
Expression

The small molecules beta-catenin and E-cadherin play integral roles in lung devel-
opment. These proteins are involved in epithelial-to-mesenchymal transition (EMT)—a
process that is dysregulated during the development and progression of new BPD [30].
Since EMT contributes to normal lung development and the development of lung diseases,
we aimed to determine whether a paternal fish oil diet reduced the incidence of new BPD in
offspring by modulating the small molecules associated with EMT. We examined pup beta-
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catenin and E-cadherin expression to observe whether a paternal fish oil diet intervention
improves new BPD outcomes by influencing these small molecules.

CT pups displayed no differences in their expression of beta-catenin at the transcript
level, regardless of paternal and postnatal diet. F2TCDD pups on a maternal milk diet
(p = 0.0234) and supplemental formula diet (p = 0.0091) displayed a significant increase
in beta-catenin gene expression when their father received a standard diet preconception.
Intervening with a paternal fish oil diet preconception reduced beta-catenin gene expression
in F2TCDD pups, regardless of postnatal diet (Figure 5A).

Figure 5. Diet and history of TCDD exposure influence beta-catenin and E-cadherin expression: RNA
isolated from the lungs of PND 11 CT and F2TCDD pups ± a fish oil intervention and/or supple-
mental formula was used to quantify the expression of beta-catenin and E-cadherin gene expression
(A,B), beta-catenin and E-cadherin protein expression were measured through immunoblotting (C),
and quantified using densitometry (D,E). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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Significantly, compared to CT pups sired by a standard diet father and only provided
maternal milk, E-cadherin gene expression was increased in CT pups receiving supplemen-
tal formula who were sired by fathers on a standard diet preconception (p = 0.0017). A
paternal fish oil diet further increased E-cadherin gene expression in formula-supplemented
CT pups (p = 0.0006). F2TCDD pups sired by standard diet fathers exhibited significant
increases in E-cadherin gene expression, independent of postnatal diet (p < 0.0001). A
paternal fish oil diet intervention in maternal milk-fed (p = 0.0044) and formula-supplemented
F2TCDD pups (p < 0.0001) also significantly increased E-cadherin gene expression (Figure 5B).

We also quantified the protein expression of pulmonary beta-catenin and E-cadherin
in pups through immunoblotting (Figure 5C and Figure S1). A paternal fish oil diet
intervention significantly decreased beta-catenin protein expression in CT pups (p = 0.0020).
Beta-catenin protein expression was further reduced in CT pups receiving supplemental
formula, regardless of paternal diet preconception (p < 0.0001). Independent of paternal diet
preconception, beta-catenin protein expression in F2TCDD pups was similar to maternal
milk-fed CT pups sired by standard diet fathers. The formula supplementation of F2TCDD
pups significantly reduced beta-catenin protein expression, regardless of paternal diet
(p < 0.0001) (Figure 5D).

Significantly, CT pups sired by a father on a fish oil diet preconception exhibited a
reduction in E-cadherin protein expression following a strict maternal milk diet (p = 0.0108)
and a supplemental formula diet (p < 0.0001). F2TCDD pups sired by a standard diet father
expressed similar levels of E-cadherin protein expression to maternal milk-fed CT pups
sired by a standard diet father. Regardless of offspring postnatal diet, a paternal fish oil diet
intervention in F2TCDD pups led to increased E-cadherin protein expression (p < 0.0001).
The formula supplementation of F2TCDD pups sired by standard diet fathers also led to a
significant increase in E-cadherin protein expression (p < 0.0001) (Figure 5E).

4. Discussion

We previously reported that a paternal history of TCDD exposure increased the
offspring’s risk of premature birth and IUGR due to impaired placental function [18]. A
paternal history of TCDD exposure also increased the offspring’s risk of new BPD, a disease
previously associated with prematurity, IUGR, and placental dysfunction [19,21,22,57].
The severity of new BPD worsened in neonatal mice that received supplemental formula,
although this dietary intervention is commonly provided to premature human infants to
enhance their nutritional intake and promote lung development [29,58,59]. Intervening
with a paternal fish oil diet preconception, following his own in utero TCDD exposure,
reduced the risk of premature birth and IUGR in offspring in association with improved
placental function [18]. Herein, we investigated the efficacy of a paternal fish oil diet
preconception in preventing the development of new BPD in offspring with a history of
paternal TCDD exposure. We also observed whether the protection offered by a paternal
fish oil diet persisted independently of the offspring’s postnatal diet (maternal milk vs.
supplemental formula).

Herein we confirmed that a paternal history of TCDD exposure impaired postnatal
growth in offspring from PND 7 to 10. A paternal fish oil diet preconception improved
offspring growth independent of postnatal diet; however, this trend did not reach sig-
nificance (Figure 1A and Table S1). As demonstrated by Figure 1B, a history of paternal
TCDD exposure also impaired lung development, denoted by an increased risk of lung
hypoplasia, which is associated with poor lung health outcomes [60]. Intervening with
a paternal fish oil diet preconception in males with a history of in utero TCDD exposure
reduced the offspring’s risk of lung hypoplasia, independent of postnatal diet.

We also observed the lung histology of pups from each group and found that CT pups
exhibited normal alveolarization when they received a postnatal maternal milk diet (Fig-
ure 2A,E). Our results confirmed that postnatal formula supplementation may be associated
with impaired lung development [34,61], marked by the thickening of the alveolar walls in
CT pups who received postnatal formula supplementation (Figure 2B,F). A paternal fish oil
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diet preconception also improved lung histology in CT pups provided with supplemental
formula. The paternal history of TCDD exposure preceding a standard diet preconception
impaired lung development in pups who received a maternal milk diet (Figure 2I,M) and
a supplemental formula diet (Figure 2J,N). Additionally, formula supplementation led to
interalveolar RBC infiltration—a sign of pulmonary hypertension, which is associated with
the development of new BPD in human neonates [62,63]. Intervening with a paternal fish
oil diet preconception in males with a history of TCDD exposure improved lung develop-
ment in their offspring, independent of postnatal diet (Figure 2K–P). This intervention also
reduced the risk of interalveolar RBC infiltration in formula-supplemented F2TCDD pups.

We used the previously described methods to assess pulmonary alveolar space, lung
MLI, and radial alveolar count, which are altered in developmental lung diseases [64]. We
confirmed that formula supplementation has a negative effect on the diameter of pulmonary
alveolar space, as it was significantly reduced in CT pups who received supplemental
formula (Figure 3A). We also observed that a history of paternal TCDD exposure reduced
pulmonary alveolar space in offspring, regardless of their postnatal diet; however, a paternal
fish oil diet normalized the pulmonary alveolar space of these pups (Figure 3A).

We used lung MLI to confirm that postnatal formula supplementation and paternal
history of TCDD exposure independently reduced alveolar space. Formula-fed CT pups
sired by standard diet fathers displayed a significant decrease in lung MLI; this trend
persisted in maternal milk- and formula-fed F2TCDD pups sired by standard diet fathers
(Figure 3B). CT pups did not exhibit significant changes in radial alveolar count. However,
a paternal history of TCDD exposure led to a significant reduction in the radial alveolar
count, which was normalized in pups whose father received a supplemental fish oil diet
preconception (Figure 3C). These results confirm that historical exposure to pollution
negatively impacts lung development, however, components of fish oil may mitigate this
effect [65,66].

Using a novel lung injury score system, we confirmed our previous report that a
history of paternal TCDD exposure increased the offspring’s risk of new BPD and that
formula supplementation increased disease severity (Figure 4). These data support our
hypothesis that a paternal fish oil diet preconception can reduce the risk of new BPD in
offspring with a history of ancestral TCDD exposure. Our results also show that postnatal
formula supplementation is associated with poor lung health outcomes [67] and a non-
significant increase in the incidence of new BPD in CT mice (Figure 4A). Overall, our results
support the theory that formula supplementation and paternal history of toxicant exposure
are independent risk factors for the development and severity of new BPD (Table 1).

Studies have suggested that the pathophysiology of new BPD involves EMT. Therefore,
to explore the potential mechanisms associated with the protective effects of fish oil against
the development of new BPD, we examined E-cadherin and beta-catenin expression. These
small molecules are influenced by TCDD and components of fish oil [32,33] and have each
been shown to be involved in EMT. Additionally, aberrant expression of beta-catenin has
been linked to new BPD [36,68,69]. Therefore, we investigated the efficacy of a paternal fish
oil diet preconception in attenuating the development of new BPD by modulating the small
molecules involved in EMT. We confirmed that maternal milk- and formula-fed pups with
a history of paternal TCDD exposure exhibited an increased gene expression of beta-catenin
(Figure 5A). We found that formula supplementation increased the gene expression of E-
cadherin, independent of a paternal history of TCDD exposure. However, a paternal fish oil
diet insignificantly reduced the gene expression of E-cadherin in offspring with a history of
TCDD exposure (Figure 5B). Pups with a history of TCDD exposure displayed a significant
increase in the co-expression of beta-catenin and E-cadherin at the gene level—a potential
marker for EMT [70,71]. However, beta-catenin and E-cadherin protein expression were
aberrant between groups (Figure 5D,E). Our results suggest that new BPD in offspring with
a history of TCDD exposure may be associated with increased beta-catenin gene expression,
supporting previous findings by others that this small molecule is dysregulated in new
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BPD. Surprisingly, our results also suggest that the protein expression of beta-catenin and
E-cadherin may play a less significant role in the attenuation of new BPD.

Overall, our study suggests that a preconception fish oil diet in males, following
in utero TCDD exposure, reduces the offspring’s risk of developing new BPD and that
this effect is mediated in part through the modulation of beta-catenin gene expression,
a small molecule involved in EMT. Although E-cadherin is also involved in EMT, its
aberrant expression between groups suggests that it does not play a major role in new BPD
outcomes. We theorize that a paternal fish oil diet preconception reduces the risk of new
BPD in offspring with a history of TCDD exposure by improving placental function, which
eliminates the risk of delayed postnatal growth in offspring and subsequently improves
lung development. It is also likely that a paternal fish oil diet increases the levels of fish
oil components (e.g., Docosahexaenoic acid (DHA) and Eicosapentaenoic acid (EPA)) in
seminal fluid [72], which may, in turn, contribute to the fatty acids present in the intrauterine
environment. DHA and EPA are critical to infant health and the development of lungs
and other organs; however, PUFA stores are often depleted after birth following changes
in the nutritional content of an infant’s postnatal diet [73,74]. Relevant to public health,
this study suggests that a paternal fish oil diet may be an efficacious preventative measure
in attenuating the risk of new BPD in the offspring of fathers who have been exposed to
toxicants via smoking or as a consequence of their occupation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxics10010007/s1: Figure S1, Full immunoblot. Table S1, p-values representing differences in
growth curve measurements between groups. CT, Control; FO, Fish oil.

Author Contributions: Conceptualization, J.T.R. and K.L.B.-T.; methodology, J.T.R. and K.J.R.; val-
idation, J.T.R. and K.L.B.-T.; formal analysis, J.T.R.; investigation, J.T.R., V.R.S. and S.A.; resources,
K.L.B.-T., K.G.O. and P.N.N.; data curation, J.T.R. and K.J.R.; writing—original draft preparation,
J.T.R.; writing—review and editing, J.T.R., K.L.B.-T. and P.N.N.; visualization, J.T.R.; supervision,
K.L.B.-T. and P.N.N.; project administration, J.T.R. and K.L.B.-T.; funding acquisition, K.L.B.-T. and
K.G.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institute of Environmental Health Sciences,
Grant/Award Number TOX T32 ES007028; the National Institute of General Medical Sciences of the Na-
tional Institutes of Health, Award Numbers T32GM007628, 1SC1AI127352, 5R25GM059994, 1F31AI67579,
and U54MD007586; and the Veterans Administration, Grant/Award Number I01BX002583.

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Vanderbilt University
(protocol code: M200098 and date of approval: 12 January 2019).

Informed Consent Statement: Not Applicable.

Data Availability Statement: All relevant data is within the manuscript.

Acknowledgments: The authors would like to acknowledge the assistance of Lou Ann Brown, Paula
Austin, Ryan Doster, and Tianbing Ding. The authors would also like to acknowledge Vanderbilt
University’s Translational Pathology Shared Resource supported by the NCI/NIH Cancer Center
Support Grant 2P30 CA068485-14, as well as Meharry Medical College’s Consolidated Research
instrumentation, Informatics, Statistics, and Learning Integration Suite.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Barker, D.J. The origins of the developmental origins theory. J. Intern. Med. 2007, 261, 412–417. [CrossRef] [PubMed]
2. Roseboom, T.J. Epidemiological evidence for the developmental origins of health and disease: Effects of prenatal undernutrition

in humans. J. Endocrinol. 2019, 242, T135–T144. [CrossRef] [PubMed]
3. Heindel, J.J.; Lawler, C.; Gluckman, P.D.; Hanson, M.A. Developmental Origins of Health and Disease: Role of exposure to

environmental chemicals in developmental origins of health and disease. Endocrinology 2015, 156, 3416–3421. [CrossRef] [PubMed]
4. Hsu, C.-N.; Tain, Y.-L. The Good, the Bad, and the Ugly of Pregnancy Nutrients and Developmental Programming of Adult

Disease. Nutrients 2019, 11, 894. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/toxics10010007/s1
https://www.mdpi.com/article/10.3390/toxics10010007/s1
http://doi.org/10.1111/j.1365-2796.2007.01809.x
http://www.ncbi.nlm.nih.gov/pubmed/17444880
http://doi.org/10.1530/JOE-18-0683
http://www.ncbi.nlm.nih.gov/pubmed/31207580
http://doi.org/10.1210/en.2015-1394
http://www.ncbi.nlm.nih.gov/pubmed/26241070
http://doi.org/10.3390/nu11040894
http://www.ncbi.nlm.nih.gov/pubmed/31010060


Toxics 2022, 10, 7 15 of 17

5. Codagnone, M.G.; Spichak, S.; O’Mahony, S.M.; O’Leary, O.F.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Programming Bugs:
Microbiota and the Developmental Origins of Brain Health and Disease. Biol. Psychiatry 2019, 85, 150–163. [CrossRef]

6. Moretti, E.; Capitani, S.; Figura, N.; Pammolli, A.; Federico, M.G.; Giannerini, V.; Collodel, G. The presence of bacteria species in
semen and sperm quality. J. Assist. Reprod. Genet. 2009, 26, 47–56. [CrossRef]

7. Singer, R.; Sagiv, M.; Barnet, M.; Levinsky, H. Semen volume and fructose content of human semen. Survey of the years 1980–1989.
Acta Eur. Fertil. 1990, 21, 205–206.

8. Singer, R.; Landau, B.; Joshua, H.; Zukerman, Z.; Pick, I.; Sigienriech, E.; Chowers, I. Protein content of human seminal plasma
and spermatozoa in relation to sperm counts. Acta Eur. Fertil. 1976, 7, 281–284.

9. Schjenken, J.E.; Sharkey, D.J.; Green, E.S.; Chan, H.Y.; Matias, R.A.; Moldenhauer, L.M.; Robertson, S.A. Sperm modulate uterine
immune parameters relevant to embryo implantation and reproductive success in mice. Commun. Biol. 2021, 4, 572. [CrossRef]

10. Ding, T.; Mokshagundam, S.; Rinaudo, P.F.; Osteen, K.G.; Bruner-Tran, K.L. Paternal developmental toxicant exposure is
associated with epigenetic modulation of sperm and placental Pgr and Igf2 in a mouse model. Biol. Reprod. 2018, 99, 864–876.
[CrossRef]

11. Di Mascio, D.; Saccone, G.; Bellussi, F.; Vitagliano, A.; Berghella, V. Type of paternal sperm exposure before pregnancy and the
risk of preeclampsia: A systematic review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2020, 251, 246–253. [CrossRef]

12. Robertson, S.A.; Sharkey, D.J. Seminal fluid and fertility in women. Fertil. Steril. 2016, 106, 511–519. [CrossRef]
13. Bromfield, J.J. Seminal fluid and reproduction: Much more than previously thought. J. Assist. Reprod. Genet. 2014, 31, 627–636.

[CrossRef]
14. Wang, X.; Miller, D.C.; Harman, R.; Antczak, D.F.; Clark, A.G. Paternally expressed genes predominate in the placenta. Proc. Natl.

Acad. Sci. USA 2013, 110, 10705–10710. [CrossRef] [PubMed]
15. Ding, T.; McConaha, M.; Boyd, K.L.; Osteen, K.G.; Bruner-Tran, K.L. Developmental dioxin exposure of either parent is associated

with an increased risk of preterm birth in adult mice. Reprod. Toxicol. 2011, 31, 351–358. [CrossRef] [PubMed]
16. Bruner-Tran, K.L.; Osteen, K.G. Developmental exposure to TCDD reduces fertility and negatively affects pregnancy outcomes

across multiple generations. Reprod. Toxicol. 2011, 31, 344–350. [CrossRef] [PubMed]
17. Schagdarsurengin, U.; Steger, K. Epigenetics in male reproduction: Effect of paternal diet on sperm quality and offspring health.

Nat. Rev. Urol. 2016, 13, 584–595. [CrossRef]
18. McConaha, M.E.; Ding, T.; Lucas, J.A.; Arosh, J.A.; Osteen, K.G.; Bruner-Tran, K.L. Preconception omega-3 fatty acid supplemen-

tation of adult male mice with a history of developmental 2,3,7,8-tetrachlorodibenzo-p-dioxin exposure prevents preterm birth in
unexposed female partners. Reproduction 2011, 142, 235–241. [CrossRef]

19. Mestan, K.K.; Steinhorn, R.H. Fetal origins of neonatal lung disease: Understanding the pathogenesis of bronchopulmonary
dysplasia. Am. J. Physiol. Lung Cell Mol. Physiol. 2011, 301, L858–L859. [CrossRef]

20. Thébaud, B.; Goss, K.N.; Laughon, M.; Whitsett, J.A.; Abman, S.H.; Steinhorn, R.H.; Aschner, J.L.; Davis, P.G.; McGrath-Morrow,
S.A.; Soll, R.F.; et al. Bronchopulmonary dysplasia. Nat. Rev. Dis. Primers 2019, 5, 78. [CrossRef]

21. Young, K.; Sosenko, I.; Claure, N. Placental dysfunction and impaired fetal growth: A relationship with bronchopulmonary
dysplasia and pulmonary hypertension. Thorax 2021. [CrossRef]

22. Torchin, H.; Ancel, P.-Y.; Goffinet, F.; Hascoët, J.-M.; Truffert, P.; Tran, D.; Lebeaux, C.; Jarreau, P.-H. Placental Complications and
Bronchopulmonary Dysplasia: EPIPAGE-2 Cohort Study. Pediatrics 2016, 137, e20152163. [CrossRef] [PubMed]

23. Mir, I.N.; Chalak, L.F.; Brown, L.S.; Johnson-Welch, S.; Heyne, R.; Rosenfeld, C.R.; Kapadia, V.S. Impact of multiple placental
pathologies on neonatal death, bronchopulmonary dysplasia, and neurodevelopmental impairment in preterm infants. Pediatr.
Res. 2020, 87, 885–891. [CrossRef] [PubMed]

24. Redline, R.W.; Wilson-Costello, D.; Hack, M. Placental and Other Perinatal Risk Factors for Chronic Lung Disease in Very Low
Birth Weight Infants. Pediatr. Res. 2002, 52, 713–719. [CrossRef] [PubMed]

25. Rice, J.L.; McGrath-Morrow, S.A.; Collaco, J.M. Indoor Air Pollution Sources and Respiratory Symptoms in Bronchopulmonary
Dysplasia. J. Pediatr. 2020, 222, 85–90.e82. [CrossRef]

26. Collaco, J.M.; Morrow, M.; Rice, J.L.; McGrath-Morrow, S.A. Impact of road proximity on infants and children with bronchopul-
monary dysplasia. Pediatr. Pulmonol. 2020, 55, 369–375. [CrossRef]

27. Collaco, J.M.; Aoyama, B.C.; Rice, J.L.; McGrath-Morrow, S.A. Influences of environmental exposures on preterm lung disease.
Expert Rev. Respir. Med. 2021, 15, 1271–1279. [CrossRef] [PubMed]

28. Latzin, P.; Röösli, M.; Huss, A.; Kuehni, C.E.; Frey, U. Air pollution during pregnancy and lung function in newborns: A birth
cohort study. Eur. Respir. J. 2009, 33, 594–603. [CrossRef]

29. Mokshagundam, S.; Ding, T.; Rumph, J.T.; Dallas, M.; Stephens, V.R.; Osteen, K.G.; Bruner-Tran, K.L. Developmental 2,3,7,8-
tetrachlorodibenzo-p-dioxin exposure of either parent enhances the risk of necrotizing enterocolitis in neonatal mice. Birth Defects
Res. 2020, 112, 1209–1223. [CrossRef]

30. Yang, H.; Fu, J.; Xue, X.; Yao, L.; Qiao, L.; Hou, A.; Jin, L.; Xing, Y. Epithelial-mesenchymal transitions in bronchopulmonary
dysplasia of newborn rats. Pediatr. Pulmonol. 2014, 49, 1112–1123. [CrossRef]

31. Bartis, D.; Mise, N.; Mahida, R.Y.; Eickelberg, O.; Thickett, D.R. Epithelial–mesenchymal transition in lung development and
disease: Does it exist and is it important? Thorax 2014, 69, 760–765. [CrossRef]

32. Sung, N.J.; Kim, N.H.; Bae, N.Y.; Jo, H.S.; Park, S.-A. DHA inhibits Gremlin-1-induced epithelial-to-mesenchymal transition via
ERK suppression in human breast cancer cells. Biosci. Rep. 2020, 40, BSR20200164. [CrossRef]

http://doi.org/10.1016/j.biopsych.2018.06.014
http://doi.org/10.1007/s10815-008-9283-5
http://doi.org/10.1038/s42003-021-02038-9
http://doi.org/10.1093/biolre/ioy111
http://doi.org/10.1016/j.ejogrb.2020.05.065
http://doi.org/10.1016/j.fertnstert.2016.07.1101
http://doi.org/10.1007/s10815-014-0243-y
http://doi.org/10.1073/pnas.1308998110
http://www.ncbi.nlm.nih.gov/pubmed/23754418
http://doi.org/10.1016/j.reprotox.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21093581
http://doi.org/10.1016/j.reprotox.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20955784
http://doi.org/10.1038/nrurol.2016.157
http://doi.org/10.1530/REP-11-0070
http://doi.org/10.1152/ajplung.00314.2011
http://doi.org/10.1038/s41572-019-0127-7
http://doi.org/10.1136/thoraxjnl-2021-217476
http://doi.org/10.1542/peds.2015-2163
http://www.ncbi.nlm.nih.gov/pubmed/26908662
http://doi.org/10.1038/s41390-019-0715-y
http://www.ncbi.nlm.nih.gov/pubmed/31812153
http://doi.org/10.1203/00006450-200211000-00017
http://www.ncbi.nlm.nih.gov/pubmed/12409518
http://doi.org/10.1016/j.jpeds.2020.03.010
http://doi.org/10.1002/ppul.24594
http://doi.org/10.1080/17476348.2021.1941886
http://www.ncbi.nlm.nih.gov/pubmed/34114906
http://doi.org/10.1183/09031936.00084008
http://doi.org/10.1002/bdr2.1742
http://doi.org/10.1002/ppul.22969
http://doi.org/10.1136/thoraxjnl-2013-204608
http://doi.org/10.1042/BSR20200164


Toxics 2022, 10, 7 16 of 17

33. Gao, Z.; Bu, Y.; Liu, X.; Wang, X.; Zhang, G.; Wang, E.; Ding, S.; Liu, Y.; Shi, R.; Li, Q.; et al. TCDD promoted EMT of hFPECs via
AhR, which involved the activation of EGFR/ERK signaling. Toxicol. Appl. Pharm. 2016, 298, 48–55. [CrossRef]

34. Villamor-Martínez, E.; Pierro, M.; Cavallaro, G.; Mosca, F.; Villamor, E. Mother’s Own Milk and Bronchopulmonary Dysplasia: A
Systematic Review and Meta-Analysis. Front. Pediatr. 2019, 7, 224. [CrossRef]

35. Schlosser-Brandenburg, J.; Ebner, F.; Klopfleisch, R.; Kühl, A.A.; Zentek, J.; Pieper, R.; Hartmann, S. Influence of Nutrition and
Maternal Bonding on Postnatal Lung Development in the Newborn Pig. Front. Immunol. 2021, 12, 734153. [CrossRef] [PubMed]

36. Alapati, D.; Rong, M.; Chen, S.; Hehre, D.; Hummler, S.C.; Wu, S. Inhibition of β-catenin signaling improves alveolarization and
reduces pulmonary hypertension in experimental bronchopulmonary dysplasia. Am. J. Respir. Cell Mol. Biol. 2014, 51, 104–113.
[CrossRef] [PubMed]

37. Lecarpentier, Y.; Gourrier, E.; Gobert, V.; Vallée, A. Bronchopulmonary Dysplasia: Crosstalk Between PPARγ, WNT/β-Catenin
and TGF-β Pathways; The Potential Therapeutic Role of PPARγ Agonists. Front. Pediatr. 2019, 7, 176. [CrossRef]

38. Sucre, J.M.; Vijayaraj, P.; Aros, C.J.; Wilkinson, D.; Paul, M.; Dunn, B.; Guttentag, S.H.; Gomperts, B.N. Posttranslational
modification of β-catenin is associated with pathogenic fibroblastic changes in bronchopulmonary dysplasia. Am. J. Physiol. Lung
Cell Mol. Physiol. 2017, 312, L186–L195. [CrossRef] [PubMed]

39. Sucre, J.M.S.; Deutsch, G.H.; Jetter, C.S.; Ambalavanan, N.; Benjamin, J.T.; Gleaves, L.A.; Millis, B.A.; Young, L.R.; Blackwell, T.S.;
Kropski, J.A.; et al. A Shared Pattern of β-Catenin Activation in Bronchopulmonary Dysplasia and Idiopathic Pulmonary Fibrosis.
Am. J. Pathol. 2018, 188, 853–862. [CrossRef] [PubMed]

40. Vogel, C.F.; Zhao, Y.; Wong, P.; Young, N.F.; Matsumura, F. The use of c-src knockout mice for the identification of the main toxic
signaling pathway of TCDD to induce wasting syndrome. J. Biochem. Mol. Toxicol. 2003, 17, 305–315. [CrossRef]

41. Davenport, M.L.; Sherrill, T.P.; Blackwell, T.S.; Edmonds, M.D. Perfusion and Inflation of the Mouse Lung for Tumor Histology. J.
Vis. Exp. 2020, 162, e60605. [CrossRef] [PubMed]

42. Karasutani, K.; Baskoro, H.; Sato, T.; Arano, N.; Suzuki, Y.; Mitsui, A.; Shimada, N.; Kodama, Y.; Seyama, K.; Fukuchi, Y.; et al.
Lung Fixation under Constant Pressure for Evaluation of Emphysema in Mice. J. Vis. Exp. 2019, 151, e58197. [CrossRef]

43. Cooney, T.P.; Thurlbeck, W.M. The radial alveolar count method of Emery and Mithal: A reappraisal 1-postnatal lung growth.
Thorax 1982, 37, 572–579. [CrossRef] [PubMed]

44. Dechelotte, P.; Labbé, A.; Caux, O.; Vanlieferinghen, P.; Raynaud, E.J. Defect in pulmonary growth. Comparative study of 3
diagnostic criteria. Arch. Fr. Pediatr. 1987, 44, 255–261. [PubMed]

45. Klein, A.W.; Becker, R.F.; Bryson, M.R. A method for estimating the distribution of alveolar sizes from histological lung sections.
Trans. Am. Microsc. Soc. 1972, 91, 195–208. [CrossRef]

46. Crowley, G.; Kwon, S.; Caraher, E.J.; Haider, S.H.; Lam, R.; Batra, P.; Melles, D.; Liu, M.; Nolan, A. Quantitative lung morphology:
Semi-automated measurement of mean linear intercept. BMC Pulm. Med. 2019, 19, 206. [CrossRef]

47. Baker, C.D.; Alvira, C.M. Disrupted lung development and bronchopulmonary dysplasia: Opportunities for lung repair and
regeneration. Curr. Opin. Pediatr. 2014, 26, 306–314. [CrossRef] [PubMed]

48. Tóth, S.; Pingorová, S.; Jonecová, Z.; Morochovic, R.; Pomfy, M.; Veselá, J. Adult Respiratory Distress Syndrome and alveolar
epithelium apoptosis: An histopathological and immunohistochemical study. Folia Histochem. Cytobiol. 2009, 47, 431–434.
[CrossRef]

49. Go, H.; Ohto, H.; Nollet, K.E.; Sato, K.; Ichikawa, H.; Kume, Y.; Kanai, Y.; Maeda, H.; Kashiwabara, N.; Ogasawara, K.; et al. Red
cell distribution width as a predictor for bronchopulmonary dysplasia in premature infants. Sci. Rep. 2021, 11, 7221. [CrossRef]

50. Janz, D.R.; Ware, L.B. The role of red blood cells and cell-free hemoglobin in the pathogenesis of ARDS. J. Intensive Care 2015, 3,
20. [CrossRef]

51. Hansmann, G.; Sallmon, H.; Roehr, C.C.; Kourembanas, S.; Austin, E.D.; Koestenberger, M. Pulmonary hypertension in
bronchopulmonary dysplasia. Pediatr. Res. 2021, 89, 446–455. [CrossRef] [PubMed]

52. Bos, A.P.; Hussain, S.M.; Hazebroek, F.W.; Tibboel, D.; Meradji, M.; Molenaar, J.C. Radiographic evidence of bronchopulmonary
dysplasia in high-risk congenital diaphragmatic hernia survivors. Pediatr. Pulmonol. 1993, 15, 231–234. [CrossRef]

53. Singer, L.T.; Davillier, M.; Preuss, L.; Szekely, L.; Hawkins, S.; Yamashita, T.; Baley, J. Feeding interactions in infants with very low
birth weight and bronchopulmonary dysplasia. J. Dev. Behav. Pediatr. JDBP 1996, 17, 69–76. [CrossRef]

54. Dassios, T.; Williams, E.E.; Hickey, A.; Bunce, C.; Greenough, A. Bronchopulmonary dysplasia and postnatal growth following
extremely preterm birth. Arch. Dis. Child. Fet. Neonatal Ed. 2021, 106, 386–391. [CrossRef]

55. Laberge, J.-M.; Puligandla, P. Chapter 64-Congenital Malformations of the Lungs and Airways. In Pediatric Respiratory Medicine,
2nd ed.; Taussig, L.M., Landau, L.I., Eds.; Mosby: Philadelphia, PA, USA, 2008; pp. 907–941. [CrossRef]

56. Askenazi, S.S.; Perlman, M. Pulmonary hypoplasia: Lung weight and radial alveolar count as criteria of diagnosis. Arch. Dis.
Child. 1979, 54, 614–618. [CrossRef]

57. D’Angio, C.T.; Maniscalco, W.M. Bronchopulmonary dysplasia in preterm infants: Pathophysiology and management strategies.
Paediatr. Drugs 2004, 6, 303–330. [CrossRef]

58. Pereira, G.R.; Baumgart, S.; Bennett, M.J.; Stallings, V.A.; Georgieff, M.K.; Hamosh, M.; Ellis, L. Use of high-fat formula for
premature infants with bronchopulmonary dysplasia: Metabolic, pulmonary, and nutritional studies. J. Pediatr. 1994, 124, 605–611.
[CrossRef]

59. Young, T.E. Nutritional support and bronchopulmonary dysplasia. J. Perinatol. 2007, 27, S75–S78. [CrossRef]

http://doi.org/10.1016/j.taap.2016.03.005
http://doi.org/10.3389/fped.2019.00224
http://doi.org/10.3389/fimmu.2021.734153
http://www.ncbi.nlm.nih.gov/pubmed/34484245
http://doi.org/10.1165/rcmb.2013-0346OC
http://www.ncbi.nlm.nih.gov/pubmed/24484510
http://doi.org/10.3389/fped.2019.00176
http://doi.org/10.1152/ajplung.00477.2016
http://www.ncbi.nlm.nih.gov/pubmed/27941077
http://doi.org/10.1016/j.ajpath.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29355514
http://doi.org/10.1002/jbt.10096
http://doi.org/10.3791/60605
http://www.ncbi.nlm.nih.gov/pubmed/32831298
http://doi.org/10.3791/58197
http://doi.org/10.1136/thx.37.8.572
http://www.ncbi.nlm.nih.gov/pubmed/7179185
http://www.ncbi.nlm.nih.gov/pubmed/3592913
http://doi.org/10.2307/3225409
http://doi.org/10.1186/s12890-019-0915-6
http://doi.org/10.1097/MOP.0000000000000095
http://www.ncbi.nlm.nih.gov/pubmed/24739494
http://doi.org/10.2478/v10042-009-0046-7
http://doi.org/10.1038/s41598-021-86752-8
http://doi.org/10.1186/s40560-015-0086-3
http://doi.org/10.1038/s41390-020-0993-4
http://www.ncbi.nlm.nih.gov/pubmed/32521539
http://doi.org/10.1002/ppul.1950150409
http://doi.org/10.1097/00004703-199604000-00001
http://doi.org/10.1136/archdischild-2020-320816
http://doi.org/10.1016/B978-032304048-8.50068-2
http://doi.org/10.1136/adc.54.8.614
http://doi.org/10.2165/00148581-200406050-00004
http://doi.org/10.1016/S0022-3476(05)83143-9
http://doi.org/10.1038/sj.jp.7211725


Toxics 2022, 10, 7 17 of 17

60. Delgado-Peña, Y.P.; Torrent-Vernetta, A.; Sacoto, G.; de Mir-Messa, I.; Rovira-Amigo, S.; Gartner, S.; Moreno-Galdó, A.; Molino-
Gahete, J.A.; Castillo-Salinas, F. Pulmonary hypoplasia: An analysis of cases over a 20-year period. Pediatria 2016, 85, 70–76.
[CrossRef]

61. Huang, J.; Zhang, L.; Tang, J.; Shi, J.; Qu, Y.; Xiong, T.; Mu, D. Human milk as a protective factor for bronchopulmonary dysplasia:
A systematic review and meta-analysis. Arch. Dis. Child. Fet. Neonatal Ed. 2019, 104, F128–F136. [CrossRef]

62. Smukowska-Gorynia, A.; Tomaszewska, I.; Malaczynska-Rajpold, K.; Marcinkowska, J.; Komosa, A.; Janus, M.; Olasinska-
Wisniewska, A.; Slawek, S.; Araszkiewicz, A.; Jankiewicz, S.; et al. Red Blood Cells Distribution Width as a Potential Prognostic
Biomarker in Patients With Pulmonary Arterial Hypertension and Chronic Thromboembolic Pulmonary Hypertension. Heart
Lung Circ. 2018, 27, 842–848. [CrossRef]

63. Berkelhamer, S.K.; Mestan, K.K.; Steinhorn, R.H. Pulmonary hypertension in bronchopulmonary dysplasia. Semin. Perinatol.
2013, 37, 124–131. [CrossRef] [PubMed]

64. Ramani, M.; Bradley, W.E.; Dell’Italia, L.J.; Ambalavanan, N. Early exposure to hyperoxia or hypoxia adversely impacts
cardiopulmonary development. Am. J. Respir. Cell Mol. Biol. 2015, 52, 594–602. [CrossRef]

65. Harris, W.S.; Baack, M.L. Beyond building better brains: Bridging the docosahexaenoic acid (DHA) gap of prematurity. J. Perinatol.
2015, 35, 1–7. [CrossRef]

66. Voynow, J.A.; Auten, R. Environmental Pollution and the Developing Lung. Clin. Pulm. Med. 2015, 22, 177–184. [CrossRef]
[PubMed]

67. Guilbert, T.W.; Stern, D.A.; Morgan, W.J.; Martinez, F.D.; Wright, A.L. Effect of breastfeeding on lung function in childhood and
modulation by maternal asthma and atopy. Am. J. Respir. Crit. Care Med. 2007, 176, 843–848. [CrossRef] [PubMed]

68. Loh, C.Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K.; Chong, P.P.; Looi, C.Y. The E-Cadherin and N-Cadherin
Switch in Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118.
[CrossRef]

69. Zhu, Y.; Tan, J.; Xie, H.; Wang, J.; Meng, X.; Wang, R. HIF-1α regulates EMT via the Snail and β-catenin pathways in paraquat
poisoning-induced early pulmonary fibrosis. J. Cell Mol. Med. 2016, 20, 688–697. [CrossRef]

70. Zhu, G.J.; Song, P.P.; Zhou, H.; Shen, X.H.; Wang, J.G.; Ma, X.F.; Gu, Y.J.; Liu, D.D.; Feng, A.N.; Qian, X.Y.; et al. Role of
epithelial-mesenchymal transition markers E-cadherin, N-cadherin, β-catenin and ZEB2 in laryngeal squamous cell carcinoma.
Oncol. Lett. 2018, 15, 3472–3481. [CrossRef] [PubMed]

71. Tian, X.; Liu, Z.; Niu, B.; Zhang, J.; Tan, T.K.; Lee, S.R.; Zhao, Y.; Harris, D.C.H.; Zheng, G. E-Cadherin/β-Catenin Complex and
the Epithelial Barrier. J. Biomed. Biotechnol. 2011, 2011, 567305. [CrossRef] [PubMed]

72. Conquer, J.A.; Martin, J.B.; Tummon, I.; Watson, L.; Tekpetey, F. Effect of DHA supplementation on DHA status and sperm
motility in asthenozoospermic males. Lipids 2000, 35, 149–154. [CrossRef] [PubMed]

73. Haggarty, P. Effect of placental function on fatty acid requirements during pregnancy. Eur. J. Clin. Nutr. 2004, 58, 1559–1570.
[CrossRef] [PubMed]

74. Smith, S.L.; Rouse, C.A. Docosahexaenoic acid and the preterm infant. Matern. Health Neonatol. Perinatol. 2017, 3, 22. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.anpede.2015.10.022
http://doi.org/10.1136/archdischild-2017-314205
http://doi.org/10.1016/j.hlc.2017.08.007
http://doi.org/10.1053/j.semperi.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23582967
http://doi.org/10.1165/rcmb.2013-0491OC
http://doi.org/10.1038/jp.2014.195
http://doi.org/10.1097/CPM.0000000000000095
http://www.ncbi.nlm.nih.gov/pubmed/33437140
http://doi.org/10.1164/rccm.200610-1507OC
http://www.ncbi.nlm.nih.gov/pubmed/17690333
http://doi.org/10.3390/cells8101118
http://doi.org/10.1111/jcmm.12769
http://doi.org/10.3892/ol.2018.7751
http://www.ncbi.nlm.nih.gov/pubmed/29467869
http://doi.org/10.1155/2011/567305
http://www.ncbi.nlm.nih.gov/pubmed/22007144
http://doi.org/10.1007/BF02664764
http://www.ncbi.nlm.nih.gov/pubmed/10757545
http://doi.org/10.1038/sj.ejcn.1602016
http://www.ncbi.nlm.nih.gov/pubmed/15266306
http://doi.org/10.1186/s40748-017-0061-1
http://www.ncbi.nlm.nih.gov/pubmed/29238605

	Introduction 
	Materials and Methods 
	Animals 
	Chemicals 
	TCDD Exposure and Mating Scheme 
	Diet and Mating Scheme for the F1 Generation 
	Formula Feeding 
	Euthanasia and Collection of Tissue 
	Hematoxylin and Eosin (H and E) Staining 
	Alveolus Diameter and Radial Alveoli Count 
	Histological Determination of BPD 
	qRT-PCR 
	Immunoblot Assays 
	Statistical Analysis 

	Results 
	A Paternal Fish Oil Diet Preconception Improves Postnatal Growth in Pups with a History of TCDD Exposure 
	A Paternal Fish Oil Diet Mitigates Delayed Lung Development in Pups with a History of TCDD Exposure 
	A Paternal Fish Oil Diet Reduces the Incidence of New BPD in Pups with a History of TCDD Exposure 
	Diet and History of TCDD Exposure Influences Pup Pulmonary Beta-Catenin and E-Cadherin Expression 

	Discussion 
	References

