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Abstract

Background: We previously reported that maternal alcohol use significantly increases the risk of
sepsis in premature and term newborns. In the mouse, fetal ethanol exposure results in an
immunosuppressed phenotype for the alveolar macrophage (AM) and decreases bacterial
phagocytosis. In pregnant mice, ethanol decreased AM zinc homeostasis which contributed to
immunosuppression and impaired AM phagocytosis. In this study, we explored whether ethanol-
induced zinc insufficiency extended to the pup AM and contributed to immunosuppression and
exacerbated viral lung infections.

Methods: C57BL/6 female mice were fed a liquid diet with 25% ethanol-derived calories or pair-
fed a control diet with 25% of calories as maltose-dextrin. Some pup AMs were treated /n vitro
with zinc acetate before measuring zinc pools or transporter expression and bacteria phagocytosis.
Some dams were fed additional zinc supplements in the ethanol or control diets and then we
assessed pup AM zinc pools, zinc transporters, and the immunosuppressant TGFp1. On post-natal
day 10, some pups were given intranasal saline or Respiratory Syncytial Virus (RSV) and then
AM RSV phagocytosis and the RSV burden in the airway lining fluid were assessed.

Results: Fetal ethanol exposure decreased pup AM zinc pools, zinc transporter expression, and
bacterial clearance but /77 vitro zinc treatments reversed these alterations. In addition, the expected
ethanol-induced increase in TGFB1 and immunosuppression were associated with decreased RSV
phagocytosis and exacerbated RSV infections. However, additional maternal zinc supplements
blocked the ethanol-induced perturbations in the pup AM zinc homeostasis and TGFp1
immunosuppression thereby improving RSV phagocytosis and attenuating the RSV burden in the
lung.
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Conclusion: These studies suggest that, despite normal maternal dietary zinc intake, /in utero
alcohol exposure results in zinc insufficiency which contributes to compromised neonatal AM
immune functions thereby increasing the risk of bacterial and viral infections.
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Introduction

Alcohol use prior to and during pregnancy continues to be a significant issue in our society.
In a recent study, the estimated prevalence of fetal alcohol spectrum disorders among first-
graders in four US communities ranged from 1.1% to 5.0% (May et al., 2018). However, the
majority of infants with /n utero alcohol exposure do not display the phenotypic
characteristics associated with Fetal Alcohol Syndrome (L.ittle, Snell, Rosenfeld, Gilstrap, &
Gant, 1990) and, as a result, exposure often goes undetected by primary care providers.
Consequently, a significant proportion of newborns are exposed to alcohol /in utero but
alcohol’s contribution to adverse outcomes remains unappreciated.

Chronic alcohol exposure in utero also results in a >34-fold higher risk of extreme premature
delivery (<32 weeks gestational age) than non-exposed infants (Sokol et al., 2007); thereby,
increasing the risk of the perinatal morbidity and mortality associated with prematurity
(McCormick, 1985; Saigal & Doyle, 2008). In earlier studies, we reported that fetal alcohol
exposure significantly increased the risk of sepsis in exposed premature and term newborns
(Gauthier, 2015; Gauthier, Drews-Botsch, Falek, Coles, & Brown, 2005; Gauthier, Guidot,
Kelleman, McCracken, & Brown, 2016). More recently, we reported that maternal report
indicated that approximately one in three very low birthweight (<1500 g) premature
newborns were exposed to alcohol /n utero (Gauthier et al., 2016). Furthermore, alcohol
exposure was associated with an alarming increased odds of developing late onset sepsis and
bronchopulmonary dysplasia, two morbidities that continue to plague the very low
birthweight infant.

In the airspace, the alveolar macrophage (AM) initiates and orchestrates the first immune
responses against foreign particles (Fels & Cohn, 1986). However, the newborn is at higher
risk for respiratory infections and injury because the AM is not as well equipped as adult
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AMs for essential immune responses such as chemotaxis, phagocytosis, pathogen killing,
and restoration of homeostasis (Bellanti & Zeligs, 1995; Bohmwald, Espinoza, Pulgar, Jara,
& Kalergis, 2017). We have shown in animal models that fetal alcohol exposure further
exacerbates the already poor immune responses of the newborn lung and AM (Gauthier,
Ping, Gabelaia, & Brown, 2010; Gauthier, Ping, et al., 2005; Ping, Harris, Brown, &
Gauthier, 2007) resulting in exacerbation of experimental respiratory bacterial infections
(Gauthier et al., 2009). The underlying mechanisms by which alcohol suppresses AM
immune responses are multi-factorial but chronic oxidative stress is a central component in
both the adult and fetal alcohol models (L. A. Brown, Ping, Harris, & Gauthier, 2007;
Gauthier, Ping, et al., 2005; Harvey et al., 2011; Joshi et al., 2005; Liang, Harris, & Brown,
2014; Mehta et al., 2011; Mehta, Yeligar, Elon, Brown, & Guidot, 2013; Yeligar, Harris,
Hart, & Brown, 2012, 2014). One mechanism observed in both adult and fetal models is that
the alcohol-induced chronic oxidative stress upregulates AM expression and signaling of the
immunosuppressant transforming growth factor p (TGFB1) resulting in impaired bacterial
clearance (S. D. Brown & Brown, 2012; Gauthier, Grunwell, Ping, Harris, & Brown, 2017,
Yeligar et al., 2017). A central role for TGFB1 in the AM immune suppression was further
verified in these studies by demonstration that strategies to attenuate TGFB1 signaling also
restored AM pathogen clearance.

In adult models, chronic ethanol ingestion also decreases the AM zinc pool which was
mimicked by treatment with TGFp1 which similarly decreased the zinc pool (Mehta et al.,
2011). The ethanol- or TGFB1-induced decreases in the AM zinc pools were also linked to
decreased expression of the cellular zinc transporters Zipl, Zip4 and ZNT1 (Curry-McCoy,
Guidot, & Joshi, 2013). Equally important, zinc supplements blocked or reversed many of
the negative effects of alcohol on the AM — decreased zinc transporters, decreased zinc pool,
increased oxidative stress, increased TGFP1, and impaired pathogen clearance (Curry-
McCoy et al., 2013; Mehta et al., 2011).

During pregnancy, proper zinc nutrition is essential for fetal development, growth, and
immune functions (Liu et al., 2018; Terrin et al., 2015; Young, Giesbrecht, Eskin, Aliani, &
Suh, 2014). For example, zinc insufficiency during development results in decreased
neutrophil chemotaxis and phagocytosis (Wellinghausen, 2001) as well as thymus atrophy
(Dutz et al., 1976; Ferguson, 1978). In a mouse model, we demonstrated that ethanol
ingestion prior to and during pregnancy decreased zinc homeostasis in the maternal AM
resulting in impaired bacterial clearance, despite a well-balanced diet developed for the
pregnant mouse (Konomi, Harris, Ping, Gauthier, & Brown, 2015). Whether the alcohol-
induced zinc insufficiency observed in the pregnant mouse AM also results in zinc
insufficiency in the newborn pup and impaired immune functions of its AM are the focus of
this study.

In previous studies, we focused on the effects of fetal alcohol exposure on bacterial
clearance and infection. However, lower respiratory tract infections with Respiratory
Syncytial Virus (RSV) are more relevant for the newborn, particularly the premature
newborn and often result in extended hospital stays, admission to intensive care, and the
need for oxygen and mechanical ventilation, all of which are associated with increased
hospital costs (Simoes, Anderson, Wu, & Ambrose, 2016). An immature immune system
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such as that observed in premature newborns results in exacerbation of RSV infections
(Fonseca, Lukacs, & Ptaschinski, 2018; Paes, 2018). Further impaired development of the
immune system through extrinsic and intrinsic factors such as fetal alcohol exposure may
also predispose the lung to RSV infections as indicated in a fetal lamb model of /n utero
ethanol exposure (Ackermann, 2014; Lazic et al., 2007). Airway epithelial cells are the
primary site for RSV infections but host innate immune responses such as phagocytosis and
release of cytokines, chemokines, and other immune mediators are crucial in determining
disease outcomes (Bohmwald et al., 2017). Since the AM is the most abundant phagocytic
cell in the air space and orchestrates the respiratory immune response and inflammation,
robust AM immune functions are critical for RSV clearance (Kolli et al., 2014; Ren et al.,
2014). We have previously shown that TGFp1 impairs the capacity of AM to clear RSV
(Grunwell et al., 2018) but whether the increased TGFR1 in the AM after ethanol exposure
and the subsequent immunosuppression also impairs the capacity of the newborn AM to
clear viruses has not been addressed.

In the current study, we examined whether the ethanol-induced zinc insufficiency observed
in the AM of the pregnant mouse is extended to the ethanol-exposed pup AM and
contributes to a decreased capacity to clear viruses resulting in exacerbation of an
experimental RSV infection. The results of the current study demonstrated that /in utero
ethanol exposure decreased zinc transporters resulting in a decreased zinc pool in the pup
AM. With jn vitro zinc treatments, the AM zinc pools and zinc transporters were restored as
well as bacterial clearance. Fetal ethanol exposure also impaired the capacity of the pup AM
to phagocytose RSV resulting in exacerbation of RSV in the airway lining fluid. With
supplementation of the maternal diet with additional zinc, the decreased zinc homeostasis,
increased TGFB1 and subsequent immunosuppression, impaired AM phagocytosis of RSV,
and augmented RSV infection expected in the ethanol-exposed pup were normalized to
control levels. Therefore, this study suggests that fetal ethanol exposure promotes
dysregulation of zinc homeostasis within the alveolar space which subsequently promotes
AM immunosuppression, impairs phagocytosis, and increases the risk of bacterial and viral
infections.

Materials and Methods

Mouse model of in utero ethanol exposure prior to and during development.

Our model of fetal alcohol exposure is based on a continuous presentation of ethanol in a
liquid diet (BioServ, Frenchtown, NJ), especially prepared for experimentation in pregnant
mice. Female C57BL/6 mice shipped from the vendor (Charles River, Burlington, MA) were
allowed to acclimate in the Emory Pediatrics facilities for a week. After acclimatization, the
mice were introduced to the liquid diet for an additional week and then randomized to
receive an isocaloric liquid diet + 25% ethanol derived calories. For the ethanol group, the
ethanol content of the diet was ramped from 0% to 12.5%, and then 25% of ethanol-derived
calories over a 1 week timeframe. The control group was pair-fed to the ethanol group with
25% of the calories from maltose-dextrin. For some mice, the liquid diet was supplemented
with zinc acetate (100 mg/L) as described previous for adult ethanol-fed male rats (Mehta et
al., 2011; Mehta et al., 2013). The mice were placed on their assigned diet for three weeks
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prior to conception, during mating, throughout pregnancy, and nursing. Food consumption
was recorded daily and the liquid food was changed daily. The assigned experimental liquid
diet was the only access to food and water. Mice were weighed once a week prior to
pregnancy. Pregnant mice were not disturbed except for food and cage changes; therefore,
weights during days 8-20 of pregnancy (mouse equivalent to 2" and 3" trimester) were not
recorded. At delivery, pups were checked for physical abnormalities and weighed. All
animals were used with protocols reviewed and approved by the Emory University
Institutional Animal Care Committee in accordance with NIH Guidelines (Guide for the
Care and Use of Laboratory Animals).

Alveolar macrophage isolation.

After delivery and anesthesia with pentobarbital sodium intraperitoneally, the trachea of the
pup was identified under a dissecting microscope and cannulated with a 27-G catheter. The
lungs were serially lavaged with 40 pl sterile saline (5x) and to obtain samples of the
alveolar lining fluid. After the initial lavage from each pup in a litter was pooled and
centrifuged (402 g for 8 min), the supernatant was saved for further analysis. The subsequent
lavages from each pup within a litter were also pooled and similarly centrifuged. The cell
pellet obtained from the initial and the subsequent lavages was resuspended in RPMI 1640
1x media with 2% fetal bovine serum and antibiotics and pooled. Each litter represents an n
of 1. Cell viability and count were determined with Trypan Blue stain (0.4%; Life
Technologies, Grand Island, NY). DifQuik staining indicated the cells were predominantly
AMs (>95%). Cells were then incubated 16 h in a 10% CO» incubator at 37° C to mimic the
airspace environment. Some pup AMs were treated with media containing 25 M (final
concentration) of sterile zinc acetate during the 16 h incubation, similar to the cells that
received no additional zinc treatments. Each well received the same number of cells (1.25 x
10° cells/well).

Zinc levels in AMs.

Intracellular zinc levels in the isolated pup AMs were measured using a membrane
permeable zinc specific dye, FluoZin-3AM (Invitrogen, Carlsbad, CA). FluoZin-3AM has a
high affinity for zinc (K4 ~ 15 nM) and minimal interfering calcium sensitivity. FluoZin-3 is
suitable for detection of zinc in the 1-100 nM range and is the most sensitive and zinc-
specific of the different FluoZin fluorescent dyes. The cell permeable acetoxymethyl ester
form of the fluorophore is useful for detecting low concentrations and small changes of
intracellular zinc pools, has previously been shown to be an effective strategy to measure
intracellular zinc pools in monocytes and AM (Haase et al., 2008; Joshi, Mehta, Jabber, Fan,
& Guidot, 2009). After the AMs were incubated with FluoZin-3AM (45 min; 37°C), they
were incubated for 30 min incubation with medium free of the fluorophore to allow for
complete de-esterification of the intracellular acetoxymethyl ester form and subsequent
fluorescence. Background fluorescence of unstained AMs was used to account for auto-
fluorescence and subtracted from the RFU. Some AM were treated with the cell permeant
chelating agent TPEN to confirm signal probe specificity. Cells were then washed and fixed
with 3.7% paraformaldehyde and fluorescence was quantified using fluorescent microscopy
(Olympus Corp, Melville, NY) and ImagePro Plus software for Windows. Data are
presented as mean relative fluorescence units (RFU) per field £ S.E.M.
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TGFB1 and zinc transporter protein expression.

Some pup AM were cultured on slides, fixed with 3.7% paraformaldehyde, permeabilized
with ice-cold methanol, and then evaluated for protein expression of TGFB1 or the zinc
transporters Zipl, ZnT1 and ZnT4 viaimmunostaining. After incubation with the primary
antibody (1 h; 1:100 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), the slides
were washed three times with phosphate buffered saline (5 min) and then the secondary
antibody was added (45 min; 1:200 dilution). Expression of TGFB1, Zipl, ZnT1, or ZnT4
were quantified using fluorescent microscopy and ImagePro Plus for Windows. Background
fluorescence of unstained AMs was used to account for autofluorescence and subtracted
from the RFU for TGFB1, Zipl, ZnT1, or ZnT4. Data are presented as mean RFU/field £
S.EEM.

Gene Expression Analysis.

For assessment in changes in mMRNA expression, the AM cell pellet was resuspended in 1
mL RNALater (Sigma) and the samples were stored at —80° C until analysis. The RNA was
isolated with the NucleoSpin RNA I1 kit with on-column genomic DNA digestion according
to the manufacturer’s protocol (TaKaRa, Mountain View, CA) and mRNA quantified using a
NanaDrop Fluorospectrometer (Thermo Scientific). cDNA was synthesized with a High
Capacity cDNA Reverse Strand Synthesis kit (Applied Biosystems, Foster City, CA). The
cDNA was then pre-amplified by PCR using the TagMan PreAmp Master Mix according to
the manufacturer’s protocol (Applied Biosystems/Thermo Fisher). Quantitative PCR (qPCR)
was performed using TagMan Gene Expression assays and Master Mix (Applied
Biosystems/Thermo Fisher) on a StepOnePlus Real Time PCR System (Thermo Fisher). The
mouse housekeeping gene Glucuronidase B (GUSB) was used for normalization (de Jonge
et al., 2007). Each measurement was performed in duplicate and averaged. The data are
reported as the mean £ SEM for pooled cells from at least three litters.

AM phagocytic index.
AMs isolated from pups were incubated overnight for 16 h, after which, pHrodo
Staphylococcus aureus bioparticles conjugates (Life Technologies, Grand Island, NY) were
added to the wells followed by an additional 4 h incubation. Cells were then washed with
phosphate buffered saline and fixed with 3.7% paraformaldehyde. Fluorescence of
phagocytosed TRITC-S.aureus was quantified by fluorescent microscopy (Olympus Corp,
Melville, NY) and ImagePro Plus for Windows. Background fluorescence of unstained AMs
was used to account for autofluorescence. The phagocytic index was calculated as
previously described (Fitzpatrick, Holguin, Teague, & Brown, 2008b) with the percentage of
cells positive for internalized fluorescence x mean relative fluorescent unit per field, as
tallied from at least 10 experimental fields per set. Values are expressed as mean Pl RFU/
field £ S.E.M.

Experimental RSV lung Infections in the neonatal mouse.

On post-natal day 10, the neonatal mice (+ ethanol and + maternal zinc supplement) were
given intranasal injections [Nanoliter Injector; 20 pl; each nasal nare; 2 x 10° plagque
forming units (PFU)] of saline or RSV [line 19 RSV; generous gift from Dr. Martin Moore
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(Lukacs et al., 2006)]. The pups were then returned to their respective dams. After 48 h, the
pups were sacrificed and the lungs lavaged. After the cells in the lavage were removed by
centrifugation, the cell-free supernatant was then plated for PFU determination via the
HEp-2 cells plague assay. Some pup AM were cultured on slides, fixed with 3.7%
paraformaldehyde, permeabilized with ice-cold methanol, and then evaluated for RSV
phagocytosis viaimmunostaining. Cells were incubated with the primary antibody (1 h; a
1:100 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA). After washing with
phosphate buffered saline, AM were incubated with the secondary antibody (anti-goat IgG; a
1:200 dilution; 45 min). RSV in the cell was quantified using fluorescent microscopy and
ImagePro Plus for Windows. Background fluorescence of unstained AMs was used to
account for autofluorescence and subtracted from the RFU obtained for the RSV
phagocytosis. The phagocytic index was calculated as described above (Fitzpatrick, Holguin,
Teague, & Brown, 2008a).

Statistical analysis.

Results

SigmaPlot software (Systat Software; San Jose, CA) was used for statistical analysis and
graph generation. ANOVA was used to detect overall differences between groups and post-
hoc analysis was conducted (Tukey’s) for group comparisons. A p < 0.05 was (Konomi et
al., 2015)deemed as statistically significant. Data are presented as mean = S.E.M where each
nrepresents one litter.

Chronic ethanol ingestion by dams:

The liquid diet was well tolerated by the dams prior to conception, during mating,
throughout pregnancy, and during the nursing period without significant loss of pregnancy or
distress. As outlined in Table I, there were no statistical differences between the control and
ethanol groups in food consumption before and during pregnancy, the number of successful
pregnancies, or body weights of the dams before and after pregnancy. Similarly, there were
no differences in those with zinc supplements. For the pups, there were no statistical
differences between the four groups on the number of pups per litter, litter viability, or pup
body weight (Table I). Fetal alcohol abnormalities were observed in some pups from one
ethanol litter and no abnormalities were observed in the control group.

Fetal ethanol exposure decreased zinc availability in the newborn pup AMs but these
effects were reversed by in vitro zinc treatments.

Despite ad /ib access to a liquid diet designed especially to meet the nutritional needs of
pregnant mice, the AM intracellular zinc pools were decreased ~70% in the ethanol exposed
group when compared to the AMs from unexposed pups (Figure 1A and 1B). However, /in
vitro zinc treatment of the ethanol-exposed AM restored the zinc pool to control levels. For
the control group, /in vitro zinc treatments did not statistically alter the AM zinc pools.
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Fetal ethanol exposure decreased AM protein expression of zinc transporters but these
effects were ameliorated with in vitro zinc treatments.

Since the zinc pools were decreased in the ethanol-exposed neonatal AMs, we next
examined whether this was due to altered expression of the zinc transporters. For Zipl, a
transporter that imports zinc into the cell (Maywald, Wessels, & Rink, 2017; Wessels,
Maywald, & Rink, 2017), in utero ethanol exposure significantly decreased its protein
expression when compared to control AMs (Figure 2A and 2B). We next examined the ZnT
transporter family, which decreases the cytoplasmic zinc pool by exporting zinc out of the
cell or into intracellular compartments (Kambe, Yamaguchi-lwai, Sasaki, & Nagao, 2004).
Similar to Zipl, AMs isolated from fetal ethanol-exposed pups had = 60% decrease in ZnT1
and ZnT4 expression when compared to controls (Figures 3A and 3B). These combined
results suggested that the decreased zinc pools in the AM associated with fetal ethanol
exposure correlated with decreased protein expression of the zinc transporters Zipl, ZnT1,
and ZnT4. Furthermore, treatment of the newborn AMs with zinc restored protein
expression of Zipl, ZnT1, and ZnT4 as well as restored zinc pools(Figures 2 — 4), further
supporting the concept that the decreased AM zinc pools were related to the decreased
protein expression of zinc transporters. Furthermore, these results suggested that the zinc
concentration in the airway lining fluid modulated AM expression of zinc transporters which
subsequently modulated the intracellular zinc homeostasis.

Ethanol-induced decreases in zinc availability were associated with decreased AM
phagocytosis but was improved with in vitro zinc treatments.

To determine if decreased zinc availability contributed to the expected decrease in bacterial
clearance associated with ethanol-induced immunosuppression, pup AM were treated with
zinc acetate. With the /n vitro zinc treatments, the decreased bacterial phagocytosis expected
for the ethanol-exposed AM was reversed (Figure 5A and B). The improvements in bacterial
clearance by the ethanol-exposed AMs by the in vitro zinc treatments included the overall
fluorescence per field indicating increased phagocytosis/cell and in the percent of cells that
internalized bacteria when compared to the ethanol group (Table 11). While the overall
fluorescence for the ethanol + zinc group improved and were not statistically different from
the control group, it remained significantly lower than the control + zinc group. For the
control group, /n vitro zinc treatments did not statistically affect phagocytosis.

Maternal zinc supplements blocked the expected decrease in homeostasis and
subsequent AM immunosuppression associated with fetal ethanol exposure.

We first assessed the effects of maternal zinc supplements on mRNA expression of zinc
transporters and the zinc pool in the pup AM. For the control group, addition of zinc
supplements to the dam’s diet did not statistically alter Zipl mRNA expression but resulted
in a two-fold increase in ZnT1 mRNA expression (Figure 6). The signal for ZnT4 expression
was too low to obtain statistical significance. The zinc pools in the AMs were not
statistically altered when compared to the controls without additional zinc (Figure 7A and
7B) suggesting the increased expression of ZnT1 was necessary to export zinc and maintain
zinc homeostasis. For the ethanol group, Zipl and ZnT1 mRNA expression in the ethanol
group were 13% and 48%, respectively, of that observed for the controls (Figure 6).
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However, addition of zinc supplements to the diet of ethanol-fed dams normalized Zipl and
ZnT1 expression and they were no longer statistically decreased when compared to the
control or the control + zinc groups. Correspondingly, this normalization of the zinc
transporters resulted in AM from ethanol-exposed pups with a normalization of the zinc pool
(Figure 7A and 7B).

Since fetal ethanol exposure is expected to increase expression of the immunosuppressant
TGFB1 (Gauthier et al., 2017), we next determined if maternal zinc supplements normalized
this immunosuppressed AM phenotype in pups with fetal ethanol exposure. For the ethanol-
exposed pup AM, there was a 10.7 fold and 2-fold in TGFB1 mRNA and protein expression,
respectively (Figure 8A - C). However, maternal zinc supplements normalized both mRNA
and protein expression of TGFB1 in the AM from the ethanol-exposed pups suggesting that
the immunosuppressed phenotype did not develop despite fetal ethanol exposure. For the
control group, zinc supplements in the maternal diet did not significantly alter either TGFB1
MRNA expression or protein expression in the AM.

Fetal ethanol exposure decreased AM viral clearance and exacerbated the experimental
lung RSV infection but maternal zinc supplements prevented these negative effects of
ethanol in the pup.

We next determined if the decreased zinc pools, increased immunosuppressed phenotype,
and decreased bacterial clearance associated with the AM after fetal ethanol exposure also
impaired viral clearance and the risk of a viral infection. To address this question, RSV was
introduced intranasally and then we assessed AM phagocytosis of the virus /n vivo during
the 24 incubation period. In this model, RSV phagocytosis /n vivo by the AM was decreased
by ~50% in pups with fetal ethanol exposure (Figure 9). However, the ethanol-induced
suppression of RSV phagocytosis was blocked when zinc supplements were added to the
maternal diet. This limited capacity of the fetal ethanol-exposed AM to phagocytose RSV
was also associated with a 2-fold increase in the RSV burden in the bronchoalveolar lining
fluid when compared to the control pups (Figure 10). A critical role for zinc availability in
the immunosuppressed AM was demonstrated by the observation that these negative effects
of fetal ethanol exposure on the RSV burden in the bronchoalveolar lining fluid were
normalized to control values when additional zinc was added to the diet of the ethanol-fed
pregnant dams. For the controls, dietary zinc supplements did not significantly alter AM
virus phagocytosis or change the RSV burden in the lining fluid suggesting that the zinc
concentration in the maternal diet was sufficient in the absence of ethanol.

Discussion

It is well established that /in utero alcohol exposure has negative outcomes for the developing
fetus (Akison, Kuo, Reid, Boyd, & Moritz, 2018; Gottesfeld, 1998). Although the lung has
received little attention as a target of fetal alcohol exposure, growing evidence shows that the
developing lung is also vulnerable to alcohol-induced toxicity and long term consequences
(Gauthier et al., 2010; Gauthier, Ping, et al., 2005; Lazic et al., 2011; Ping et al., 2007; Sozo
et al., 2009; Wang, Gomutputra, Wolgemuth, & Baxi, 2007). As noted above, fetal alcohol
exposure is associated with an alarming increased odds of developing late onset sepsis and
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bronchopulmonary dysplasia in very low birthweight newborns (Gauthier et al., 2016),
which has its own adverse consequences. Using animal models, our laboratory group has
shown that /n utero ethanol exposure results in fewer and less mature AM, decreased pools
of the major antioxidant glutathione, an immunosuppressed phenotype, impaired
phagocytosis of bacteria, and exacerbation of experimental respiratory bacterial infections
(Gauthier et al., 2010; Gauthier, Ping, et al., 2005; Gauthier et al., 2009; Ping et al., 2007).
In adult rats, chronic ethanol ingestion decreases the AM zinc pools and zinc transporter
expression but dietary zinc supplements during ethanol ingestion prevented the expected
decreases in zinc homeostasis and phagocytosis (Joshi et al., 2009). This decrease in lung
zinc pools occurred despite an appropriate commercial rat diet and suggested that chronic
ethanol ingestion increased the need for dietary zinc. The objective of the current study was
to determine if the immunosuppressed AM phenotype associated with fetal ethanol exposure
also includes impaired virus clearance, exacerbation of a viral infection, and if decreased
zinc availability is a modulator of the ethanol-induced immunosuppressed phenotype.

Zinc is recognized as an essential trace metal required for human health and is a cofactor for
approximately 300 enzyme-dependent processes involved in immunity, growth, cell
differentiation, and metabolism (Cousins, 2006; King, 2011; Lee, 2018). Zinc homeostasis is
tightly regulated through intestinal absorption, fecal excretion, renal reabsorption, and two
families of transporters as well as storage/carrier proteins that tightly regulate its tissue,
cellular, and organellar distribution (Krebs, 2000). Its storage across cells and extracellular
fluids is not uniform and is present in two relatively distinct pools (Rahman et al., 2018).
Approximately 90% of zinc is in a fixed pool bound to metalloproteins which turn over
slowly. The other ~10% of total zinc is exchangeable through zinc transporters which serve
as regulators of Zn uptake, efflux, and intracellular compartmentalization. They are
categorized into two classes: 14 Zip (SLC39) family transporters that increase the cytosolic
zinc pools by moving into the cytoplasm from the extracellular space or intracellular
organelles and 10 ZnT (SLC30) family transporters that decrease cytosolic zinc by
transporting zinc out of the cell or from the cytoplasm into cellular compartments (Bin, Seo,
& Kim, 2018; Cousins, Liuzzi, & Lichten, 2006; Kambe et al., 2004). For the lung, the
mMRNA and protein for Zipl, Zip2, ZnT1, ZnT4 and ZnT7 are expressed (Hamon et al.,
2014; Zalewski, 2006). In the current study, we focused on Zipl, ZnT1, and ZnT4 because
these transporters were previously identified to modulate AM immune functions and to be
sensitive to ethanol exposure (Curry-McCoy et al., 2013; Mehta et al., 2011).

In the current study, a maternal diet containing 25% of the calories as ethanol resulted in a
significant decrease in the pup AM zinc pool when compared to AM from pair-fed control
pups. This decrease in the zinc pool was associated with a similar decrease in the zinc
transporters Zipl, ZnT1, and ZnT4. The central role of zinc availability in these observations
was further demonstrated by the capacity of /in vitro zinc treatments to restore both zinc
transporter expression (Zipl, ZnT1 and ZnT4) and zinc pools to control values. This
restoration of the zinc pool through /n vitro zinc treatments also restored immune responses
for the AM from ethanol-exposed pups. These positive effects of /n vitro zinc treatments to
restore the expected decrease in the zinc pool, zinc transporters, and bacteria phagocytosis
for the AM after fetal ethanol-exposure were similar to that observed in AM from the
ethanol-fed pregnant mouse (Konomi et al., 2015) and rat (Curry-McCoy et al., 2013; Mehta
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et al., 2011). While more stringent methods such as atomic absorption for assessing zinc
concentrations would provide a more definitive understanding of zinc fluxes, these studies
highlight the critical role for zinc availability in the extracellular lining fluid in maintaining
AM zinc homeostasis, immune phenotype, and accompanying capacity to clear infectious
particles.

As noted for the adult ethanol-fed rat, additional dietary zinc restored the AM zinc
transporters, zinc pool, and phagocytosis (Curry-McCoy et al., 2013; Mehta et al., 2011).
Therefore, we next examined the role of additional dietary zinc in the diet of the pregnant
mouse as a strategy to negate the injurious effects of fetal ethanol exposure on the pup AM.
Supplementation of the diet for the pregnant mouse with additional zinc acetate (100 mg/L)
(Mehta et al., 2011; Mehta et al., 2013), normalized mRNA expression for Zipl and ZnT4,
the zinc pool, and the pup AM immune phenotype. While the protein expression was strong,
the signal for ZnT4 mRNA expression was inconsistent and we were unable to assess the
effects of ethanol and maternal zinc on its MRNA expression. The effects of ethanol and
maternal zinc supplements on the other zinc transporters and carriers remain to be
determined and we cannot rule out the possibility that also play contributing role to zinc
homeostasis in the AM with fetal ethanol exposure.

In both adult and fetal models, we demonstrated that alcohol upregulates the
immunosuppressant TGFB1 resulting in impaired immune responses like phagocytosis (S.
D. Brown & Brown, 2012; Gauthier et al., 2017; Yeligar et al., 2017). In the current study,
additional zinc supplements in the maternal diet also blocked the upregulation of this
important immunosuppressant which subsequently decreases AM bacterial and viral
phagocytosis (Grunwell et al., 2018; Yeligar et al., 2016). The impact of ethanol exposure
and zinc supplements on other aspects of AM immune responses and bacterial or viral
clearance remain to be determined. The mechanisms by which ethanol-induced decreased
zinc availability modulates TGFR1 expression are unclear but may be related to the ethanol
related oxidant stress. Although a redox-inert metal, zinc serves as an antioxidant through
copper/zinc-superoxide dismutase, stabilization of membrane structure, protection of the
protein sulfhydryl groups critical to redox signaling, and upregulation of the expression of
metallothionein, which also exhibits antioxidant functions. In addition, zinc suppresses anti-
inflammatory responses that would otherwise augment oxidative stress (Lee, 2018). In
addition, zinc plays a role in the regulation of cellular glutathione and protection of cell
membranes from oxidative damage (Go & Jones, 2013; Oteiza, 2012). With chronic ethanol
ingestion, there is downregulation of the zinc-dependent nuclear factor (erythroid-derived
2)-like 2 (Nrf2), a master transcription factor that activates the antioxidant response element
(ARE) and regulates antioxidant defenses including enzymes required for glutathione
synthesis (Mehta et al., 2011). This is particularly intriguing, as we have published
extensively on the role of oxidant stress and glutathione depletion in experimental models of
chronic alcohol ingestion and in human subjects with alcohol abuse (Fan, Joshi, Koval, &
Guidot, 2011; Gauthier, 2015; Gauthier & Brown, 2017; Gauthier, Drews-Botsch, et al.,
2005; Guidot & Roman, 2002; Jensen, Fan, & Guidot, 2013; Joshi & Guidot, 2007; Mehta et
al., 2013; Molina et al., 2002; Moss et al., 2000). Therefore, alcohol-induced zinc deficiency
may play a central role in the oxidant stress, immunosuppression through upregulation of
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TGFB1 in AM, and impaired phagocytosis of bacteria and viruses, thereby increasing the
risk of a respiratory infection.

In previous studies (Gauthier et al., 2010; Gauthier, Ping, et al., 2005; Ping et al., 2007) as
well as the current one, we have shown that fetal ethanol exposure impairs the capacity of
AM to phagocytose bacteria. In the current study, we observed that fetal ethanol exposure
also impaired the AM capacity for virus phagocytosis when the pups was given intra-nasal
RSV. Equally important, maternal zinc supplements normalized RSV clearance by the
ethanol-exposed pup AM, an event not unexpected given that it normalized the increased
TGFp1 expression, an event associated with immunosuppression and impaired RSV
clearance (Grunwell et al., 2018). Impaired immune responses of the ethanol-exposed pup
AM were also associated with exacerbation of experimental RSV infections as evidenced by
a two-fold increase in the number of plaque forming units in the cell-free lavage fluid of the
ethanol-exposed pup when compared to the control pup. Therefore, these results suggest that
fetal ethanol exposure increases the risk of both bacterial and viral respiratory infections in
the newborn. Equally important, a central role for zinc was demonstrated by the fact that
zinc supplements in the maternal diet prevented the increased RSV infection associated with
fetal ethanol exposure. However, zinc supplements in the maternal diet did not impact RSV
growth in the control pups suggesting that the manufactured dietary zinc concentration was
in the optimal range but fetal ethanol exposure increased the need for maternal dietary zinc.
This was further supported by the observation of no significant change in the zinc pools or
transporters for the control, control + zinc, or ethanol + zinc groups. Whether the observed
decrease in the zinc pool of the pup was a direct effect of ethanol exposure, a decrease in
maternal zinc availability or a combination remains to be determined.

Airway epithelial cells, whose immune functions are highly sensitive to alcohol and
accompanying oxidant stress (Bailey et al., 2018; Price, Case, et al., 2018; Price, Gerald, et
al., 2018), are the primary site for RSV infections. Indeed, fetal alcohol exposure has been
shown to exacerbate a RSV infection in a lamb model (Ackermann, 2014; Lazic et al.,
2007). However, robust AM immune functions are critical for RSV clearance and a major
contributor to the outcome (Bohmwald et al., 2017; Kolli et al., 2014; Ren et al., 2014). With
ethanol-induced decreases in RSV phagocytosis by the AM, an increase in the RSV burden
in the airspace and the opportunity of the epithelial cells to be exposed and infected by the
virus are not unexpected. Therefore, fetal ethanol exposure increases the risk of both viral
and bacterial lung infections because it promotes an immunosuppressed phenotype in the
AM and impairs the capacity of the AM to clear bacteria as well as viruses such as RSV. In
addition, these studies suggested that zinc availability to the pup AM is a critical modulator
of the AM immune phenotype, its capacity to clear infectious agents, and, subsequently, the
risk of lung infections.

The underlying mechanisms by which ethanol ingestion during pregnancy resulted in zinc
insufficiency in the newborn AM are unclear. Alcohol affects the status of many nutrients
such as folate, cobalamin, iron, vitamin A, and zinc, all of which are needed for proper fetal
development and overall growth (Keen et al., 2010). In pregnant women who consume
alcohol, maternal plasma and fetal cord blood concentrations of zinc have been reported to
be significantly decreased compared to those not consuming alcohol which is correlated with
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an increased risk of dysmorphogenesis (Young et al., 2014). In the U.S., it is estimated that
only ~ 60% of pregnant women meet zinc requirements during pregnancy (Briefel et al.,
2000) and mild to moderate zinc deficiency is not restricted to women of low socioeconomic
status. There are no readily available zinc stores that can be released in response to dietary
variations or intestinal uptake. Therefore, the ~10% of total zinc in the adult that is
exchangeable becomes crucial during development (Hambidge, 1986; Prasad, 1985) and
alcohol consumption during pregnancy would exacerbate the zinc insufficiency and oxidant
stress for the mother and the developing fetus (Skalny, Skalnaya, Grabeklis, Skalnaya, &
Tinkov, 2018).

Even marginal perturbations in maternal zinc status or immune system can have profound
effects for development, particularly the fetal immune system which starts to develop /n
utero and continues to mature through infancy and childhood (Beach, Gershwin, & Hurley,
1982a; Shankar & Prasad, 1998), In addition, environmental factors such as malnutrition,
infection, or alcohol can have enormous consequences for the fetal immune system,
particularly if they occur during critical periods when precursor immune cells are forming
(Marques, O’Connor, Roth, Susser, & Bjorke-Monsen, 2013). Moreover, gestational zinc
deficiency in animal models and subsequent increased oxidative stress and reduced growth
of spleen, thymus and lung, at a greater extent than other organs (Beach, Gershwin, &
Hurley, 1982b; Keen et al., 2010). In animal models, gestational zinc deficiency also results
in suppression of fetal immunoglobulin production, such as IgA and IgM, which persists
into adulthood (Beach et al., 1982a; Chandra, 2002; Keen & Gershwin, 1990; Rink &
Gabriel, 2000). Given that placental development requires zinc, decreased zinc availability
and improper placental development could also contribute to impaired acquisition of
maternal antibodies that are crucial for neonatal immunity in the first six months of life
(Shankar & Prasad, 1998). In the adult rat model, chronic ethanol ingestion impaired
intestinal cell uptake of zinc as well as altered intestinal barrier integrity, effects that were
normalized by increasing the zinc content of the diet (Joshi et al., 2009). In addition, zinc
supplements have been shown to prevent ethanol-induced hepatic endotoxin signaling and
steatohepatitis through the protective effects of zinc on preserving intestinal barrier integrity
(Zhong, Li, Sun, et al., 2015; Zhong, Li, Zhang, et al., 2015). Ethanol-induced alterations in
intestinal zinc uptake and loss of barrier integrity in the pregnant mouse could potentially
impact the developing fetus by resulting in zinc insufficiency as well as increasing endotoxin
exposure (Bode & Bode, 2003). Therefore, there are multiple points during pregnancy at
which alcohol-induced perturbations in maternal zinc homeostasis could account for our
observed alterations in zinc homeostasis in the newborn lung, the fetal immune system in
general and the AM immune response more specifically.

In summary, the current study demonstrated that /n7 ufero ethanol exposure resulted in a
compromised AM immune response that was related to decreased zinc availability in the
developing lung. The compromised zinc homeostasis is also supported by decreased protein
expression of the zinc transporter, Zipl, in the ethanol-exposed pup AM and subsequent
decreased intracellular zinc pools. There was also decreased AM expression of ZnT1 and
ZnT4 transporters, which is not unexpected since decrease expression of these transporters
would limit zinc export and help maintain intracellular zinc homeostasis. A causal role for
decreased zinc availability in ethanol-induced suppression of neonatal AM functions was
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further demonstrated by the ability of in vitro zinc treatments to restore AM zinc transporter
protein expression, zinc levels, and phagocytic function to control levels. This was further
supported by the studies where additional zinc supplements in the maternal diet prevented
ethanol-induced zinc depletion, expression of the immunosuppressant TGFB1 in the
neonatal AM, and normalized phagocytosis of RSV. Furthermore, these studies
demonstrated that similar to respiratory bacterial infections, fetal ethanol exposure
exacerbated viral infections from RSV in the pup which could be prevented through
additional dietary zinc in the maternal diet. In this study, we focused on AMs and cannot
rule out the possibility that other cell types also affected by ethanol exposure were positively
impacted by the maternal zinc supplements and contributed to the improved RSV clearance.
Additional studies are needed to determine if these effects of fetal ethanol exposure on zinc
homeostasis or AM immune function improve with maturation or can be corrected
postnatally.

Overall, this study provides provocative evidence that fetal ethanol exposure results in zinc
depletion within the alveolar space which subsequently mediates dysregulation of the AM
immune responses and risk of bacterial and viral infections. If these findings ultimately
prove to be relevant in the clinical situation, then dietary zinc supplementation may provide
a strategy to improve the AM immune responses and decrease the risk and severity of
pulmonary infections in the highly vulnerable preterm infant with fetal alcohol exposure.
Novel strategies such as zinc supplements may become particularly important in this era of
antibiotic-resistant bacterial infections.
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Fetal ethanol exposure dysregulated zinc homeostasis in alveolar
macrophages.

Dysregulated zinc homeostasis resulted in immunosuppression of alveolar
macrophages.

Ethanol exposure impaired the capacity of pup alveolar macrophages to clear
viruses.

Fetal ethanol exposure exacerbated a lung Respiratory Syncytial Virus
infection.

Maternal zinc supplements blocked fetal immunosuppression and lung viral
infection.
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Figure 1. Fetal ethanol exposure decreased intracellular zinc levels in the AMs from newborn
pups but was restored by zinc treatment.

Dams were fed the control or ethanol diet during pregnancy and the AMs from the pups
were isolated by lavage on the first day of life. The AM were cultured for 16 h with some
AMs treated with media containing 25 M zinc acetate. After incubation, FluoZin-3AM was
added to the media (30 min.) before the cells were washed and fixed for confocal
microscopy. RFUs were quantified by computerized analysis of the confocal fluorescent
images and the bar heights represent the mean RFU/field + S.E.M. from at least 6 different
litters (A). Representative fluorescent images are shown for each condition (B). CTRL =
control group; CTRL + Zn = control AMs treated /n vitro with zinc acetate; EtOH = ethanol
group; and EtOH + Zn = ethanol AMs treated /n vitro with zinc acetate. *** denotes p =
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0.05 when compared to the CTRL group and ** denotes p < 0.05 when comparing the
ETOH and ETOH + Zn groups.
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Figure 2. Fetal ethanol exposure decreased Zipl protein expression in the AMs from newborn
pups but expression was restored by zinc treatment.

On the first day of life, the AMs from the pups ( fetal ethanol exposure) were isolated by
lavage and cultured for 16 h. Zip1 protein expression in the AMs was determined v/a
immunostaining and quantified using confocal fluorescent microscopy plus ImagePro Plus
analysis. Bar heights represent mean RFU/field = S.E.M. from at least 6 different litters per
group (A). Representative fluorescent images are shown for each condition (B). CTRL =
control group; CTRL + Zn = control AMs treated /n vitro with zinc acetate; EtOH = ethanol
group; and EtOH + Zn = ethanol AMs treated /n vitro with zinc acetate. *** denotes p <
0.05 when compared to the CTRL group and ** denotes p < 0.5 EtOH + Zn vs. EtOH.
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Figure 3. Fetal ethanol exposure decreased ZnT1 protein expression in the AMs from newborn
pups but was restored by zinc treatment.

Protein expression of zinc transporter, ZnT1, in alveolar macrophages isolated from pups
was determined v/iaimmunostaining and quantified using fluorescent microscope and
ImagePro Plus analysis. Bar heights represent mean RFU/field = S.E.M. from at least 5
different litters per group (A). Representative fluorescent images are shown for each
condition (B). CTRL = control group; CTRL + Zn = control AMs treated /n vitro with zinc
acetate; EtOH = ethanol group; and EtOH + Zn = ethanol AMs treated /n vitro with zinc
acetate. *** denotes p < 0.05 when compared to the CTRL group and ** denotes p< 0.05
EtOH + Zn vs. EtOH.
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Figure 4. Fetal ethanol exposure decreased ZnT4 protein expression in the AMs from newborn
pups but expression was restored by zinc treatment.

Protein expression of zinc transporter ZnT4 was determined and quantified similar to other
transporters. Bar heights represent mean RFU/field + S.E.M. from at least 5 different litters
per group (A). Representative fluorescent images are shown for each condition (B). CTRL =
control group; CTRL + Zn = control AMs treated /n7 vitro with zinc acetate; EtOH = ethanol
group; and EtOH + Zn = ethanol AMs treated /n vitro with zinc acetate. *** denotes p<
0.05 when compared to the CTRL group and ** denotes p < 0.05 EtOH + Zn vs. EtOH.
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Figure 5. The bacterial phagocytic index in the AMs from the newborn pups was decreased by
fetal ethanol exposure but in vitro zinc treatments restored clearance.

Inactivated TRITC-labeled Staphylococcus aureus bacteria was added to the cells and
incubated for another 4 h. Internalization of TRITC-labeled S. aureuswas determined using
confocal fluorescent analysis. Phagocytic index (PI) was calculated as the percentage of
cells with internalized fluorescence x the mean RFU per field. Bar heights represent mean Pl
relative to the control + S.E.M. from at least 5 separate litters (A). Representative fluorescent
images are shown for each condition (B). CTRL = control group; CTRL + Zn = AMs treated
in vitrowith zinc acetate; EtOH = ethanol group; and EtOH + Zn = ethanol AMs treated /in
vitro with zinc acetate. *** denotes p < 0.05 when compared to the CTRL group and **
denotes p< 0.05 EtOH + Zn vs. EtOH.
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Figure 6. Fetal ethanol exposure decreased the relative gene expression of Zipl and ZnT1 in the
AMs from the newborn pups but these decreases were blocked by maternal zinc supplements.

Dams were fed the control or ethanol diets + zinc acetate supplements (100 mg/L). On day
10 of life, the AMs from the pups (+ fetal ethanol exposure) were isolated by lavage and the
relative gene expression of the zinc transporters Zipl and ZnT1 was determined. The
average relative gene expression of Zipl and ZnT1 normalized to GUSB were determined
by the comparative method (272ACt), with the target gene expression in control AM set as 1
in each case. Each sample was analyzed in duplicate and each value represents the mean +
SEM of at least four separate litters. CTRL = pup AM from control dams; CTRL + Zn = pup
AM from control dams with dietary zinc supplements; EtOH = pup AM from ethanol-fed
dams; and EtOH + Zn = pup AM from ethanol-fed dams with dietary zinc supplements. ***
denotes p < 0.05 when compared to the CTRL group and ** denotes p< 0.05 EtOH + Zn vs.
EtOH.
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Figure 7. Maternal zinc supplements maintained the neonatal AM zinc pools despite fetal
ethanol exposure.
Dams were fed the control or ethanol diets + zinc acetate supplements (100 mg/L) during

pregnancy. On day 10 of life, the AMs from the pups (+ fetal ethanol exposure) were
isolated by lavage and FluoZin-3AM was added to the incubation media (45 min; 37°C).
After a 30 min incubation with medium free of the fluorophore, the cells were fixed and
fluorescence determined by confocal fluorescent microscopy. RFUs were quantified by
computerized analysis and expressed relative to the values for the control group. Bar heights
represent the mean RFU/field = S.E.M. from at least 4 different litters (A). Representative
fluorescent images are shown for each condition (B). CTRL = pup AM from control dams;
CTRL + Zn = pup AM from control dams with dietary zinc supplements; EtOH = pup AM
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from ethanol-fed dams; and EtOH + Zn = pup AM from ethanol-fed dams with dietary zinc
supplements. *** denotes p < 0.05 when compared to the CTRL group and ** denotes p<
0.05 EtOH + Zn vs. EtOH.
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Figure 8. Fetal ethanol exposure increased the relative gene and protein expression of the
immunosuppressant TGFB1 in the AMs from the newborn pups but was blocked by maternal
zinc supplements.

Dams were fed the control or ethanol diets + zinc acetate supplements (100 mg/L) during

pregnancy. On day 10 of life, the AMs from the pups (z fetal ethanol exposure) were
isolated by lavage and the relative gene expression of TGFB1 was determined (A). The
average relative gene expression of TGFp1 normalized to GUSB was determined by the
comparative method (2722Ct) with the target gene expression in control AM set as 1 in each
case. Each analysis was performed in duplicate and each value represents the mean £ SEM
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of at least four separate litters. Protein expression of TGFp1 was determined and quantified
similar to other transporters. Bar heights represent mean RFU/field £ S.E.M. from at least 5
different litters per group (B). Representative fluorescent images for protein expression are
shown for each condition (C). CTRL = pup AM from control dams; CTRL + Zn = pup AM
from control dams with dietary zinc supplements; EtOH = pup AM from ethanol-fed dams;
and EtOH + Zn = pup AM from ethanol-fed dams with dietary zinc supplements. ***
denotes p < 0.05 when compared to the CTRL group and ** denotes p < 0.01 EtOH + Zn vs.
EtOH.
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Figure 9. The phagocytic index for RSV was decreased in the AMs from the ethanol-exposed
pups but this decrease was blocked by maternal zinc supplements.

Dams were fed the control or ethanol diets + zinc acetate supplements (100 mg/L) during
pregnhancy. On post-natal day 10, some pups (+ ethanol and + maternal zinc supplement)
were given intranasal injections of saline or RSV (20 pl; each nasal nare; 2 x 10° PFU) and
then returned to their respective dams. After 48 h, the pups were sacrificed and the lungs
lavaged. After the cells in the lavage were removed by centrifugation and cultured on slides,
they were fixed with 3.7% paraformaldehyde, permeabilized with ice-cold methanol, and
then incubated with the primary antibody (1 h; a 1:100 dilution; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). After washing the cells, AM were incubated with the secondary
antibody (anti-goat 1gG; a 1:200 dilution; 45 min). RSV in the cell was determined using
confocal fluorescent analysis. Phagocytic index (P1) was calculated as the percentage of
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cells with internalized fluorescence x the mean RFU per field. Bar heights represent mean Pl
relative to the control + S.E.M. from at least 6 separate litters (A). Representative fluorescent
images are shown for each condition (B). CTRL = pup AM from control dams; CTRL + Zn
= pup AM from control dams with dietary zinc supplements; EtOH = pup AM from ethanol-
fed dams; and EtOH + Zn = pup AM from ethanol-fed dams with dietary zinc supplements.
*** denotes p < 0.05 when compared to the CTRL group and ** denotes p< 0.01 EtOH +
Zn vs. EtOH.
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Figure 10. Fetal ethanol exposure exacerbated lung RSV growth but this increase was blocked by
maternal zinc supplements.

Dams were fed the control or ethanol diets + zinc acetate supplements (100 mg/L) during
pregnancy. On post-natal day 10, some pups (+ ethanol and + maternal zinc supplement)
were given intranasal injections of saline or RSV (20 pl; each nasal nare; 2 x 10° PFU) and
then returned to their respective dams. After 48 h, the pups were sacrificed and the lungs
lavaged. After the cells in the lavage were removed by centrifugation, the cell-free
supernatant was then plated for viral PFU determination (6 different litters). CTRL = pup
AM from control dams; CTRL + Zn = pup AM from control dams with dietary zinc
supplements; EtOH = pup AM from ethanol-fed dams; and EtOH + Zn = pup AM from
ethanol-fed dams with dietary zinc supplements. *** denotes p < 0.05 when compared to the
CTRL group and ** denotes p< 0.01 EtOH + Zn vs. EtOH.
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Table I.
Fetal data
Control Control + Zinc Ethanol Ethanol + Zinc P
DAMS
Diet consumed (ml/day)
Prior to mating 10.1+0.1 10.2+0.1 10.3+0.1 10.3+£0.1 0.218
Prior to pregnancy 12.0+0.2 11.9+0.3 11.4+04 11.8+0.2 0.212
During pregnancy 18.0+1.1 18.6 £ 0.9 19.0+05 19.1+£0.8 0.433
Dam weight (g)
Initial weight 195+0.2 19.3+0.2 19.0+0.3 19.2+0.3 0.438
Prior to pregnancy 205+04 20.6+0.3 21.2+05 208+04 0.272
After delivery 259+04 25403 251+0.3 254+04 0.301
PUPS
Successful pregnancies 85.7% 87.8% 87.5% 86.1%
Total pups per litter 8.7+05 83+04 74+05 79+0.6 0.463
Live only 73408 7 75+0.9 6.6+08 s 7.0+0.7 0.493
Litter viability (%) 84 + 1% 89+ 1% 90 + 1% 87+0.1 0.591
Average pup weight (g) 13+0.1 13+0.1 13+0.1 14+01 0.521
Litters with abnormal fetuses 0 0 1 0
Cell count (cells/ml) 1.75x10% + 0.31x10°  1.72x105+0.33x10° 1.68x10°+0.56x10°  1.73x10°+0.31x10° 0.853
Cell viability (%) 73.6+4.0 741+£3.9 73.9+3.7 742+3.38 0.961

Values represent mean + S.E.M.

fDead pups in controls were fully developed, mom delivered past due date

ﬁDead pups in ethanol group came from one litter and had the following abnormalities (frequency): cleft palate (1), eye abnormalities (2), very

small in size (2)
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Figure 5 C.

Summary of bacterial clearance by alveolar macrophages

CTRL CTRL+2Zn EtOH EtOH+Zn p

Mean RFU /field 110.7 114 525 FAA 92.4 * <0.001
Percent of positive cells 99.3 98.9 83.0 97.4 <0.001
Phagocytic index 109.9 112.7 432 *** 89.7 ** <0.001

RFU = relative fluorescence units
Phagocytic index = mean RFU/field x % of positive cells
Values represent mean from at least 5 litters/group
ANOVA was performed for multiple comparisons followed by post-hoc tests (Tukey’s) for pairwise comparisons
*

p<0.05CTRL + Zn vs. EtOH + Zn

Ak

p<0.01 CTRL, CTRL + Zn vs. EtOH + Zn

*ok

*
p <0.001 CTRL, CTRL + Zn, EtOH + Zn vs. EtOH
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