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Abstract

Prenatal alcohol exposure (PAE) causes developmental abnormalities known as fetal alcohol
spectrum disorder (FASD). Maternal iron status modulates the severity of these defects in the
offspring. Because placenta is central in supporting fetal development, we investigated if maternal
iron status similarly modulates alcohol’s effects in placenta. We hypothesized that PAE causes
placental insufficiency by decreasing placental weight and efficiency, and these are worsened by
maternal iron deficiency (ID) and alleviated by dietary iron-fortification (IF). We also determined
whether altered placental iron flux and inflammatory balance contribute to placental insufficiency.
Pregnant Long-Evans rats consumed an ID (2-6 ppm), iron-sufficient (1S; 100 ppm), or IF (500
ppm) diet. Alcohol (5g/kg body weight) or isocaloric maltodextrin (MD) was gavaged daily from
gestational day (GD) 13.5-19.5. Placental outcomes were evaluated on GD20.5. PAE reduced fetal
weight (P< 0.0001), placental weight (P= 0.0324), and placental efficiency (£ =0.0043). PAE
downregulated placental transferrin receptor (= 0.0032); it also altered placental //Zband 7nf
expression and //6.//10ratio (P=0.0337, 0.0300 and 0.0034, respectively) to generate a response
favoring inflammation. ID-PAE further reduced fetal growth and placental efficiency and induced
a heightened pro-inflammatory placental profile. IF did not rescue the alcohol-reduced fetal
weight, but it normalized placental efficiency and decreased placental inflammation. These
placental cytokines correlated with fetal and placental growth, and explained 45% of variability in
fetal weight and 20% of variability in placental efficiency. In summary, alcohol induces placental
insufficiency and is associated with a pro-inflammatory cytokine profile exacerbated by maternal
ID and mitigated by maternal IF. Because placenta is closely linked to intrauterine growth, the
placental insufficiency reported here may correlate with the lower birth weights in a subgroup of
individuals who experienced PAE.
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Introduction

Despite public health efforts to increase awareness of alcohol’s teratogenic effects and
reduce alcohol consumption among pregnant women, 11.5% report drinking alcohol and
3.9% report binge drinking in the past month (Denny et al., 2019). Prenatal alcohol exposure
(PAE) is the leading preventable cause of a range of developmental defects, which include
prenatal and/or postnatal growth deficits, facial dysmorphology, cognitive deficits and
neurobehavioral problems; these are collectively referred to as fetal alcohol spectrum
disorder (FASD; (Williams et al., 2015)). These defects are not completely independent of
each other; for example, severity of intrauterine growth restriction (IUGR) correlates with
severity of cognitive dysfunction (Carter et al., 2016). A recent study (May et al., 2018) in
four US regions estimates that FASD prevalence ranges 1%-5%. Among those children
diagnosed with FASD, a broad spectrum of severity is observed despite similar exposure,
supporting the importance of other factors involved in modulating alcohol’s actions.

Maternal nutritional status is a modifier of alcohol’s teratogenicity (Young et al., 2014). Due
to the high iron demand from the rapidly growing fetus and the expanding maternal blood
volume, pregnant women are particularly vulnerable to iron deficiency (ID). ID affects
approximately 16% of pregnant women in the US (Brannon et al., 2017). ID adversely
impacts offspring development, particularly in the brain where abnormal brain structure
leads to long-lasting cognitive and behavioral dysfunction (Georgieff, 2017; McArdle et al.,
2014). Using a rat model of FASD, we showed that PAE in the presence of ID (ID-PAE)
causes greater impairment in the offsprings’ brain development and cognitive learning than
does PAE or ID alone (Huebner et al., 2015; Rufer et al., 2012). The presence of ID also
worsens alcohol’s effects on growth, as clinical studies report that individuals with both
FASD and ID exhibit a delay in postnatal growth and a growth deficiency that persists into
late childhood (Carter et al., 2012; Carter et al., 2007). Compared to PAE or ID alone, I1D-
PAE also disrupts maternal-fetal iron metabolism to a greater extent (Huebner et al., 2016),
and induces stronger inflammatory responses in both the maternal and fetal compartments
(Saini et al., 2019). These adverse outcomes are reversible with better maternal iron status.
In this regard, our work in this FASD rat model reveals that a maternal diet fortified with
iron (IF) normalizes the PAE-altered maternal-fetal iron metabolism, improves the
hematological indices in the PAE fetuses, and attenuates inflammation in maternal and fetal
tissues (Huebner et al., 2018; Saini et al., 2019).

The placenta, an interface between mother and fetus, performs various functions essential to
the success of the pregnancy and the normal growth and healthy development of the
offspring (Gude et al., 2004). One such function is to supply the fetus with adequate
nutrients, such as iron. Placental nutrient supply largely depends upon its morphological
development, metabolic activity and transporter availability (Lager et al., 2012). When these
determinants are altered, which is described as placental insufficiency (Chaddha et al., 2004;
Salavati et al., 2018), placental nutrient supply to the fetus is compromised and IUGR
ensues. Although the placenta serves as a barrier for some toxic substances, teratogens
including alcohol freely cross the placenta and inhibit its transport capability (Gude et al.,
2004). Indeed, other studies indicate that PAE impairs nutrient flux and upregulates the
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production of placental pro-inflammatory cytokines including /L-I8and TN/F-a (Burd et al.,
2007; Ramadoss et al., 2008; Terasaki et al., 2016; Washburn et al., 2013), thereby inducing
placental insufficiency. Similar changes are also reported in ID pregnancy (Gambling et al.,
2002; Gambling et al., 2001).

Although the consequences of PAE and maternal iron status on fetal development, fetal iron
metabolism, and inflammatory balance in fetal organs have been studied, their effects and
potential interactions on these corresponding processes in the placenta remain poorly
understood. Here, we report that PAE and maternal 1D decrease placental weight and
efficiency (markers of placental development and nutrient supply function, respectively), and
these reductions are related to an altered iron flux and inflammatory balance present in the
placenta. Further, we show that these adverse placental outcomes are normalized by
maternal IF.

Material and Methods

Animals, diets and alcohol exposure

All animal protocols and procedures were approved by the Institutional Animal Care and
Use Committees at University of Wisconsin-Madison and conducted in accordance with the
Guide for the Care and Use of Laboratory Animals. The placental tissues used in the present
study were previously collected from our FASD rat model subjected to different iron
interventions during gestation (Huebner et al., 2016; Huebner et al., 2018). In that study, 8-
week-old nulliparous Long-Evans rats were housed in a temperature-controlled room with a
12-hour light/dark cycle (light on at 7 a.m. and off at 7 p.m.). They consumed an iron
sufficient (IS) diet containing 100 ppm iron (TD.06016; Teklad, Madison, WI) until mating
at 10 weeks old. The morning when a vaginal plug was found was designated as gestational
day (GD) 0.5. On this day, dams were randomized into IS, IF, or ID groups (n=16 dams/diet
group). The IS dams continued to consume the IS diet until GD20.5. The IF dams consumed
a diet containing 500 ppm iron (TD.110880; Teklad, Madison, WI) until GD20.5, this intake
is similar to that found in commercial rodent chows (Huebner et al., 2018; National
Research Council, 1995; Saini et al., 2019). Dams in the ID group consumed the IS diet until
GD5.5, then consumed a diet containing 20 ppm iron (TD.06013; Teklad, Madison, WI)
until GD13.5, and then consumed a diet containing 2-6 ppm iron (TD.80396; Teklad,
Madison, WI) until GD20.5. This gradual reduction in the iron content of the maternal ID
diet limits maternal hepatic iron stores but does not result in maternal anemia (Beard et al.,
2006; Huebner et al., 2015; Rufer et al., 2012). No differences in food intake among dams
were found (Huebner et al., 2016).

In this model of chronic binge alcohol exposure, beginning on GD13.5, half of the dams
from the IS, IF and ID groups were randomized to receive 5g alcohol/kg body weight (PAE;
10 mL alcohol/kg body weight; 200 proof alcohol, USP grade; Decon Labs, King of Prussia,
PA; given as 40% alcohol in water), and the remaining dams were given isocalorically-
equivalent maltodextrin (MD). The alcohol and maltodextrin were given daily from GD13.5
to GD19.5 as 2 half-doses via oral gavage. The first dose was given at 9 a.m., and the second
dose was given at 11 a.m. A total of 8 dams per each dietary iron-alcohol exposure group
were included in this study. A separate group of dams was used to obtain blood alcohol
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concentration (BAC) 30 minutes after the second gavage on GD13.5. Maternal iron
interventions had no effects on maternal BAC, which ranged from 364 + 24 mg/dL to 376
19 mg/dL (Huebner et al., 2016). On GD20.5, dams were euthanized, and tissues were
collected and stored at —80°C until analyses.

Quantification of placental protein expression

The placentae were homogenized in a buffer containing 5 mmol EDTA/L, 1 mmol DTTI/L, 1
mmol NazVOy,/L, 1% Triton-X100, 2 pmol pepstatin/L, 2 umol leupeptin/L, 10 kU
aprotinin/mL and 400 pmol PMSF/L. Protein concentration was determined by BCA assay,
and western blotting was done as described previously (Flentke et al., 2014; Huebner et al.,
2016) to quantify the abundance of key proteins involved in placental iron transport
(McArdle et al., 2014). The following primary antibodies were used: transferrin receptor 1
(TfRc; #13-6890, Life Technologies, 1:2000), divalent metal transporter 1 (DMT1;
#sc-30120, Santa Cruz Biotechnology, 1:2000), ferritin (FTN; #sc-25617, Santa Cruz
Biotechnology, 1:2000), ferroportin (FPN; #MTP-11A, Alpha Diagnostic International,
1:2000) and GAPDH (#G8795, Sigma-Aldrich, 1:10,000). Secondary antibodies (#A-21109,
Life Technologies, 1:15,000; #926-68022, LI-COR, 1:15,000; #610-132-007, Rockland
Immunochemicals, 1:30,000) were then applied. The protein bands were visualized using
the Odyssey imaging system (LI-COR) and quantified using the Image Studio software (LI-
COR). The targeted proteins were normalized to GAPDH within the same sample and then
compared between samples. Alcohol treatments or maternal iron interventions did not alter
GAPDH abundance (Huebner et al., 2016; Huebner et al., 2018).

Quantification of placental gene expression

All gPCR procedures followed the Minimum Information for Publication of Quantitative
Real-Time Experiments (MIQE) guidelines (Bustin et al., 2009). Total RNA from the
placentae was isolated following the TRIzol-chloroform protocol (Invitrogen), and its purity
was confirmed by spectrophotometry (Nanodrop) and agarose gel. cDNA synthesis was
performed using 1 ug RNA, random primers and ImProm-I1 reverse transcriptase (Promega).
Real-time gPCR was performed in CFX384 Real-Time PCR Detection System (Bio-Rad)
using the SYBR Green PCR Master Mix (Applied Biosystems), along with 2 umol forward
and reverse primers, cDNA template and DEPC-water in a final volume of 15 pL. Primers
(Integrated DNA Technologies, Coralville, 1A) for the targeted genes were designed using
Primer-BLAST available on NCBI (Table 1). All primers had an efficiency between
88%-107%. The gPCR reaction conditions were as follows: 95 °C for 3 min, followed by 45
cycles of 15 sec at 95 °C, 15 sec at the annealing temperatures listed in Table 1, and 30 sec
at 72 °C. A melting curve analysis was done after the last amplification cycle to confirm the
specificity of the PCR products. Each sample was run in triplicate. The expression of the
targeted gene was normalized to the expression of Gapadh, and the mean relative expression
change was determined using 2 22CT method (Livak et al., 2001). Alcohol treatments or
maternal iron interventions did not alter Gapdh abundance (Huebner et al., 2016; Huebner et
al., 2018).
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Statistical analysis

Results

For the placental weight, placental efficiency (the ratio of fetal body weight to placental
weight), and fetal body weight (Table 2), all samples within the litter were included in the
analyses. Data were checked for normality and equal variance assumptions, and then
analyzed using mixed linear model (MLM) in SPSS, Version 25 (SPSS Inc, Chicago, IL).
The MLM included iron status, PAE, and the interaction of iron and PAE as independent
fixed effect variables, and litter as independent random effect variable, because placentas or
fetuses within the same litter are not independent.

For the placental protein and gene quantification (Figures 1-3 and Table 3), the litter was
analyzed as an experimental unit, sampling 2 placentae per litter per endpoint while holding
uterine position constant. Data were checked for normality and equal variance assumptions.
For data on iron transporters, //1b, 1110, /14 and //6:1/10, the assumptions were met and a 2-
way analysis of variance (ANOVA) was used to determine the effects of iron status and/or
PAE. The model included iron status, PAE, and the interaction of iron and PAE as
independent fixed effect variables. Because both alcohol and iron status are already known
to modify fetal outcomes in this model, when the ANOVA result indicated that there was a
significant (P < 0.05) effect of iron status, PAE, and/or their interaction, Tukey’s honestly
significant difference (HSD) test was performed for a priori comparisons of the treatments to
one another in a planned, pairwise manner (e.g.: IS-MD vs. IS-PAE etc). If the normality
and/or equal variance assumptions were not met, as for //1b://10, Tnf://10and Ifng.1/4,
natural log transformation was performed prior to analyses by 2-way ANOVA and Tukey’s
HSD test as detailed above. For 7nf, /fngand //6, assumptions were not met even after data
transformation, so Kruskal-Wallis test was used along with Wilcoxon rank sum test for
pairwise comparisons and Benjamini-Hochberg procedure for multiple testing correction.
The protein data were analyzed using SAS (SAS Institute, Cary, NC), and the gene data
were analyzed with the carpackage under the R software, Version 3.4.3 (Fox et al., 2012).

To determine the association of the placental cytokines with fetal and placental growth
outcomes (Table 4), Pearson correlation analyses were conducted using the ggpubr package
under the R software, Version 3.4.3 (Kassambara, 2017). Benjamini-Hochberg correction
was applied to adjust for multiple comparisons. To identify the cytokine(s) that significantly
predicted fetal and placental growth outcomes (Table 5), stepwise linear regression analyses
were performed using SPSS, Version 25 (SPSS Inc, Chicago, IL).

All data were checked for outliers using Grubbs’ Test found on the GraphPad QuickCalcs
Web site (https://www.graphpad.com/quickcalcs/Grubbsl.cfm) prior to the above analyses.
Data are presented as means + SEMs. P< 0.05 was defined as statistical significance, and
0.05 £ P<0.10 was indicative of trends.

Gestational outcomes

Starting and final maternal body weight, gestational weight gain, and maternal
hematological values were previously reported (Huebner et al., 2016; Huebner et al., 2018)
and reproduced here in Supplemental Tables 1-4. Neither PAE nor maternal iron intake had
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an effect on litter size (Table 2). As expected, PAE significantly reduced (P < 0.0001) fetal
body weight (Table 2). Additionally, ID-PAE led to lower fetal body weight compared to IS-
MD (-18%, P=0.0337), ID-MD (-26%, P=0.0012), and IF-MD (-21%, £P=0.0123). A
similar PAE-induced reduction in body weight was also found even when maternal iron
intake was sufficient (IS-PAE vs. ID-MD, —22%, P= 0.0066; IS-PAE vs. IF-MD, -17%, P=
0.0480) or improved (IF-PAE vs. IS-MD, -=17%, P=0.0500; IF-PAE vs. ID-MD, —25%, P=
0.0020; IF-PAE vs. IF-MD, —20%, £=0.0191). Thus, improving maternal iron nutriture did
not normalize the PAE-reduced fetal body weight to a level comparable to the MD groups.

Similarly, PAE significantly reduced placental weight (P= 0.0324) and placental efficiency
(P=0.0043), a proxy indicator of placental function (Hayward et al., 2016). ID-PAE had the
lowest placental efficiency among all groups, and it significantly differed from IS-MD
(-15%, P=0.0486), ID-MD (-18%, £=0.0151), and IF-MD (-17%, P=0.0212). Although
not statistically significant, IF-PAE placentas had the highest efficiency among all PAE
placentas, and their efficiency did not differ from any of the MD placentas (IF-PAE vs. IS-
MD, P=0.2843; IF-PAE vs. ID-MD, P=0.1193; IF-PAE vs. IF-MD, P=0.1543). These
data suggest that poor maternal iron status may be a risk factor for reduced placental
efficiency in alcohol-exposed pregnancy, and this risk can be minimized by improving
maternal iron status.

Abundance of proteins involved in placental iron transport and storage

Because iron transport and storage proteins in the maternal and fetal compartments were
altered in response to PAE and maternal iron intake (Huebner et al., 2016; Huebner et al.,
2018), we sought to determine if similar changes were also detected in the placenta by
quantifying the abundance of these proteins. PAE significantly decreased (= 0.0032)
placental TfRc abundance (Figure 1A), suggesting a reduced capacity for iron uptake from
maternal circulation into the placenta under the PAE condition. Maternal 1D was associated
with a non-significant increase in placental TfRc, and ID-PAE had lower placental TfRc
abundance compared to ID-MD (-=76%, 2= 0.0020) and IS-MD (-64%, P= 0.0415).

Placental DMT1 protein abundance, which transports iron within the placental
syncytiotrophoblast, was unaltered by PAE or maternal iron intake (Figure 1B). Maternal ID,
as expected, significantly reduced (P = 0.0143) the protein abundance of FTN, the placental
iron storage protein (Figure 1C). Iron is exported from the syncytiotrophoblast cells into
fetal circulation by placental FPN, which increased (+39%, P = 0.0033) in maternal ID alone
compared to maternal IS alone (Figure 1D). Additionally, PAE and maternal iron intake
interacted to alter placental FPN protein abundance, and 1S-PAE increased (+26%, P =
0.0253) placental FPN protein abundance compared to IS-MD, and ID-PAE reduced (-17%,
P=0.0427) placental FPN protein abundance compared to ID-MD. Nevertheless, effects of
PAE on these proteins were relatively modest; hence, they were unlikely to be a key factor
driving the differences observed in fetal and placental growth outcomes. In support of this,
we previously showed that PAE does not affect the total iron content in the fetus, but rather
dysregulates the iron distribution between fetal brain and fetal liver, suggesting that it does
not impair placental iron transport per se (Huebner et al., 2016; Huebner et al., 2018). Thus,
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we did not examine the effect of maternal IF on the abundance of these iron proteins in the
PAE placentae.

Expression of inflammatory cytokines in the placenta

Because placental pro-inflammatory responses adversely affect placental development, and
are implicated in the pathology of placental insufficiency and IUGR (Bowen, Chamley,
Keelan, et al., 2002; Chaddha et al., 2004; Challis et al., 2009; Gelber et al., 2015; Li et al.,
2009; Wang et al., 2003), we performed gPCR experiments to evaluate placental cytokine
gene expression from animals exposed to PAE and various iron treatments. We found that
placental cytokine gene expression was affected by PAE and/or maternal iron intake. There
was a significant main effect of PAE (£ =0.0337) on placental //1bexpression (Figure 2A).
There was also a significant main effect of iron (P= 0.0084), which was largely driven by
the downregulation (-40%, P = 0.0328) of placental //Zbexpression in IF-MD vs. ID-MD.
In addition, PAE and iron interacted to modulate placental /16 expression such that PAE
had a higher (+65%, P= 0.0355) placental expression of //Z6than MD when the mother
received the IF diet during gestation. Placental 7n7fexpression was also similarly impacted
(P=0.0300; Figure 2B). It was downregulated in the IS-PAE placentae compared to the IS-
MD placentae (—25%, P=0.037), and in the IF-MD placentae compared to the ID-MD
placentae (-28%, P=0.037). These data support an effect of PAE and maternal iron intake,
both independently and synergistically, on the expression of these placental cytokines.
However, placental //6 and /fng expression remained unchanged in response to PAE or
maternal iron intake (Figures 2C and 2D), suggesting a selective effect of PAE and/or iron
on placental cytokines.

A trend (+70%, £ = 0.056) for higher placental expression of //10, an anti-inflammatory
cytokine, in IF-PAE relative to 1S-PAE was also found (Figure 3A), suggesting that it may
be upregulated in PAE if maternal iron intake is improved. In contrast, PAE and maternal
iron intake did not affect placental //4 expression (Figure 3B). This again affirms that PAE
and/or iron selectively modulate placental cytokines.

Pro-inflammatory cytokines and anti-inflammatory cytokines are dependent upon each
other, jointly regulating immune response through a feedback mechanism (Mosser et al.,
2008; Paludan, 1998). Indeed, specific interactions have been shown among /L-18, TNF-a,
/L-6and /L-10, as well as /FN-y and /L-4, and an imbalance of these cytokines has been
associated with adverse pregnancy outcomes (Calleja-Agius et al., 2012; Dong et al., 2005;
Nan et al., 2007; Scott et al., 2009; Weel et al., 2016). To determine if PAE and/or iron also
similarly disrupt the inflammatory balance in the placenta, we evaluated these known
interactions by calculating a ratio of each pro-inflammatory cytokine to the functionally-
relevant anti-inflammatory cytokine.

111b:1110and Tnf:1/10ratios were not significantly affected by PAE or maternal iron intake
(Table 3). In contrast, the placental //6://70ratio was increased (P = 0.0034) whereas the
Ifng:1/4 ratio was decreased (2= 0.0109) in response to PAE. Follow-up pairwise analyses
revealed that PAE doubled (P = 0.0385) the //6.//10ratio compared to MD if the mother was
also ID. Compared to 1S-MD, the ID-PAE placentae also tended to exhibit a higher //6://10
ratio (P=0.0662). Maternal IF reduced the //6://10ratio to a level comparable to the IS
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groups. Together, these data indicate a shift of inflammatory response to favor a pro-
inflammatory response that converged upon IL-6 under the ID-PAE condition, and this was
mitigated with an improved maternal iron status.

Correlation of placental cytokines and growth indices

To determine if these placental cytokines were associated with fetal and placental growth,
we performed Pearson correlation analyses (Table 4). The results indicated that select
cytokines were moderately associated with fetal weight. Specifically, placental //6
expression (R =-0.43, P=0.0003) and //6://10ratio (R=-0.37, P=0.0014) were both
inversely associated with fetal body weight. Placental /fng (R=0.28, P=0.0158) and //4 (R
=-0.38, £=0.0014) expression as well as /fng-//4ratio (R = 0.36, P=0.0018) were also
related to fetal body weight.

For the placental outcomes, the correlation analyses showed that placental //6 expression
was inversely (R=-0.35, =0.010) related to placental weight (Table 4). No other
cytokines had a significant relationship with placental weight. Similarly, after multiple
testing adjustment, none of the placental cytokines examined in the present study remained
significantly correlated with placental efficiency.

Predictive values of placental cytokines on the growth outcomes

Because our correlation analyses suggested relationships between the placental cytokines
examined in this study and fetal and placental growth, we sought to determine the predictive
values of these placental cytokines upon the growth outcomes using stepwise linear
regression models. The results (Table 5) revealed that placental //6 expression was the best
predictor of fetal weight in our FASD model, explaining 18.6% of the variability in fetal
weight. Placental 7nfexpression entered the regression model at the second step and was the
second best predictor of fetal weight in our FASD model, explaining an additional 19.9% of
the variability. Placental /fng expression entered the regression model at the third step and
was the third best predictor of fetal weight in our FASD model, explaining another 6.3% of
the variability. Together, placental //6, Tnf, and /fng expression explained more than 44% of
the variability observed in fetal weight in our FASD model.

Placental //6 expression was also the best predictor of placental weight in our FASD model,
as it explained 10.4% of the variability in placental weight (Table 5). Placental /fng
expression entered the regression model at the second step and was the second best predictor
of placental weight, accounting for an additional 4.0% of the variability. Collectively,
placental //6and /fng expression explained a total of 14.4% of the variability found in
placental weight in our FASD model.

The best predictor of placental efficiency in our FASD model was placental 7nfexpression,
which explained 5.6% of the variability (Table 5). Placental //6 expression also predicted
placental efficiency, as it entered the regression model at the second step and accounted for
another 13.6% of the variability. Together, placental 7nfand //6 expression explained a total
of 19.2% of the variability observed in placental efficiency in our FASD model.
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Discussion

The etiology of intrauterine growth restriction (IUGR) is multifactorial, with placental
insufficiency accounting for a majority of the cases (“ACOG practice bulletin no. 134: Fetal
growth restriction,” 2013). IUGR is one of the diagnostic criteria of FAS, the most severe
end of the FASD spectrum (Williams et al., 2015), and previous reports have described the
presence of placental insufficiency in FASD pregnancies (Burd et al., 2007; Gundogan et al.,
2008; Keegan et al., 2010; Tai et al., 2017). In this study, we found a significant effect of
PAE on the placental efficiency ratio. More importantly, we found that this effect of alcohol
on placental efficiency is driven largely by poor maternal iron status, in which the lowest
placental efficiency ratio is detected. This finding suggests that maternal ID is a risk factor
that may exacerbate the placental insufficiency previously reported in FASD pregnancies.

Upregulation of placental pro-inflammatory cytokines and disruption of normal
inflammatory balance are implicated in placental insufficiency (Bowen, Chamley, Keelan, et
al., 2002; Chaddha et al., 2004; Challis et al., 2009; Gelber et al., 2015; Li et al., 2009; Wang
et al., 2003). Pro-inflammatory cytokines regulate placental angiogenesis and perfusion
through modulating the expression and activities of angiogenic proteins (Bowen, Chamley,
Mitchell, et al., 2002; Cotechini et al., 2014; Rizov et al., 2017; Shah et al., 2015). They also
activate apoptosis to increase the death of endothelial cells (Bowen, Chamley, Keelan, et al.,
2002; Huppertz et al., 2006; Sharp et al., 2010) and trophoblast cells (Atia, 2017; Huppertz
et al., 2004; Ribeiro et al., 2018; Sharp et al., 2010; Straszewski-Chavez et al., 2005). In
contrast, placental anti-inflammatory cytokines counteract the actions of pro-inflammatory
cytokines to promote normal placental morphology and sufficient perfusion (Naldini et al.,
2003; Orange et al., 2005). PAE and ID are both pro-inflammatory stimuli capable of
independently inducing pro-inflammatory cytokine production (Ahluwalia et al., 2000;
Svinarich et al., 1998; Terasaki et al., 2016) that subsequently alter placental vascularization
(Biswas et al., 2014; Gundogan et al., 2008; Gundogan et al., 2015; Lewis et al., 2001; Lo et
al., 2017; Sharma et al., 2017; Tai et al., 2017). Here, we identify both PAE and iron effects
on the placental expression of the pro-inflammatory cytokines //Zband 7nf; as well as the
anti-inflammatory cytokine //10. These changes produce a cytokine imbalance that
collectively generates a pro-inflammatory placental response, consistent with the higher
placental pro-inflammatory cytokine to anti-inflammatory cytokine ratio. Notably, this
placental inflammatory imbalance is higher in PAE, and is more pronounced in ID-PAE.
Although additional studies are needed, we hypothesize that the observed placental pro-
inflammatory response in PAE will damage normal placental vasculature and morphology,
which will contribute to the lower placental efficiency ratio. We further predict that the
presence of an intensified placental pro-inflammatory response in ID-PAE will produce
more severe placental vascular and morphological abnormalities, further reducing the
placental efficiency ratio. Regardless of the underlying mechanisms, placental pro-
inflammatory cytokines are related and predictive of fetal and placental growth in our FASD
model.

Carter and colleagues (2007) found a lower body weight at birth and early postnatal life in
infants who are prenatally exposed to alcohol. Moreover, 1D exacerbated alcohol’s effects,
and the body weight reductions were greatest in infants who also had iron deficiency
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anemia. Their follow-up study (Carter et al., 2016) found that postnatal growth inversely
correlates with the severity of cognitive dysfunction. Our preclinical rat model similarly
found that the ID-PAE fetuses had the lowest body weight and severe anemia (Huebner et
al., 2016). Unfortunately, our study only measured body weight at a single time point, just
prior to birth, and we do not know if the ID-PAE fetuses continue their growth restriction
after birth, and whether this extends to worsened cognitive problems. However, the placentae
of these ID-PAE fetuses exhibit the most intensified inflammatory response and have the
lowest placental efficiency ratio. Given that normal placental functioning is a crucial
determinant of fetal body weight and the offspring’s future health (Thornburg et al., 2016),
we speculate that improved placental function, perhaps through improved iron status, might
reduce placental inflammation and enhance placental efficiency, and thus improve the
growth outcomes of these individuals.

Supporting this is our finding that alcohol’s deleterious effects in the placenta are reversible
by maternal IF. Maternal IF normalized the PAE-reduced placental efficiency, possibly in
part by upregulating placental //Z0to dampen the PAE-triggered placental pro-inflammatory
response to level comparable to IS-MD. We do not know if maternal IF also improves
placental vascularization and morphology, which are also modified by inflammation.
Pharmaceutical interventions that induce anti-inflammatory cytokine production have been
shown to normalize placental inflammation and vascularization and improve placental
efficiency (Amash et al., 2012; Tinsley et al., 2010; Xu et al., 2007). It will be important to
test whether IF in this model confers a similar benefit. Improving maternal nutriture through
dietary iron fortification does not increase cellular oxidation or alter the bioavailability of
related minerals (Huebner et al., 2018), and lacks the undesirable side effects such as
gastrointestinal distress commonly caused by oral iron supplementation (Tolkien et al.,
2015). Collectively, these data suggest that dietary iron fortification may be an acceptable
option for mitigating the placental insufficiency associated with PAE, thereby improving
pregnancy outcomes.

We recognize that the placenta responds to gestational insults including prenatal alcohol
exposure and poor maternal iron intake in a sex-specific manner; however, limited sample
availability precludes our ability to determine the sex of the fetuses used in this study.
Consequently, this information is not included in our current analyses. It is also important to
note that our alcohol regimen models a chronic binge exposure, and cannot inform the
consequence of low-moderate intake. Because 3.9% of pregnant women reported binge
drinking in the past month, our model is of high clinical relevance and addresses an
important public health problem.

In conclusion, these data demonstrate that placental efficiency is adversely affected by PAE,
and this correlates with a cytokine dysregulation which promotes an intensified placental
inflammatory response. Moreover, maternal iron status is a critical and previously
unappreciated modulator of placental responses to PAE. Improvement of iron status may be
a novel avenue for improving gestational outcomes in alcohol-exposed pregnancy, in part
through its effects on placenta. Such a mechanism may partially explain how maternal
multivitamin/mineral supplementation improves measures of cognition and memory in
infants exposed to PAE (Coles et al., 2015; Kable et al., 2015).
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Highlights

PAE causes placental insufficiency, as shown by lower weight and efficiency
ratio.

Maternal 1D worsens, whereas IF improves, PAE-induced placental
insufficiency.

Placental inflammatory imbalance may contribute to PAE’s placental
insufficiency.

Placental cytokine profiles predict growth outcomes in this FASD model.
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Effect of prenatal alcohol exposure and maternal iron intake on the placental abundance of
(A) transferrin receptor, (B) divalent metal transporter 1, (C) ferritin, and (D) ferroportin on
gestational day 20.5. Placental TfRc abundance was significantly reduced in IS-PAE
compared to ID-MD, and was significantly reduced in ID-PAE compared to both IS-MD and
ID-MD. Placental FTN abundance was lower in ID-MD than in IS-MD or I1S-PAE. Placental
FPN abundance was higher in both IS-PAE and ID-MD compared to 1S-MD, and was
reduced in ID-PAE compared to ID-MD. Placental DMT1 abundance was unaffected by
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PAE or maternal iron intake. Data were analyzed by 2-way ANOVA, followed by Tukey
HSD post hoc test. Values are presented as means + SEMs of TfRc, DMT1, FTN or FPN
protein content normalized to GAPDH protein content, and are expressed relative to IS-MD.
n=3 litters/treatment, 2 placentae/litter. Each dot represents an individual placenta. *
indicates statistical significance (P < 0.05). Abbreviations: DMT1, divalent metal transporter
1; FPN, ferroportin; FTN, ferritin; 1D, iron deficient; IF, iron fortified; IS, iron sufficient;
MD, maltodextrin; PAE, prenatal alcohol exposure; TfRc, transferrin receptor.
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Effect of prenatal alcohol exposure and maternal iron intake on placental expression of pro-
inflammatory cytokines (A) //1b, (B) 7nf; (C) /6, and (D) /fng on gestational day 20.5. IF-
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MD downregulated placental //1b expression compared to ID-MD. Within the IF groups,
PAE significantly increased placental //16 expression compared to MD. Placental 7nf
expression in IS-PAE was significantly lower than in 1IS-MD or ID-MD. IF-MD also
downregulated placental 7nfexpression compared to ID-MD. Placental //6and /fng

expression were unaffected by PAE or maternal iron intake. Data on //16 were analyzed by
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2-way ANOVA, followed by Tukey HSD post hoc test. Data on 77f, //6and /fng were
analyzed by Kruskal-Wallis test, followed by Wilcoxon rank sum test with Benjamini-
Hochberg correction for post hoc pairwise comparisons. Values are presented as means +
SEMs of /16, Tnf, 116 or Ifng transcript content normalized to Gapdh transcript content, and
are expressed relative to IS-MD. n=8 litters/treatment, 2 placentae/litter. Each dot represents
the mean value for an individual placenta across the triplicates run for the qPCR
experiments. * indicates statistical significance (£ < 0.05). Abbreviations: ID, iron deficient;
IF, iron fortified; /fng, interferon gamma; //1b, interleukin 1 beta; //6, interleukin 6; IS, iron
sufficient; MD, maltodextrin; PAE, prenatal alcohol exposure; 77, tumor necrosis factor.
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Iron: P =0.7717
EtOH: P =0.1030
Iron x EtOH: P =0.2506
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Effect of prenatal alcohol exposure and maternal iron intake on placental expression of anti-
inflammatory cytokines (A) //10, and (B) //4 on gestational day 20.5. IF-PAE trended to
have a higher placental //Z0expression than IS-PAE. Both PAE and maternal iron intake had
no effects on placental //4 expression. Data were analyzed by 2-way ANOVA, followed by
Tukey HSD post hoc test. Values are presented as means + SEMs of //Z0or //4 transcript
content normalized to Gapdh transcript content, and are expressed relative to IS-MD. n=8
litters/treatment, 2 placentae/litter. Each dot represents the mean value for an individual
placenta across the triplicates run for the gPCR experiments. Abbreviations: ID, iron
deficient; IF, iron fortified; //4, interleukin 4; //10, interleukin 10; IS, iron sufficient; MD,

maltodextrin; PAE, prenatal alcohol exposure.

Alcohol. Author manuscript; available in PMC 2021 May 01.



Page 21

£~ 1VO19VOVv199919009110~.5d

20229 “008'T9 ‘D0 2°09 16 £ - 9D LD LIVIVODLOVYYOTOL ~ .6 4 7800210 N (ypdes) aseusboipAysq sreydsoyd-g-opAysplessdk|o
2229 %6 S e e 5.8 022102 AN (v11) v upineLaul
20819 % R VTt Z'vS8ZT0 AN 1) 0T uptnapiaw
S e i -
20209 7] O a2y 2685210 AN @17) 9 uptnapiaul
, T rreveet i T S P p—
20209 T o e e ZZISTE0 AN @ri7) gt untnapsay

aanyesadwsal Buiesuuy  yibua uoardwy a0usnbag Jawid 13QWINN UOISS399y aWeN U39

Kwan et al.

uolewWIOLUI Slawlid

‘T al1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Alcohol. Author manuscript; available in PMC 2021 May 01.



Page 22

Kwan et al.

yBram [eyusoeyd 01 3yBiam Apoq [e1s) JO OIFeI BU) S PAULAP SeM AOUBIOIS _Ecwom_aQ

"ainsodxa [0yodle [ereuald ‘Jy/d ‘ULIIXapolfew ‘Al ‘UBIOLYNS UOUI ‘S| ‘PaIyIlIos Ul ‘4] ‘Jualdlap uoli ‘gl :SuoleIAsIqqy
.Amo.o Vno dIN-41 woly wocmo_u_cm_m |eansiyels mmwmu_uc_.\
'(S0°0 ><) QIN-QI woly 3ouBdHIUBIS [eINSIIElS SeYedIpUl
v
(500 > /) 3Vd-SI Woly souedIUBIS [eONSIIelS mss__ucw

'(S0°0 >d) AN-SI wouy duedyIubIS [eansIIels saledlpul
*

‘|]apow Jeaul| paxiw Ag pazAjeue aiam ereq 'SasAfeue ay) ul papnjoul
919M 1311] BWes sy} WoJj aejusoe|d 1o SasnI8y |[e YdIym Ul ‘Juswies/siant] 8 = u ‘Aousiolys [eusoed pue ‘yBiam [elusoeld ‘Jybiam [e1e) 1oy SNIS F SUBSW pue ‘az1s JaNi| 10} SAS F Sueal ale sanfen,,

9EV9'0 =4 :HOIF X U0l N .
€r00'0=¢ :dnoib HO:A  GTOF 9L  zroFees 4 B8V0F689  GroFTye  pTOFTEL GTOFOTR g MOUSIOUIS [BIUSIEId
G6£8°0 =4 :dnoub uoJ)

6vL'0 =d 1HOW X UoJ| .|_
yZe00=d :dnosb Holg | TOOF9E0  1ooFoy0  TOOFEEOD  TOOFEYD TOOFLEO TOOF0r0  (B)yblem jerusoeld
8TEY'0 = :dnoub uoi|

v19v'0 =d HOIJ X Uoi] . o . o
10000 >4 :dnoib HO1l3 4, PO0Fc9C p00*9ce  O0T0+.Sc ,SO0*8YE gooFTrz  GOOFSTE (6) 3ubram eye4
2278°0 =4 :dnoub uou|

86600 =d ‘HO3 X uod|
8791°0 =4 :dnosb HOI3 €6T+0SCT 6£C+8ETT  TSTHE9TT  CTC+GCCT <CCT+980T €60+0S¢CT 9Z1S 49017
8968'0 = :dno.b uoJ)

3Avd-di an-di 3vd-di din-ai 3vd-si dIN-SI

, 'G'0Z Aep [euonelssh uo sawooIno yImoab eyusde|d pue [els) ‘9zIS J8TH] UO 8ejul UOJI [eudjewu pue ainsodxe joyodfe [ereusid o 10843

‘¢ 9|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Alcohol. Author manuscript; available in PMC 2021 May 01.



Page 23

Kwan et al.

*21nsodxa |0yod|e [ejeuaid ‘Jyd ‘ULIXapolfew ‘A ‘JUSIOIYNS UL ‘S| ‘PaILILI0S UOII ‘4] JUBIOLSP Ul ‘Al :SUOIBIAIGYY

(500 >d/) QIN-dI Woy duedYIUBIS [BONSIIEIS mss__ucv

:(0°0 >) AN-AI wouy soueayiubis [eansnels sereoIpul
*

“J1an)/eeusdeld z Burjdwes ‘quswiieasl/siani| 8 = U 'SINIS F Ssueaw ale mw:_m\/m

0780°0 =< ‘HOI3 X uoJ|

60T0°0 =< :dnoib HOYZ 0S50+ L¢¢C 750 F19°€ %mv.o FLLT 70 F L0°E JE0F9.7 90 T 192 S
GEOV'0 =4 :dnotb uod|
120T°0 =4 ‘HOF X uoJ| o
78000 =g [dNOIBHOI3 66 TF680T 2ZZFBOTT ,LCIVF666T €eTF296 €9TFvE9T 8ITFETOT  OTIIQII
€€76°0 = :dnob uol|
6TT6'0 =d ‘HOI3 X Uol|
2296'0 =4 ‘dnolb HOIF  SFOFSEY CLOFSEY 060 F€8'G 7.0 ¥ 0SS 9.'0F9T9 €8'0F ¢S  OTIIHuL
€662°0 =4 :dnoib uol|
T169L°0 =4 ‘HO3 X uoJ|
G2/9'0=4 :[dnolb HO13 66'GF 28Ty O0VFPOTE ELLFVI'6F 2SSF982y E09FE6'Ly 26€FZ9GE  OTIIATII
062€°0 =< :dnoub uouj

3vd-dil adiN-d1 3vd-dl an-al 3vd-SI ain-sI

e "9ewade|d G 0z Aep Jeuoiielsab ul Soies suIj0IAd AloTewweyul -1lue ‘s4 -01d ay) UO axelUl UOJI [euIdlew pue ainsodxa |oyodle [ereusid Jo 198443

Author Manuscript

‘€ 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Alcohol. Author manuscript; available in PMC 2021 May 01.



Page 24

Kwan et al.

"(50°0 > /) @ouedYIUBIS [RONSIIEIS SBIROIPUI
*

‘pajuasald ate poyrew BiaquooH-luiweluag Buisn
wiswisnipe Bunsay sjdijnw Jaye pue Juswisnipe Bunssy sjdnnw a1oyaq sanfen s "sasAjeue sy} Ul papnjoul a1am (1ani/seiuade|d o sasniay g ‘Juslesy/sianl] g = U) sdnolb Juswiyesal 9 |je wouy sienr,

0Z'0 170 LT0 GL00 0€00 €20 » 81000 10000 090 vlIBuy|
020 Zro LT0- €900 G100 9z0- , Y1000 #0000 0L€°0-  OTII9l
680 080 120°0- 0€0 120 AN 870 8€0 §60°0- OTIIHuUL
S6°0 S6°0 £00°0 €10 600 8T0- 810 LE0 160°0- OTIIATII
020 800 6T°0- €900 6700 Gzo- , Y1000 €000°0 08€°0- 4l
020 0%0°0 44} 180 180 200- G€'0 120 (040 oTl!
v2'0 LT0 ST0 S2°0 020 v1o . 85100 6,000 0820 Buy
62°0 €20 eT’0- » 00700 1000 Ge'o- . €0000 T000>  0EV'0- 9ll
020 GE00 €20 8600 65900 00— 76°0 760 8000 juL
020 800 670 9800 €v0°0 20— 760 680 G100 qtil
pawsnlpe-Hg 4 paisnipeun g ] paysnfpe-Hg 4 paisnipeuny ] pawnipe-Hg 4 paisnlpeuny ]
Kouaionyys [ejuade|d 1yBiam ejusde|d ybiam e

, 'G'0Z Aep [euoneisah uo saolpul yamoab eyusde|d pue [e1a) UM ‘SOIel JIBU} PUB UOISSaIdxa upjo}Ad Alojeweljul [e3usoe|d UsBMISQ UOIR[SII0D

Author Manuscript

‘¥ al1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Alcohol. Author manuscript; available in PMC 2021 May 01.



Page 25

Kwan et al.

"sasA[eue ay) Ul papn|oul aJam (Jannj/eeausoe)d Jo sasnia) Z “Jusluieall/siani| g = u) sdnouf Juswiesn 9 [je wouy sian,,

O11) 81288 — (L) 6GE°08Z + 99¢°L = AouaIolyys |eusde|d :aull uoissaibal Jo uonenb3
1000 > 6T 911 3uL
€200 96 Jul

¢ I3poN
T I3PON

:Aouaioyye [erusoeld

Guyr) 819°L + ©/r) 1212 — 86€0 = WBIom [ejuade|d :aul| uoissaifial Jo uolenb3
1000 ad Buyr ‘o1
2000 0T al

¢ I3PON
T I3PON

:1yBram [ejusoeld

Guyr) SSL 1L+ Qul) €22°68 + /1) ¥90° Ly — 082°2 = WbB1am [exad :aul| uoissaibal Jo uonenb3

1000 > 8y Buyy Jul 9l
1000 > G'8¢ L 9l
1000 > 98T 9l

€ 13ponN
Z 19ponN
T 13pon

“b1am ey

Jopow a8y} Jo anjeA d  [apow 8yl Ag paure|dxa AM|IqeLIeA o5  [3pOW 8yl Ul papnjaul (5)40101pald

, "SauI01A2 asay) Aq paule|dxa

dOUBLIBA JO JUNOWR 8Y] puUe ‘sawo021no yimoih [eluaoed pue Je19) 101paid 153 1eyl SauiolAd [ewuadeld syl AJlnuapl saskjeue uoissaibal Jeaul) asimdals

Author Manuscript

‘G 9|qeL

Author Manuscript Author Manuscript

Author Manuscript

Alcohol. Author manuscript; available in PMC 2021 May 01.



	Abstract
	Introduction
	Material and Methods
	Animals, diets and alcohol exposure
	Quantification of placental protein expression
	Quantification of placental gene expression
	Statistical analysis

	Results
	Gestational outcomes
	Abundance of proteins involved in placental iron transport and storage
	Expression of inflammatory cytokines in the placenta
	Correlation of placental cytokines and growth indices
	Predictive values of placental cytokines on the growth outcomes

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:
	Table 2:
	Table 3:
	Table 4:
	Table 5:

