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Abstract

Background: Fetal alcohol spectrum disorders (FASD) are preventable adverse outcomes 

consequent to prenatal alcohol exposure. Supplemental choline confers neuroprotection to the 

alcohol-exposed offspring, but its actions outside the brain are unclear. We previously reported 

that prenatal exposure of mice to 4.5g/kg alcohol decreased placental weight in females only, but 

decreased body weight and liver-to-body weight ratio and increased brain-to-body weight ratio in 

both sexes. Here we test the hypotheses that a lower alcohol dose will elicit similar outcomes, and 

concurrent choline treatment will mitigate these outcomes.

Methods: Pregnant C57BL/6J mice were gavaged with alcohol (3g/kg; Alc) or maltodextrin 

(MD) from embryonic day (E) 8.5–17.5. Some also received subcutaneous injection of 100mg/kg 

choline chloride (Alc+Cho, MD+Cho). Outcomes were evaluated on E17.5.

Results: Alc dams had lower gestational weight gain than MD; this was normalized by choline. 

In males, Alc decreased placental weight whereas choline increased placental efficiency, and 

Alc+Cho (vs. MD) trended to further reduce placental weight and increase efficiency. Despite no 

significant alcohol effects on these measures, choline increased fetal body weight but not brain 

weight, thus reducing brain-to-body weight ratio in both sexes. This ratio was also lower in the 

Alc+Cho (vs. MD) fetuses. Alc reduced liver weight and liver-to-body weight ratio; choline did 

not improve these. Placental weight and efficiency correlated with litter size, whereas placental 

efficiency correlated with fetal morphometric measurements.

Conclusions: Choline prevents the alcohol-reduced gestational weight gain and fetal body 

weight and corrects fetal brain sparing, consistent with clinical findings of improvements in 

alcohol-exposed children born to mothers receiving choline supplementation. Importantly, we 

show that choline enhances placental efficiency in the alcohol-exposed offspring but does not 

normalize fetal liver growth. Our findings support supplementing choline during pregnancy to 
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mitigate the severity of FASD, and emphasize the need to examine choline’s actions in different 

organ systems.
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INTRODUCTION

Fetal alcohol spectrum disorders (FASD) describe a constellation of preventable growth, 

physical, cognitive, and behavioral anomalies caused by prenatal alcohol exposure (PAE) 

(Hoyme et al., 2016). Although health efforts emphasize alcohol abstinence during 

pregnancy, 12% of pregnant women in the U.S. still drink alcohol and 4% report engaging 

in binge drinking in the past 30 days (Denny et al., 2019). One result is a high FASD 

prevalence ranging from 1–5% in the U.S. (May et al., 2018). Because of the lifelong 

implications of FASD, there is a critical need to identify effective interventions that mitigate 

the teratogenic impacts of alcohol. Nutrition is long recognized to be important for normal 

fetal development and is viewed as a safe therapeutic option for improving pregnancy 

outcomes and offspring health (Wakimoto et al., 2015). Many studies have examined the 

efficacy of various nutritional interventions for reducing the severity of FASD; however, to 

date the only one shown to have some efficacy in humans with FASD is choline, both in the 

presence and absence of micronutrient supplementation (Kable et al., 2015, Jacobson et al., 

2018, Wozniak et al., 2015, Wozniak et al., 2020, Warton et al., 2021).

Choline is an essential nutrient that contributes to the synthesis of molecules involved 

in neurotransmission, cell signaling, membrane structure, and lipid transport, and it 

is a significant one-carbon donor for processes including nucleotide synthesis, DNA 

methylation, and control of gene expression. As such, choline has a critical role in fetal 

development and offspring long-term health (Caudill et al., 2020). To support rapid tissue 

growth and proper fetal development, pregnancy imposes a high choline demand, with 

the adequate intake set at 450 mg/day (Caudill et al., 2020). However, many pregnant 

women fail to meet this recommendation (Jensen et al., 2007, Wallace and Fulgoni, 2017). 

Inadequate choline intake is also documented in alcohol-drinking pregnant women (May et 

al., 2014, Carter et al., 2017), and their choline need may be even higher because of the 

alcohol-impaired absorption and metabolism of several nutrients interrelated with choline 

metabolism such as folate and methionine (Zeisel, 2011). Indeed, inadequate choline intake 

during rat pregnancy exacerbates alcohol’s teratogenic effects such that these offspring have 

lower birth weight, delayed eye opening, impaired motor coordination, and fewer successes 

in a hindlimb coordination task (Idrus et al., 2017).

Both clinical and preclinical studies conducted during the neonatal and postnatal period 

demonstrate protective effects of choline against select cognitive and neurobehavioral 

deficits consequent to PAE (Akison et al., 2018). In contrast, the effectiveness of prenatal 

choline supplementation is less studied. In rodents, prenatal choline supplementation 

normalizes the lower birth weight and brain weight, improves neuroanatomical structure, 

and prevents behavioral abnormalities including delayed righting reflex, negative geotaxis, 
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and issues related to sensorimotor integration and motor functions in the alcohol-exposed 

offspring (Thomas et al., 2009, Bottom et al., 2020). Similarly, infants whose mothers 

drank alcohol during pregnancy and received choline and a multivitamin/mineral supplement 

during pregnancy have higher birth weight and perform better in a habituation-dishabituation 

test (Kable et al., 2015). Maternal choline supplementation also improves postnatal growth, 

performance on an eyeblink conditioning test, and visual recognition memory as well as 

increases brain volumes in infants with PAE (Jacobson et al., 2018, Warton et al., 2021).

Although these studies show promising benefits of choline with respect to the developing 

brain, it remains unclear if there are improvements in other organs that are also targets of 

PAE and whether these effects of prenatal choline supplementation are sex-dependent. To 

assess the importance of fetal sex in modulating FASD outcomes, we previously generated 

a high dose (4.5 g/kg), binge exposure FASD mouse model and reported that this alcohol 

regimen decreases placental weight only in females, but it significantly decreases body 

weight and liver-to-body weight ratio as well as increases brain-to-body and brain-to-liver 

weight ratios in both male and female fetuses, collectively indicating the presence of 

asymmetric growth reduction (Kwan et al., 2020). To determine if these outcomes are 

specific to the high alcohol dose, we repeated these analyses in our established intermediate 

dose, binge exposure FASD mouse model (Virdee et al., 2021). Furthermore, we conducted 

a prenatal choline intervention in this model, and examined its impacts on morphometric 

parameters of the alcohol-exposed fetuses. We hypothesized that this alcohol dose would 

elicit outcomes similar to those observed in the higher alcohol dose and that concurrent 

choline treatment will mitigate these alcohol-induced effects in fetal organs in a fetal sex-

dependent manner, as suggested by our previous studies (Waddell and Mooney, 2017, Bearer 

et al., 2015, Kwan et al., 2020).

MATERIALS AND METHODS

Mouse generation and alcohol exposure

Five-week-old C57BL/6J (B6) mice were obtained from Jackson Laboratories (stock #: 

000664; Bar Harbor, ME) and housed in an Association for Assessment and Accreditation 

of Laboratory Animal Care International (AAALAC) accredited facility with a 12/12 h 

light/dark cycle. All procedures complied with the guidelines for animal care established 

by the National Institutes of Health and with prior approval by the David H. Murdock 

Research Institute Institutional Animal Care and Use Committee (IACUC). Females were 

fed a nutritionally adequate, defined diet (AIN-93G; Catalog # TD.94045; Envigo Teklad, 

Madison, WI) (Reeves et al., 1993) from arrival through pregnancy. At age 8-week, females 

were bred overnight and the morning a sperm-positive plug was identified was designated 

embryonic day (E) 0.5. On E8.5 pregnant females were randomly assigned to one of four 

experimental groups: control (MD), alcohol-exposed (Alc), control + choline (MD+Cho), 

and alcohol-exposed + choline (Alc+Cho). Alcohol-exposed animals (Alc) received 3.0 g/kg 

BW alcohol via intragastric gavage once per day from E8.5 through E17.5. Control animals 

(MD) received a single gavage of maltodextrin per day over the same time frame. To match 

the alcohol calories (21 kcal/kg BW), the MD dose would be 5.25 g/kg BW, which is 

hyperosmotic when given as a single gavage and is harmful to the mouse. To minimize 
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stress, we adjusted the MD controls to 80% of alcohol calories; this represents a difference 

of 0.1 kcal/d and 1.01% of total daily calories, within the variance of daily calorie intake. All 

dams were weighed on E0.5 and then daily from E8.5 to E17.5.

Choline administration

Choline-treated animals (Alc+Cho, MD+Cho) received the gavage as above plus a 

subcutaneous injection of 100 mg/kg choline chloride (#F6522120; Balchem, New 

Hampton, NY) once per day immediately after the gavage from E8.5 through E17.5; 

controls received an equal volume of saline. The AIN-93G diet contains 1 mg free choline/g 

diet. Dams in this study, on average, consume 3.2 g diet per day, thereby consuming 3.2 mg 

free choline per day. The choline injection provides 74.6 mg free choline/kg body weight. 

For a 32 g dam (the average weight at E17.5), this delivers 2.4 mg free choline per day, thus 

providing an additional 75% choline each day.

Blood alcohol concentration analysis

Blood alcohol concentration (BAC) was determined as described previously (Virdee et al., 

2021, Kwan et al., 2020) at 15 minutes following the alcohol gavage, using the Analox GM7 

Micro-Stat as per the manufacturer’s protocol.

Tissue collection

Dams were euthanized on E17.5 four hours after gavage and choline injection by overdose 

of isoflurane, and the uterine horn was removed and weighed. The uterine horn included 

all fetuses and placentas in situ, amniotic fluids and sacs and membranes, as well as 

resorptions if present; thus, its weight measurement represented the collective sum of the 

whole implantation unit. The number of surviving fetuses was recorded, and the placentas 

and fetuses were weighed. Comparison of the uterine horn weight data against individual 

placental and fetal weight data revealed if the alcohol-choline treatments affected the whole 

implantation unit or selectively impacted the fetus or placenta (or both) of one or both sexes. 

Fetal brain and liver were weighed, and tails were collected for assessment of fetal sex.

Genotyping for fetal sex

PCR for sex determination was done as previously described (Kwan et al., 2020). Briefly, 

DNA was isolated and PCR was performed using the Platinum Taq DNA Polymerase PCR 

kit (Catalog #10966–034, Invitrogen, Carlsbad, CA) as per the manufacturer’s instructions. 

Primers for the Sry gene were forward: 5′-TGGGACTGGTGACAATTGTC-3′, reverse: 

5′-GAGTACAGGTGTGCAGCTCT-3′ (Integrated DNA Technologies, Coralville, IA). The 

bands at 402bp for the Sry amplicon were visualized using the BioRad Molecular Imager 

Gel Doc XR+ Imaging System (BioRad, Hercules, CA).

Statistical analysis

Data were first checked for outliers using the Grubbs’ Test (Grubbs, 1969), and no 

data outliers were identified. Maternal weight data were analyzed by Repeated Measures 

Analysis of Variance (ANOVA), and maternal total gestational weight gain and all the litter 

data were analyzed by 2-Way ANOVA. Prior to the analysis, these data were checked 
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for normality assumption using the Shapiro-Wilk Test and equal sphericity assumption 

using the Mauchly’s Test of Sphericity or equal variance assumption using the Levene’s 

Test. The Repeated Measures ANOVA model included experimental groups, gestational 

day, and their interactions. The 2-Way ANOVA model included alcohol exposure, choline 

supplementation, and their interactions. Post hoc pairwise comparisons were performed with 

Benjamini-Hochberg correction to adjust for multiple testing.

Because our previous findings in the high dose, binge exposure FASD mouse model 

demonstrate a sex-dependent effect of alcohol and maternal nutrition (Kwan et al., 2020), 

the placental and fetal outcomes were analyzed separately for males and females using 

mixed linear model (MLM) to test our a priori hypothesis of sex-dependent responses to 

alcohol and choline. This conservative approach, which controls for data dependency and 

variability, included litter as an independent random effect factor, and alcohol exposure, 

choline supplementation, and their interactions as independent fixed effect factors. Litter 

size was also included in the model as a covariate when it was statistically significant 

(p < 0.05). We also performed the MLM analyses without stratification by fetal sex, and 

included fetal sex and its interactions with alcohol exposure and/or choline supplementation 

in the MLM model as independent fixed effect factors. These additional analyses indicated 

that there was a significant main effect of fetal sex and/or interaction effect with fetal 

sex for the placental and fetal outcomes (p < 0.05), supporting our a priori hypotheses of 

sex-dependent responses to alcohol and choline. Because our a priori hypothesis was that 

choline would modulate alcohol’s effects, we performed post hoc pairwise comparisons 

with Benjamini-Hochberg correction regardless of whether there was a significant alcohol-

choline interaction in order to make biologically meaningful conclusions (Wei et al., 2012). 

For placental weight and efficiency (calculated as the ratio of fetal body weight to placental 

weight), fetal body weight, fetal liver weight, fetal brain-to-body weight and brain-to-liver 

weight ratios, the assumptions of normality and/or equal variance were not met, and natural-

log transformation was performed prior to MLM analyses.

Because the magnitude and direction of the relationships among placental and fetal 

morphometric parameters can be indicative of possible pathologies and presence of 

compensatory responses for maintaining fetal growth and survival (Krombeen et al., 2019), 

and because our previous findings in the high dose, binge exposure FASD mouse model 

show sex-dependent compensatory responses to the adverse intrauterine environment (Kwan 

et al., 2020), we also performed correlation analyses in the current study to examine the 

relationships among the placenta and fetal organs in response to the lower alcohol dose and 

prenatal choline supplementation. These analyses were determined separately for males and 

females by Pearson correlation analyses, and Benjamini-Hochberg correction was used to 

adjust for multiple testing.

The ANOVA and MLM analyses were performed using SPSS, Version 26 (SPSS Inc, 

Chicago, IL). The correlation analyses were performed using the ggpubr package under 

the R software, Version 3.4.3. Maternal and litter data are presented as means ± SDs 

because these outcomes represented a single measure from each dam, whereas placental 

and fetal data are presented as means ± SEMs because these outcomes represented multiple 

measurements from each litter, which was the experimental unit in the MLM analyses 
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(Altman and Bland, 2005). Statistical significance was defined as p < 0.05, and 0.05 ≤ p < 

0.1 was considered to indicate trends.

RESULTS

Pregnancy outcomes

The mean BAC of mice receiving 3.0 g/kg BW alcohol and the choline supplementation was 

196.9 ± 29.0 mg/dL at 15 minutes post-gavage. This BAC is not different from the BAC 

values obtained from the same mouse strain in prior studies (211 ± 14 mg/dL) (Virdee et al., 

2021). There was a significant main effect of gestational day on maternal body weights (p 
< 0.001), but not experimental group, reflecting that dams in all groups gained weight from 

E0.5 to E17.5 (Figure 1). There was also a significant interactive effect of gestational day 

x experimental group (p < 0.001), which was likely driven by the differences in the body 

weight at E0.5 between the MD+Cho and MD dams (−6%, p = 0.072; Figure 1A). PAE 

significantly reduced whereas choline supplementation significantly increased gestational 

weight gain (Figure 2A). Alc dams had 19% lower gestational weight gain (p = 0.014) and 

MD+Cho dams had 20% higher gestational weight gain compared to MD dams (p = 0.010). 

The Alc+Cho dams also had higher gestational weight gain (+21%, p = 0.020) compared to 

the Alc dams and gained a similar amount of weight as the MD group, although less than the 

MD+Cho dams (−18%, p = 0.009).

As reported previously (Virdee et al., 2021), this 3.0 g/kg alcohol regimen did not cause any 

litter loss. Choline supplementation, but not PAE, was found to increase litter size (Figure 

2B). Neither PAE nor choline supplementation had a significant effect on gestational weight 

gain per fetus or percent of males in each litter (Figure 2C–D). Choline supplementation 

increased whereas PAE decreased uterine horn weight, which is likely related to their effects 

on litter size. This outcome was higher in MD+Cho than Alc (+40%, p = 0.006; Figure 

2E) but did not differ among dams from other groups, nor were there any between-group 

differences in uterine horn weight per fetus (Figure 2F). Overall, these data suggest that this 

alcohol dose and choline supplementation did not adversely impact the whole implantation 

unit. Summary of the outcomes of these ANOVA analyses is provided in Table 1.

Placental outcomes

Summary of the MLM analyses on placental outcomes is provided in Table 2. In males, 

PAE, but not choline, decreased placental weight. This was higher for MD males than for 

any other group (Figure 3A); however, this only reached a statistical trend compared to 

Alc+Cho males (−11%, p = 0.078; Figure 3A). In contrast, choline supplementation, but 

not PAE, increased placental efficiency. This trended to be higher in Alc+Cho compared 

to MD (+21%, p = 0.096) and in Alc+Cho compared to Alc (+22%, p = 0.096; Figure 

3B). In contrast, neither PAE nor choline supplementation had significant effects on female 

placental weight or efficiency (Figure 3A–B).

Fetal outcomes: Body and brain weights

Summary of the MLM analyses on all fetal outcomes is provided in Table 2. In males, 

PAE nor choline significantly affected the absolute body and brain weights (Figure 4A–B). 
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Interestingly, choline supplementation decreased the male fetal brain-to-body weight ratio, 

and post hoc analyses indicated that this was reduced in both MD+Cho (−12% compared to 

MD, p = 0.070) and in Alc+Cho (−13% compared to Alc, p = 0.012; −16% compared to 

MD, p = 0.012; Figure 4C). No significant differences in the brain-to-body weight ratio were 

found between the Alc+Cho and MD+Cho males.

In females, a main effect of choline in increasing absolute body weight, but not absolute 

brain weight, was found (Figure 4A–B). As seen in males, choline supplementation also 

decreased the brain-to-body weight ratio in both MD+Cho (−7% compared to MD, p = 

0.086) and Alc+Cho (−16% compared to Alc, p < 0.001; −13% compared to MD, p = 0.003; 

Figure 4C). No significant differences in the brain-to-body weight ratio were found between 

the Alc+Cho and MD+Cho females.

Fetal outcomes: Liver weights

Alcohol significantly decreased the absolute and relative fetal liver weights. Specifically, Alc 

males had 16% lower liver weight compared to the MD males, (p = 0.022; Figure 4D) and 

9% lower liver-to-body weight ratio (p = 0.068; Figure 4E). Choline supplementation did not 

improve liver weight or liver-to-body weight ratios. Compared with MD+Cho, Alc+Cho 

males still had a lower liver weight (−15%, p = 0.022; Figure 4D) and liver-to-body 

weight ratio (−19%, p = 0.003; Figure 4E). Because the body weight was slightly higher 

in Alc+Cho than Alc males, the liver-to-body weight ratio was lower in Alc+Cho compared 

to Alc (−10%, p = 0.097; Figure 4E). Compared to MD, Alc+Cho showed a lower liver 

weight (−14%, p = 0.033; Figure 4D) and liver-to-body weight ratio (−19%, p < 0.001; 

Figure 4E).

Similar to their male littermates, alcohol significantly decreased the absolute and relative 

liver weights of the female fetuses. Alc females had a 20% lower liver weight than MD 

(p = 0.033; Figure 4D) and 13% lower liver-to-body weight ratio (p = 0.078; Figure 4E). 

Alc+Cho female liver weights did not differ from MD or MD+Cho (p = 0.31 and 0.17, 

respectively; Figure 4D). However, choline supplementation did not improve the effect of 

Alc on the fetal liver-to-body weight ratio (Alc+Cho vs. MD, −13%, p = 0.078; Alc+Cho vs. 
MD+Cho, −14%, p = 0.078; Figure 4E). Overall, these findings show that prenatal choline 

was unable to restore the alcohol-reduced liver weight.

Fetal brain-to-liver weight ratio was calculated to determine fetal growth quality, where a 

higher ratio indicates the presence of asymmetric growth. Alcohol significantly increased, 

whereas choline decreased, this ratio in both sexes. In males, this ratio was non-significantly 

higher in Alc and Alc+Cho (vs. MD, p = 0.12 and 0.39, respectively; Figure 4F), but was 

significantly higher in Alc+Cho males compared to MD+Cho males (+17%, p = 0.030; 

Figure 4F). In females, the brain-to-liver weight ratio was higher in the Alc animals 

compared to MD (+20%, p = 0.002; Figure 4F), and this alcohol effect was mitigated 

by choline supplementation (Alc+Cho vs. Alc, p = 0.002; Figure 4F). Overall, these data 

suggest that choline corrected the alcohol-induced asymmetric fetal growth in a sex-specific 

manner.
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Correlation analyses

Irrespective of fetal sex, placental weight was inversely correlated with litter size (males: 

R = −0.41, p < 0.001; females: R = −0.40, p < 0.001) whereas placental efficiency was 

positively correlated with litter size (males: R = 0.29, p = 0.008; females: R = 0.21, p = 

0.046). In addition, a positive correlation between litter size and liver-to-body weight ratio 

(R = 0.26, p = 0.024), as well as an inverse correlation between litter size and brain-to-liver 

weight ratio (R = −0.23, p = 0.035), were found only in the female fetuses. No other 

associations were detected (Table 3). Correlation analyses also showed a positive correlation 

between placental weight and brain weight (R = 0.25, p = 0.046) in the male fetuses. 

However, none of the female fetal morphometric measurements were associated with their 

placental weights (Table 4). Unlike placental weight, placental efficiency was associated 

with many fetal morphometric endpoints in a manner largely independent of fetal sex (Table 

4). Specifically, it was positively associated with fetal body weight (males and females: 

R = 0.74, p < 0.001), brain weight (males: R = 0.20, p = 0.043; females: R = 0.36, p 
< 0.001), and liver weight (males: R = 0.29, p = 0.005; females: R = 0.44, p < 0.001), 

but inversely associated with brain-to-body weight ratio (males: R = −0.54, p < 0.001; 

females: R = −0.42, p < 0.001). Placental efficiency was also inversely associated with 

liver-to-body weight ratio in the males (R = −0.25, p = 0.011) while inversely correlated 

with brain-to-liver weight ratio in the females (R = −0.23, p = 0.017).

DISCUSSION

The most important finding of our study is identifying the placenta, an organ that is often 

overlooked in the FASD-choline literature, as another critical target of prenatal choline 

supplementation, which is already well-known to improve brain development and function. 

Specifically, we found that prenatal choline supplementation strongly increased placental 

efficiency. Furthermore, in males, choline concurrent with PAE trended to decrease the 

absolute placental weight but trended to increase the placental efficiency. Like the fetus, the 

placenta requires nutrients to support its growth and function. A smaller placenta requires 

less nutrients to sustain its size, thereby reducing competition with the fetus and sparing 

those nutrients for fetal use, and thus leading to a higher placental efficiency. Our findings 

suggest that choline may minimize a metabolic competition between the placenta and fetus 

by better allocating the available nutrients between them, so that the placenta can more 

efficiently support the fetus even under adverse intrauterine conditions like PAE.

We have previously reported that the placenta plays a central role in fetal responses 

to intrauterine stressors such as PAE and maternal protein insufficiency (Kwan et al., 

2020). Our present study complements and extends these findings to demonstrate that the 

placenta is also involved in fetal responses to presumed positive intrauterine exposures 

such as choline intervention. However, whereas both placental weight and efficiency predict 

fetal growth in the presence of adverse stressors, only placental efficiency significantly 

correlates with various fetal morphometric outcomes in the presence of prenatal choline 

supplementation, underscoring the importance of assessing both outcomes.

Although placental efficiency, or the ratio of fetal weight to placental weight, is not a 

functional measure itself, it is associated with placental nutrient supply capacity (Hayward 
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et al., 2016). It is influenced by placental vascular development and perfusion, and placental 

nutrient transport and metabolism; these processes are regulated, in part, by the placental 

epigenome (Winterhager and Gellhaus, 2017, Fowden et al., 2006). Alcohol is known to 

impair these placental processes (Marjonen et al., 2018, Subramanian et al., 2014, Gundogan 

et al., 2008, Falconer, 1990, Gundogan et al., 2015, Burd et al., 2007, Haycock and Ramsay, 

2009, Loke et al., 2018). Whether choline is effective in reversing these alcohol-induced 

placental damages awaits further investigation. However, in healthy pregnant women (Jiang 

et al., 2012, Jiang et al., 2013), healthy pregnant mice (Kwan et al., 2017a, Kwan et al., 

2017b, Kwan et al., 2018), and animal models of pregnancy disorders (King et al., 2017, 

King et al., 2019, Nam et al., 2017), maternal choline supplementation has been shown to 

improve these placental processes to enhance nutrient supply to the fetus and its organs, 

which contribute to better development. These additional in-depth analyses of the alcohol-

exposed placentas are important because interpreting the placental efficiency ratio alone 

provides limited information and may lead to inaccurate conclusions as suggested in some 

scenarios of human pregnancy (Christians et al., 2018). Given that PAE dysregulates the 

availability of nutrients such as amino acids essential for neurotransmitter synthesis in the 

brain (Lunde-Young et al., 2018) and has lifelong adverse impacts on neurological outcomes 

(Lunde et al., 2016), our data suggest that improving placental efficiency in PAE pregnancy 

via prenatal choline intervention may support neurodevelopment, in part, by increasing the 

supply of nutrient substrates essential for critical processes such as synaptogenesis and 

neurotransmission.

Our previous work examining prenatal co-exposure to alcohol and a maternal low protein 

diet also documents sex-dependent placental adaptation and prediction of fetal growth, with 

placental weight predicting fetal growth only in the females, whereas placental efficiency 

predicts fetal growth in a sex-independent manner (Kwan et al., 2020). We propose that 

this sexual dimorphic response may be related to the different developmental strategies 

employed by the females and males, where the males’ strategy is deemed to be riskier 

because they utilize the available nutrients to support their somatic growth, in contrast to the 

females’ strategy of investing these resources in their placental development and reserves to 

prepare for additional challenges in the future. Here we find that placental weight no longer 

predicts fetal growth in the presence of prenatal choline supplementation in either males 

or females. Instead, litter size modulates the effects on placental weight and efficiency, 

the latter of which then drives and predicts fetal growth in a sex-independent manner. It 

is possible that choline may create an intrauterine environment that “levels the playing 

field” for both the alcohol-exposed males and females. Under such circumstance, their 

developmental strategies become comparable, and their placentas no longer need to respond 

in a manner that requires them to choose between utilizing the resources for supporting 

growth or investing and preparing for future insults. As such, the sexual dimorphic placental 

response is no longer apparent under positive prenatal exposure of choline supplementation. 

Indeed, we argue that supplementing choline in PAE pregnancy may actually favor the 

developmental strategy of the males, who otherwise may not be able to survive and thrive 

because of placental failure. This perhaps explains the modulatory effects of litter size on 

placental outcomes and the more pronounced effects of prenatal choline supplementation in 

the alcohol-exposed males in comparison to their female littermates observed in our study.
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Another important finding of our study is that choline’s effects differ between each alcohol-

exposed fetal organ. Growth relationships among fetal organs are often presented as ratios 

of organ-body weight and organ-organ weight, which can indicate fetal growth quality and 

inform candidate mechanisms mediating abnormal fetal growth (Torres-Rovira et al., 2013). 

Our prior work shows that alcohol increases the brain-to-body weight ratio, which indicates 

the presence of “brain-sparing” (Kwan et al., 2020). The effects of PAE on brain sparing 

are influenced by factors such as alcohol doses, developmental window of alcohol exposure, 

species and strains, age of assessment, and maternal nutritional status (Xu et al., 2008, Maier 

et al., 1999, Breit et al., 2019). In addition to a higher brain-to-body weight ratio, we also 

found that alcohol increases the brain-to-liver weight ratio and lowers liver-to-body weight 

ratio (Kwan et al., 2020). When the placenta supplies insufficient oxygen and nutrients to 

the fetus, the fetus adapts by redistributing its blood circulation to preferentially supply these 

resources to the brain rather than liver. This increases the brain-to-body weight ratio, and 

limits liver growth to generate a lower liver-to-body weight ratio. The brain-to-liver weight 

ratio further informs whether the fetal weight reduction is symmetric or asymmetric, with a 

higher ratio indicating asymmetric growth and potential placental dysfunctions (Godfrey et 

al., 2012, Roza et al., 2008).

Fetuses whose mothers received choline supplementation, particularly the females, had 

higher body weight but not absolute brain weight. This indicates that choline did not 

increase fetal brain weight proportionally to fetal body weight, suggesting that choline may 

have improved the oxygen and nutrient supply such that these resources are no longer 

prioritized for the brain, but are now sufficient to also support somatic growth. This is 

reflected in the lower fetal brain-to-body weight ratio, suggesting that choline corrects the 

alcohol-induced brain-sparing phenotype. Because the presence of fetal brain-sparing can 

indicate a higher risk of behavioral problems in later life (Roza et al., 2008), we predict that 

the choline-supplemented offspring are less likely to have behavioral issues in postnatal life. 

Thus, our data are consistent with previous reports of the neuroprotective effects of choline, 

which is known to mitigate neuroanatomical abnormalities and cognitive and behavioral 

impairments induced by PAE (Thomas et al., 2009, Thomas et al., 2010, Kable et al., 2015, 

Idrus et al., 2017, Jacobson et al., 2018, Bottom et al., 2020, Warton et al., 2021).

Given that choline normalized “brain-sparing”, implying a normalized blood distribution 

among the fetal organs, we would expect that choline would also normalize fetal liver 

growth. However, we found that prenatal choline supplementation does not protect against 

the alcohol-induced reduction in fetal liver weight or fetal liver-to-body weight ratio nor 

does it improve the brain-to-liver weight ratio in males. The growth deficits in liver may 

impair its functions and potentially contribute to the metabolic syndrome of PAE observed 

in later life (Gårdebjer et al., 2018, Weeks et al., 2020, Lunde et al., 2016). Given choline’s 

well-established benefits in preventing liver dysfunction in non-alcohol-drinking adults 

(Zeisel and da Costa, 2009), and the ability of betaine (a choline derivative) to alleviate 

liver injury in alcohol-drinking animals (Barak et al., 1994, Ji and Kaplowitz, 2003), and our 

observation that prenatal choline corrects the alcohol-induced fetal brain-sparing phenotype, 

this surprising finding highlights the possibility that fetal liver may respond to choline 

differently from fetal brain.
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The reasons for this differential response to choline between fetal brain and liver are 

unknown. Because of the high choline demand during PAE pregnancy (Caudill et al., 

2020, Zeisel, 2011), it is possible that the dose of our choline supplement may still be 

insufficient for the alcohol-exposed fetuses, as this dose represents an additional 75% 

of their estimated daily choline intake (National Research Council, 1995). As such, the 

alcohol-exposed fetus may still prioritize the choline supply to support brain development. 

This argument is further supported by a recent study in a rat model of periconceptional 

alcohol exposure, which reports improved fetal liver growth in offspring whose mothers 

receive choline supplementation at 2X and 4X the recommended intake level (Steane et al., 

2021). Choline uptake between fetal brain and liver may also differ because the ubiquitous 

choline transporter SLC44A1, which encodes the choline transporter-like protein 1 (CTL1), 

is highly abundant in the fetal brain but is expressed in lower amounts in fetal liver (Yuan 

et al., 2004). Additional research is warranted to determine if higher choline doses would 

protect both fetal brain and liver against alcohol’s toxicity in this FASD model and thereby 

improve the cognitive and metabolic health of individuals prenatally exposed to this insult.

In conclusion, our study demonstrates that choline given concurrently with PAE prevents 

body weight reduction and prevents brain-sparing in alcohol-exposed fetuses in a sex-

independent fashion, and improves placental efficiency predominantly in alcohol-exposed 

males. Although molecular mechanisms mediating the changes by choline require further 

investigation, our findings highlight the necessity of studying the alcohol-choline interaction 

not just in the fetal brain but also in other fetal organs, especially the placenta which 

is known to program future offspring health (Thornburg et al., 2016) and has strong 

predictability for fetal morphometric markers as revealed by our correlation analyses. Our 

study also identifies several unique benefits of prenatal choline supplementation independent 

of PAE, which may be related to the suboptimal choline content in the AIN-93G diet 

(Klurfeld et al., 2021). This mirrors the human situation where the choline intake is 

similarly lower than optimal in many pregnant women (Jensen et al., 2007, Wallace and 

Fulgoni, 2017). Thus, our study also offers an opportunity to examine the benefits of 

choline supplementation in pregnancy without PAE. Given that pregnant women who drink 

alcohol during pregnancy (May et al., 2014, Carter et al., 2017) also do not consume 

sufficient choline to meet their higher need (Caudill et al., 2020, Zeisel, 2011), our study 

provides additional data to the growing FASD-choline literature supporting prenatal choline 

supplementation as a promising therapy to improve the health outcomes of individuals who 

are exposed to alcohol during gestation.
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Figure 1: 
Effect of prenatal alcohol exposure and choline supplementation on maternal body weight 

on embryonic day (E) 0.5 (A), on E8.5 (B), and on E17.5 (C). Data were analyzed using 

Repeated Measures ANOVA, and post hoc pairwise comparisons were performed with 

Benjamini-Hochberg correction to adjust for multiple testing. Values are means ± SDs. n=8 

dams for MD, Alc, MD+Cho, and Alc+Cho groups. Each dot represents an individual dam. 

# denotes 0.05 ≤ p < 0.1 for the indicated comparison. Abbreviations: Alc, alcohol; Cho, 

choline; MD, maltodextrin.

Kwan et al. Page 16

Alcohol Clin Exp Res. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Effect of prenatal alcohol exposure and choline supplementation on gestational weight gain 

(A), litter size (B), gestational weight gain per fetus (C), percent males in litter (D), uterine 

horn weight (E), and uterine horn weight per fetus (F). The uterine horn included all fetuses 

and placentas in situ, amniotic fluids and sacs and membranes, as well as resorptions 

if they were present; thus, its weight measurement represented the collective sum of the 

whole implantation unit. Data were analyzed using two-way ANOVA, and post hoc pairwise 

comparisons were performed with Benjamini-Hochberg correction to adjust for multiple 
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testing. Values are means ± SDs. For Figures 2A-2C and 2E-2F, n=8 litters for MD, Alc, 

MD+Cho, and Alc+Cho groups. For Figure 2D, the sex of four fetuses in four litters could 

not be determined accurately due to poor fetal DNA quality. As such, there were n=8 litters 

for MD, n=7 litters for Alc and MD+Cho, and n=6 litters for Alc+Cho groups for this 

outcome measure. Each dot represents an individual litter. Treatment group labeled with * 

has a significant main effect (p < 0.05). * within the graph denotes p < 0.05 for the indicated 

comparison. Abbreviations: Alc, alcohol; Cho, choline; MD, maltodextrin.
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Figure 3: 
Effect of prenatal alcohol exposure and choline supplementation on placental weight (A) 

and placental efficiency (B). Placental efficiency is calculated as the ratio of fetal body 

weight to placental weight. Data were analyzed separately for males and females using 

mixed linear model followed by post hoc Benjamini-Hochberg corrections to adjust for 

multiple comparisons. Values are means ± SEMs. n=8 litters for MD, Alc, MD+Cho, and 

Alc+Cho groups. Each dot represents an individual placenta. Treatment group labeled with 

* has a significant main effect (p < 0.05). † denotes a significant main effect of fetal sex 
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or interaction with fetal sex (p < 0.05). # within the graph denotes 0.05 ≤ p < 0.1 for the 

indicated comparison. Abbreviations: Alc, alcohol; Cho, choline; MD, maltodextrin.
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Figure 4: 
Effect of prenatal alcohol exposure and choline supplementation on fetal body weight (A), 

fetal brain weight (B), fetal brain-to-body weight ratio (C), fetal liver weight (D), fetal 

liver-to-body weight ratio (E), and fetal brain-to-liver weight ratio (F). Data were analyzed 

separately for males and females using mixed linear model followed by post hoc Benjamini-

Hochberg corrections to adjust for multiple comparisons. Values are means ± SEMs. n=8 

litters for MD, Alc, MD+Cho, and Alc+Cho groups. Each dot represents an individual 

fetus. Treatment group labeled with * has a significant main effect (p < 0.05). † denotes a 

significant main effect of fetal sex or interaction with fetal sex (p < 0.05). * within the graph 

denotes p < 0.05 for the indicated comparison. # within the graph denotes 0.05 ≤ p < 0.1 for 

the indicated comparison. Abbreviations: Alc, alcohol; Cho, choline; MD, maltodextrin.
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Table 1:

Summary of the outcomes from the Analysis of Variance (ANOVA) analyses of data shown in Figures 1–2.

Independent Variables F Statistics p Values Partial Eta Squared (η2)

Figure 1A–C: Maternal body weight, analyzed by Repeated Measures ANOVA

Experimental group F(3,21) = 0.166 p = 0.918 η2 = 0.023

Gestational day F(2,14) = 1358.192 p < 0.001 η2 = 0.995

Interaction F(6,42) = 5.467 p < 0.001 η2 = 0.439

Figure 2A: Gestational weight gain, analyzed by 2-Way ANOVA

Alcohol exposure F(1,28) = 18.467 p < 0.001 η2 = 0.397

Choline supplementation F(1,28) = 15.638 p < 0.001 η2 = 0.358

Interaction F(1,28) = 0.125 p = 0.726 η2 = 0.004

Figure 2B: Litter size, analyzed by 2-Way ANOVA

Alcohol exposure F(1,28) = 1.783 p = 0.193 η2 = 0.060

Choline supplementation F(1,28) = 5.320 p = 0.029 η2 = 0.160

Interaction F(1,28) = 0.133 p = 0.718 η2 = 0.005

Figure 2C: Gestational weight gain per fetus, analyzed by 2-Way ANOVA

Alcohol exposure F(1,28) = 2.869 p = 0.101 η2 = 0.093

Choline supplementation F(1,28) = 0.002 p = 0.962 η2 = 0.000

Interaction F(1,28) = 0.153 p = 0.698 η2 = 0.005

Figure 2D: Percent males in Litter, analyzed by 2-Way ANOVA

Alcohol exposure F(1,24) = 0.719 p = 0.405 η2 = 0.029

Choline supplementation F(1,24) = 0.910 p = 0.350 η2 = 0.037

Interaction F(1,24) = 1.071 p = 0.311 η2 = 0.043

Figure 2E: Uterine horn weight, analyzed by 2-Way ANOVA

Alcohol exposure F(1,27) = 4.475 p = 0.044 η2 = 0.142

Choline supplementation F(1,27) = 7.816 p = 0.009 η2 = 0.224

Interaction F(1,27) = 0.008 p = 0.927 η2 = 0.000

Figure 2F: Uterine horn weight per fetus, analyzed by 2-Way ANOVA

Alcohol exposure F(1,27) = 2.364 p = 0.136 η2 = 0.080

Choline supplementation F(1,27) = 0.091 p = 0.765 η2 = 0.003

Interaction F(1,27) = 1.731 p = 0.199 η2 = 0.060
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Table 2:

Summary of the outcomes from the Mixed Linear Modeling (MLM) analyses of data shown in Figures 3–4.

Independent Variables F Statistics p Values β Estimate F Statistics p Values β Estimate

Males Females

Figure 3A: Placental weight

Alcohol exposure F = 7.078 p = 0.017 −0.080 F = 3.425 p = 0.067 −0.036

Choline supplement F = 0.765 p = 0.395 −0.042 F = 2.751 p = 0.100 0.046

Interaction F = 0.830 p = 0.376 0.041 F = 0.132 p = 0.717 −0.016

Figure 3B: Placental efficiency

Alcohol exposure F = 0.211 p = 0.650 0.009 F = 0.117 p = 0.735 −0.039

Choline supplement F = 8.788 p = 0.006 0.144 F = 4.122 p = 0.052 0.091

Interaction F = 0.083 p = 0.776 0.031 F = 0.142 p = 0.709 0.041

Figure 4A: Fetal body weight

Alcohol exposure F = 0.319 p = 0.577 −0.064 F = 0.670 p = 0.420 −0.067

Choline supplement F = 3.625 p = 0.068 0.041 F = 4.814 p = 0.037 0.066

Interaction F = 0.894 p = 0.353 0.081 F = 0.491 p = 0.489 0.062

Figure 4B: Fetal brain weight

Alcohol exposure F = 3.208 p = 0.084 −0.005 F = 1.532 p = 0.227 −0.002

Choline supplement F = 1.105 p = 0.302 −0.003 F = 0.936 p = 0.342 −0.001

Interaction F = 0.207 p = 0.653 0.002 F = 0.182 p = 0.673 −0.002

Figure 4C: Fetal brain-to-body weight ratio

Alcohol exposure F = 1.280 p = 0.268 −0.015 F = 0.217 p = 0.645 0.044

Choline supplement F = 14.189 p = 0.001 −0.108 F = 22.356 p < 0.001 −0.083

Interaction F = 0.474 p = 0.497 −0.048 F = 3.719 p = 0.066 −0.115

Figure 4D: Fetal liver weight

Alcohol exposure F = 15.480 p = 0.001 −0.193 F = 9.862 p = 0.004 −0.217

Choline supplement F = 0.197 p = 0.661 0.020 F = 2.331 p = 0.139 0.041

Interaction F = 0.001 p = 0.973 0.003 F = 0.611 p = 0.441 0.087

Figure 4E: Fetal liver-to-body weight ratio

Alcohol exposure F = 17.926 p < 0.001 −0.006 F = 9.516 p = 0.005 −0.007

Choline supplement F = 2.280 p = 0.142 −0.001 F = 0.034 p = 0.855 −0.001

Interaction F = 1.200 p = 0.282 −0.004 F = 0.020 p = 0.888 0.001

Figure 4F: Fetal brain-to-liver weight ratio

Alcohol exposure F = 11.200 p = 0.002 0.104 F = 12.272 p = 0.002 0.183

Choline supplement F = 3.589 p = 0.069 −0.096 F = 14.140 p = 0.001 −0.071

Interaction F = 0.394 p = 0.536 0.048 F = 2.960 p = 0.097 −0.120
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Table 3:

Correlation of the morphometric measurements of the placentas and fetuses with their litter size. 
a

Males Only Females Only

R P unadjusted P BH-adjusted R P unadjusted P BH-adjusted

Placental weight −0.41 < 0.001 < 0.001 * −0.40 < 0.001 < 0.001 *

Placental efficiency 
b 0.29 0.002 0.008 * 0.21 0.023 0.046 *

Fetal body weight 0.05 0.60 0.80 −0.06 0.53 0.69

Fetal brain weight −0.15 0.11 0.18 −0.05 0.60 0.69

Fetal liver weight 0.02 0.85 0.94 0.16 0.10 0.15

Fetal brain-to-body weight −0.2 0.041 0.11 0.009 0.92 0.92

Fetal liver-to-body weight −0.007 0.94 0.94 0.26 0.006 0.024 *

Fetal brain-to-liver weight −0.16 0.09 0.18 −0.23 0.013 0.035 *

a
Litters from all 4 treatments were combined and included in the analyses. n=8 litters for MD, Alc, MD+Cho, and Alc+Cho groups. p values before 

and after multiple testing adjustment using Benjamini-Hochberg method are presented.

*
denotes statistical significance at p < 0.05.

b
Placental efficiency is calculated as the ratio of fetal body weight to placental weight.
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Table 4:

Correlation of the morphometric measurements of the fetuses with their placental weight and efficiency. 
a,b

Males Only
Correlation with Placental Weight Correlation with Placental Efficiency

R P unadjusted P BH-adjusted R P unadjusted P BH-adjusted

Fetal body weight 0.08 0.40 0.48 0.74 < 0.001 < 0.001 *

Fetal brain weight 0.25 0.008 0.046 * 0.20 0.036 0.043 *

Fetal liver weight 0.18 0.063 0.19 0.29 0.002 0.005 *

Fetal brain-to-body weight 0.15 0.12 0.23 −0.54 < 0.001 < 0.001 *

Fetal liver-to-body weight 0.14 0.15 0.23 −0.25 0.008 0.011 *

Fetal brain-to-liver weight −0.05 0.64 0.64 −0.16 0.10 0.10

Females Only
Correlation with Placental Weight Correlation with Placental Efficiency

R P unadjusted P BH-adjusted R P unadjusted P BH-adjusted

Fetal body weight 0.10 0.32 0.88 0.74 < 0.001 < 0.001 *

Fetal brain weight 0.08 0.42 0.88 0.36 < 0.001 < 0.001 *

Fetal liver weight 0.07 0.49 0.88 0.44 < 0.001 < 0.001 *

Fetal brain-to-body weight −0.05 0.64 0.88 −0.42 < 0.001 < 0.001 *

Fetal liver-to-body weight 0.02 0.88 0.88 −0.07 0.49 0.49

Fetal brain-to-liver weight −0.03 0.76 0.88 −0.23 0.014 0.017 *

a
Litters from all 4 treatments were combined and included in the analyses. n=8 litters for MD, Alc, MD+Cho, and Alc+Cho groups. p values before 

and after multiple testing adjustment using Benjamini-Hochberg method are presented.

*
denotes statistical significance at p < 0.05.

b
Placental efficiency is calculated as the ratio of fetal body weight to placental weight.
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