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Prenatal alcohol exposure (PAE) around conception in preclinical models results in placental insufficiency, likely
contributing to offspring abnormalities. Altered placental DNA methylation (DNAm) and gene expression suggest
epigenetic mechanisms, perhaps involving impacts on methyl donor levels. PAE around conception in women is common
but placental effects are rarely examined. This cohort study investigated associations between PAE around conception
and intake/plasma measures of the methyl donors folate and choline, feto-placental blood flow, and placental growth
measures, gene expression, and DNAm.

Pregnant participants delivered at Mater Mothers’ Hospital, Brisbane, Queensland, Australia (7 = 411). Dietary intake of
choline and folate were calculated and plasma concentrations measured using mass spectrometry (MS) and clinical
immunoanalyzer, respectively. Cerebroplacental ratio (CPR) was calculated using Doppler measurements. Placentas
were weighed/measured at delivery and samples used to quantify methyl donors (MS), global DNAm (ELISA), and gene
expression (quantitative PCR). Data were compared between control/abstinent and PAE groups, by fetal sex.

A CPR <5th-centile, indicating fetal brain sparing because of placental insufficiency, was found in 2% of controls and 18%

of the PAE group, mostly male fetuses (63%). Compared with controls, male PAE placentas had reduced mean thickness
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BACKGROUND. Prenatal alcohol exposure (PAE) around conception in preclinical models results

in placental insufficiency, likely contributing to offspring abnormalities. Altered placental DNA
methylation (DNAm) and gene expression suggest epigenetic mechanisms, perhaps involving
impacts on methyl donor levels. PAE around conception in women is common but placental effects
are rarely examined. This cohort study investigated associations between PAE around conception
and intake/plasma measures of the methyl donors folate and choline, feto-placental blood flow,
and placental growth measures, gene expression, and DNAm.

METHODS. Pregnant participants delivered at Mater Mothers’ Hospital, Brisbane, Queensland,
Australia (n = 411). Dietary intake of choline and folate were calculated and plasma concentrations
measured using mass spectrometry (MS) and clinical immunoanalyzer, respectively.
Cerebroplacental ratio (CPR) was calculated using Doppler measurements. Placentas were weighed/
measured at delivery and samples used to quantify methyl donors (MS), global DNAm (ELISA),

and gene expression (quantitative PCR). Data were compared between control/abstinent and PAE
groups, by fetal sex.

RESULTS. A CPR <5th-centile, indicating fetal brain sparing because of placental insufficiency, was
found in 2% of controls and 18% of the PAE group, mostly male fetuses (63%). Compared with
controls, male PAE placentas had reduced mean thickness and placental growth factor mRNA and
DNAm, whereas female PAE placentas had increased S-adenosylmethionine and a trend toward
increased DNAm.

CONCLUSION. PAE around conception is associated with reduced CPR and altered placental growth
measures, particularly in males, with potential implications for future health.

FUNDING. National Health and Medical Research Council (APP1191217) and Mary McConnel Career
Boost Program for Women in Paediatric Research (WI15132020).

Introduction
Prenatal alcohol exposure (PAE) increases the risk of early miscarriage (1), preterm birth, low birth weight
(2), and stillbirth (3). PAE can also result in lifelong neurological and physical abnormalities known as fetal
alcohol spectrum disorder (FASD), which is the most common preventable neurodevelopmental disorder
in the United States (4). Up to 80% of pregnant women in some Western countries report alcohol consump-
tion, often at binge levels, most commonly prior to pregnancy recognition, after which time most women
cease (5, 6). Although the negative effects of PAE throughout gestation on neurodevelopmental outcomes
are well documented (7), effects of PAE occurring only around conception have not been widely studied.
We have previously investigated effects of PAE around conception using a unique rat model of peri-
conceptional ethanol exposure up until blastocyst implantation. This exposure resulted in fetal growth
restriction (FGR) and metabolic and neurodevelopmental abnormalities in adult offspring, many of which
occurred in a sex-specific manner (8-11). We also found sex-specific effects of PAE in the placenta at
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late gestation, including altered morphology, DNA methylation (DNAm), and gene expression (10, 12).
Further studies in the same model found increased DNAm in preimplantation blastocysts, impaired tro-
phoblast invasion into maternal spiral arteries, altered placental expression of growth factors, and reduced
placental vascularization at midgestation (13). Other rodent models of PAE around the time of implanta-
tion have reported similar effects (14, 15). These studies suggest that PAE in early pregnancy produces a
placental insufficiency phenotype, which may originate from altered epigenetic regulation of gene expres-
sion in the embryo. To date, these outcomes have not been investigated in a clinical population.

However, our recently published systematic review and meta-analysis across 33 clinical studies found
associations between PAE and an increased likelihood of placental abruption and reduced placenta weight
(16). Included studies examining placental morphology and gene expression found that PAE was associat-
ed with reduced expression of angiogenic proteins, including placental growth factor (PIGF) and vascular
endothelial growth factor (VEGF) receptors (17). PAE was also associated with a reduced number of pla-
cental villi, reduced density of blood vessels within the villi, and reduced diameter of vessel lumens (17, 18).
Whether such alterations affect placental blood flow has not been investigated in women. However, first-tri-
mester PAE in nonhuman primates results in increased placental resistance to blood flow, measured using
Doppler ultrasound (19, 20). An important limitation highlighted by our review was that placental sex was
rarely considered in analyses. Only 1 study examined placentas separately by sex and found that PAE was
associated with increased DNAm in male placentas, a finding that was not detected when male and female
placentas were pooled (21). Sex-specific placental effects of PAE are important to understand, as they may
contribute to the sex differences in outcomes identified among individuals with PAE (22). Another limita-
tion identified by our review was that timing of PAE was often poorly defined; therefore, whether placental
alterations originated from PAE in early pregnancy could not be determined. Nevertheless, the effects of
PAE on placentas from women are consistent with the preclinical studies of PAE around conception only,
described above (10, 12-15), suggesting that PAE may affect fetal development, at least in part, via placental
insufficiency, involving altered epigenetic regulation of gene expression. However, this does not discount
that PAE occurring later in gestation can affect the placenta, with implications for fetal development (23).

The mechanism through which PAE disrupts DNAm is not completely understood but has been hypoth-
esized to involve effects on methyl donor availability (24). Folate and choline are dietary micronutrients that
provide methyl groups for generation of the universal methyl donor S-adenosylmethionine (SAM) via the
1-carbon metabolism (1CM) pathway. Alcohol consumption reduces folate absorption and alters its metabo-
lism, resulting in lower levels of SAM (25, 26). PAE has also been found to alter activity of the mechanistic
target of rapamycin (mTOR) (27), which coordinates cell growth in response to nutrient availability, including
regulation of folate transporter expression and synthesis of SAM (28, 29). However, choline can provide
methyl groups for ICM in the liver when folate is limited (30). During pregnancy, deficiency in either folate
or choline has been found to exacerbate effects of PAE on placental and fetal outcomes, whereas supplemen-
tation can ameliorate some of these effects (reviewed in ref. 31). The impact of PAE on placental and fetal
development may therefore be moderated by maternal intake of folate and choline.

The current study used data and samples collected from the Queensland Family Cohort (QFC) (n =
411, Figure 1), a prospective longitudinal birth cohort in Australia, to investigate associations between
PAE and 1) maternal intake and plasma measurements of folate and choline; 2) Doppler measurements of
feto-placental blood flow (cerebroplacental ratio; CPR); 3) infant and placenta growth measures; 4) placental
mRNA expression of PIGF, VEGF, and VEGFR,; 5) placental global DNAm, levels of methyl donors, and
mRNA expression of DNA methyltransferases (DNMT5s), MTOR, and reduced folate carrier (RFC). Fetal/
placental outcome data were compared between the control/abstinent group and the PAE group overall and
when divided by timing of exposure (preconception only, PC; or continuing during pregnancy, PCP). Based
on findings of preclinical studies, data from male and female fetuses/placentas were analyzed separately.

Results

Maternal characteristics and outcome data

This study included QFC participants with singleton pregnancies and information on alcohol consumption
(Figure 1). Mean age of participants was 32 years, and mean BMI was in the healthy range (Table 1). Few
participants smoked (6.4%) or used recreational drugs (3.4%), and most (>70%) self-reported Caucasian
race, were educated to tertiary level, and had a planned, uncomplicated pregnancy.
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Enrolled in QFC n=472
Withdrawals n=54
lﬁ’ Multiple birth n
No alcohol data n=1

[ Included in this sub-study n=411 ]

|

|

n=411 ) Age, education, ethnicity, BMI, smoker, parity, pregnancy
Maternal characteristics —>| planning, conception, complications and labor
Maternal folic acid supplements |—| Daily intake (pg) preconception and each trimester
Infant birth measures ) Weight, length, head circumference, gestation length

I Maternal diet n=346 h
Australian Eating Survey —>[ Dietary intake of choline (mg) and folate (ug) ]
24 weeks of gestation )

28 weeks of gestation n=225 —»[ Concentration of choline (1M) and folate (nM) ]

36 weeks of gestation n=178 )
] Umbilical artery pulsatility index (UAPI)

[ Maternal plasma:

Middle cerebral artery pulsatility index (MCAPI)

[ Doppler ultrasound n=175
Cerebroplacental ratio (CPR) = UAPI/MCAPI

24, 28, 36 weeks of gestation

Placenta samples/ measures

at delivery: Global DNA methylation (DNAm)

Tissue samples n=278 —>| Methyl donors (SMTHF, methionine, SAM)

Weight n=320 Gene expression (PIGF, VEGFA, KDR, FLT1,
L \ Dimensions n=297 DNMT1, 3a, 3b, MTOR, RFC)

Figure 1. Flow diagram of study. Number of participants enrolled, withdrawals/exclusions, and final number included.
Sample sizes for participant data/samples are shown with details of analyses. SMTHF, 5-methyltetrahydrofolate; SAM,
S-adenosylmethionine; PIGF, placental growth factor; VEGFA, vascular endothelial growth factor; FLT1, VEGF receptor 1;
KDR, VEGF receptor 2; DNMT, DNA methyltransferase; MTOR, mechanistic target of rapamycin; RFC, reduced folate carrier.

PAE. PAE was reported by 73.5% of the cohort (Table 1), with 42.4% reporting exposure only in the 12
weeks preconception (PC group) and 31.1% reporting exposure preconception and during pregnancy (PCP
group). Of the 128 women in the PCP group, 99 reported alcohol consumption preconception and trimester
1 (T1), and most of these women (n = 65) reported no further consumption beyond T1 (Supplemental Table 1;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.186096DS1).
Comparison of maternal characteristics between groups (Table 1) revealed that the PAE group had a higher
proportion of Caucasian women (P < 0.001) and women with spontaneous labor (versus induced/cesarean
delivery, P = 0.03) compared with the control group. There was a trend toward a lower proportion of women
in the PAE group with pregnancy complications (P = 0.05) and with a parity of 2+ (P = 0.06) and a trend
toward a higher proportion with tertiary education (P = 0.07). When the PAE group was divided by timing
of exposure, both PC and PCP groups had a higher proportion of Caucasian women compared with con-
trols (P < 0.001). In the PCP group, there was a trend toward higher maternal age (P = 0.07) and a higher
proportion of women with spontaneous conception and spontaneous labor compared with controls (P =
0.07). Few participants reported drug use, all of whom also reported PAE. Cannabis use was reported by 14
women and amphetamine by 3 women. However, only 5 of these women donated placentas and 4 attended
ultrasound appointments, precluding any meaningful analysis of outcomes.

Maternal intake of folic acid from supplements. The National Health and Medical Research Council NHMRC)
recommends supplemental folic acid for at least 1 month prior to conception and throughout T1 of pregnancy
(32). Overall, 67% of this cohort took a folic acid supplement preconception and 92% in T1 (Table 2). The pro-
portion of women who took folic acid preconception and throughout T1 differed across control, PC, and PCP
groups (P < 0.05), driven by a lower proportion in the PCP group compared with the PC group (P < 0.05). Most
women (84%—85%) continued taking supplements containing folic acid throughout T2 and T3, and this was
similar between control and PAE groups. Of the women who took a folic acid supplement, there were no differ-
ences between groups at any time point in the proportion with an average daily intake between the recommend-
ed 400 pg/d and the upper tolerable limit of 1,000 pg/d or in the proportions taking more or less than this range.

Maternal intake of folate and choline from dietary sources. Among women who completed the dietary sur-
vey (n = 346), mean intake of folate was 483 pg/d (SEM = 9.6), with 20.5% of women meeting the rec-
ommended daily intake (RDI) of 600 pg/d (Supplemental Table 2). Mean intake of choline was 371 mg/d
(SEM = 6.7), and 29% of women met guidelines for adequate intake (AI) of 440 mg/d. Mean intakes and
proportions of women meeting guidelines did not differ between control and PAE groups.
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Table 1. Maternal characteristics across control and PAE groups

Maternal/pregnancy variables

Age (years) mean (SEM)
Prepregnancy BMI® mean (SEM)
Tertiary education n (%)
Yes
No
Caucasian® n (%)
Yes
No
Parity n (%)
0
1
2+
Smokert n (%)
Yes
No
Missing
Cannabis/amphetamine®
Yes
Missing
Planned pregnancy n (%)
Yes
No
Missing
Spontaneous conception n (%)
Yes
No
Missing
Complications®
Yes
No
Spontaneous labor
Yes
No
Missing

All Con PAE P2 PC PCP P_.E
n=41 n=109 n =302 n=174 n=128
31.9 (0.47) 314 (0.9) 32 (0.55) 019 31.6 (0.73) 32.6 (0.77) 0.09
24.5(0.52) 247 (1.0) 24.4 (0.60) 0.76 24.5(0.80) 24.3(0.92) 0.91
290 (70.6) 69 (63.3) 221(73) 0.07 126 (72) 95 (74) 014
121(29.4) 40 (36.7) 81(27) 48 (28) 33 (26)
302 (73.5) 53 (48.6)° 249 (82.5) <0.001 144 (82.8)° 105 (82)° <0.001
109 (26.5) 56 (51.4) 53(17.5) 30(17.2) 23(18)
187 (45.5) 45 (41.3) 142 (47) 0.06 83 (47.7) 59 (46.1) 0.12
133 (32.4) 31(28.4) 102 (33.7) 62 (35.6) 40 (31.3)
91(22.) 33(30.3) 58 (19.2) 29 (16.7) 29 (22.6)
26 (6.4) 5(4.6) 21(7) 0.49 8 (4.6) 13(10.2) 0.10
383(93.7) 104 (95.4) 279 (93) 165 (95.4) 114 (89.8)
2 2 1 1
14 (3.4) 0(0) 14 (4.6) 8 (4.6) 6 (4.7) -
5 3 2 1 1
321(79.9) 87(82.1) 234 (79.) 0.57 137(79.7) 97 (78.2) 0.77
81(20.1) 19 (17.9) 62 (20.9) 35(20.3) 27 (21.8)
9 3 6 2 4
362 (90) 94 (88.7) 268 (90.5) 0.57 150 (87.2) 118 (95.2) 0.07
40 (10) 12 (11.3) 28 (9.5) 22(12.8) 6 (4.8)
9 3 6
82 (20) 29 (26.6) 53(17.5) 0.05 32 (18.4) 21(16.4) 0.12
329 (80) 80 (73.4) 249 (82.5) 142 (81.6) 107 (83.6)
166 (40.5) 34 (31.5) 132 (43.9) 0.03 73 (42.0) 59 (46.5) 0.07
244 (59.5) 74 (68.5) 170 (56.3) 101(58) 69 (54)
1 1

Continuous data compared between groups using t test/ANOVA for normally distributed data and Mann-Whitney/Kruskal-Wallis test for non-
normally distributed data. Categorical data compared using Fisher’s exact/y? test. Statistical significance considered at P < 0.05 and a trend at P

= 0.05-0.1 (bold type). For post hoc comparisons Bonferroni-adjusted P value of P < 0.017 was used to determine significant differences, indicated
by different lowercase letters (a, b). P value for con vs. PAE. 8P value across con, PC, and PCP. ‘BMI calculated using prepregnancy weight and
height. °Non-Caucasian group comprised 7 ethnic backgrounds. £In the 12 weeks preconception and/or during pregnancy. FPregnancy complications:
gestational diabetes (n = 45), gestational hypertension (n = 10), preeclampsia (n = 2), cholestasis (n = 6), intrauterine growth restriction (n = 7),
preterm prelabor rupture of membranes (n = 2), antepartum hemorrhage (n = 16). Con, abstinent; PAE, prenatal alcohol exposure; PC, alcohol
preconception only; PCP, alcohol preconception and during pregnancy.

Maternal plasma folate and choline concentration. Mean maternal plasma folate concentration at 28
weeks of gestation (n = 225) was 40.6 nM (SEM = 1.3) (Supplemental Table 3). Using World Health
Organization categories for plasma folate (33), 5 women (2.2%) were in the “possible deficiency” cate-
gory (<13.5 nM), 145 women (64.5%) were in the “normal” category (13.5-45.3 nM), and 75 women
(33.3%) were in the “elevated” category (>45.3 nM). At 36 weeks of gestation (» = 178), mean plasma
folate concentration was 63.4 nM (SEM = 2.3). There were 3 women (1.7%) in the possible deficiency
category, 53 (29.8%) in the normal category, and 122 (68.5%) in the elevated category. Mean folate con-
centrations and proportions of women within each category did not differ between control and alcohol
groups. Mean maternal plasma choline concentration at 28 weeks was 10.7 uM (SEM = 0.26) and at
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Table 2. Maternal folic acid intake from supplements across control and PAE groups

Folic acid intake

Preconception n, (%)

No

Yes
100-399 pg/d
400-1,000 pg/d
>1,000 pg/d
Trimester 1, n (%)

No

Yes
100-399 pg/d
400-1,000 pg/d
>1,000 pg/d
Trimester 2, n (%)

No

Yes
100-399 pg/d
400-1,000 pg/d
>1,000 pg/d
Trimester 3, n (%)

No

Yes
100-399 pg/d
400-1,000 pg/d
>1,000 pg/d

All Con PAE P> PC PCP P>
n=41n n=109 n=302 n=174 n=128
137 (33) 31(28)® 106 (35) 0.24 51(29)° 55 (43)° 0.02
274 (67) 78 (72) 196 (65) 123 (71) 73 (57)
43 (1) 13 (12) 30 (10) 0.86¢ 21(12) 9(7) 0.68¢
223 (54) 64 (59) 159 (53) 99 (57) 60 (47)
8(2) 101) 7(2) 3(2) 4(3)
29 (7) 9 (8)2 20 (7) 0.66 5(3)2 15 (12)° 0.01
382(92) 100 (92) 282 (93) 169 (97) 113 (88)
38 (9) 11(10) 27(9) 0.7¢ 18 (10) 9(7) 0.67¢
322 (78) 85 (78) 237 (78) 138 (79) 99 (77)
22(5) 4(4) 18 (6) 13(8) 5(4)
61(15) 14 (13) 47 (16) 0.53 23 (13) 24 (19) 0.33
350 (85) 95 (87) 255 (84) 151(87) 104 (81)
32(8) 10 (9) 22(7) 0.68¢ 14 (8) 8 (6) 0.82¢
303 (74) 82 (75) 221(73) 131(75) 90 (70)
15 (4) 3(3) 12 (4) 6(4) 6 (5)
65 (16) 14 (13) 51(17) 0.32 27 (15) 24 (19) 0.46
346 (34) 95 (87) 251(83) 147 (85) 104 (81)
37(9) 11(10) 26 (9) 0.8¢ 17 (10) 9(7) 0.74¢
298 (72) 82 (75) 216 (71) 125 (72) 91 (71)
1(3) 2(2) 9(3) 5(3) 4(3)

Data compared using Fisher's exact/y? test and statistical significance determined at P < 0.05 (bold type). For post hoc comparisons Bonferroni-adjusted
P < 0.017 was used to determine significant differences, denoted by different lowercase letters (a, b). *P value for con vs. PAE. 8P value across con,

PC, and PCP. ‘The >1,000 pg/d group was excluded from analysis because of low numbers. Con, abstinent; PAE, prenatal alcohol exposure; PC, alcohol
preconception only; PCP, alcohol preconception and during pregnancy.

36 weeks was 10.1 uM (SEM = 0.21). Reference values for plasma choline have yet to be established;
however, these concentrations are consistent with previous studies (34, 35) and did not differ between
control and alcohol groups.

Association between folate and choline intake and plasma concentration. Total intake of folate from the diet
(including fortified foods) and from supplements was calculated as dietary folate equivalent (DFE). There was
a moderate correlation between DFE and plasma folate at both 28 weeks (Spearman’s rtho = 0.34, P < 0.0001,
n = 176) and 36 weeks (rtho = 0.35, P < 0.0001, » = 133). However, when divided by group, at 28 weeks there
was no correlation in the control group (tho = 0.24, P = 0.13, n = 41) but a moderate correlation in the PC
group (tho = 0.4, P = 0.0005, n = 75) and PCP group (tho = 0.33, P = 0.01, n = 60). This was similar at 36
weeks (Con rho = 0.25, P=0.17, n = 30; PC rho = 0.41, P=0.001, n = 59; PCP rho = 0.38, P=0.01, n =
44). There was no correlation between dietary choline intake and plasma choline levels at 28 weeks overall
(tho = -0.04, P = 0.6, n = 173) or when divided by group. At 36 weeks there was a weak correlation overall
(rho = 0.26, P=0.003, n = 132), driven by a moderate correlation in the PC group (rho =0.32, P=0.01, n =
57), with no correlation in control (tho = 0.20, P=0.28, n = 31) or PCP groups (tho = 0.23, P=0.14, n = 44).

Infant data

Overall, mean gestation length for both male and female fetuses was 39 weeks (273-279 days), with
few preterm births among either male (5%) or female (3%) fetuses (Table 3). Mean birth weight was in
the 52nd-centile, with birthweight <10th-centile occurring in 7% of male and 7.5% of female fetuses.
There were no differences between control and PAE groups in any birth measures, although there were
trends toward increased gestation length (P = 0.06) and birth weight (P = 0.07) in female fetuses from
the PAE group compared with controls.
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Feto-placental blood flow

Doppler ultrasound measurements taken at 24, 28, and 36 weeks of gestation (n = 175) were analyzed over
time between control and alcohol groups for males and females. As expected, the umbilical artery pulsatility
index (UAPI) decreased over pregnancy (Figure 2, A and D), and the middle cerebral artery pulsatility index
(MCAPI) increased between T2 and T3, then declined toward term (Figure 2, B and E). The ratio of the MCA-
PI to the UAPI, known as the CPR, indicates feto-placental blood flow, and increased over gestation (Figure
2, C and F). Thus, time was the major determinant of all measures in males and females, regardless of control
or alcohol group (P < 0.0001). However, analysis at each time point, with alcohol and sex as factors, found
that while there was no main effect of alcohol group on any measurement at either 24 or 28 weeks of gestation
(Supplemental Figure 1), at 36 weeks there was a significant difference across control and alcohol groups for
both the MCAPI and the CPR (P = 0.02, Figure 2, H and I), with no difference in UAPI (Figure 2G). Post hoc
tests indicated that for MCAPI this was driven by a lower mean value in the PCP group versus the PC group
(P =0.02) and for CPR by a lower mean ratio in the PCP group versus the control group (P = 0.02). Since the
CPR is more sensitive to fetal hypoxia than its individual components (36), we further investigated the CPR
using linear regression. Importantly, no other maternal factors were associated with the CPR, including those
listed in Table 1, as well as gestation length and maternal intake/plasma measures of folate/choline, though
there was a trend toward increased CPR in women with parity of 2+ (P = 0.06) (Supplemental Table 4).

Association between PAE and clinical centiles for CPR at 36 weeks of gestation. A CPR <5th-centile is pro-
posed to indicate redistribution of blood flow to the fetal brain (brain sparing) in response to placental
insufficiency, even in cases where the UAPI is apparently normal and fetal growth is appropriate for ges-
tational age (AGA) (37, 38). In this cohort there were 24 pregnancies with a CPR <5th-centile (gray data
points, Figure 2I), 23 from the PAE group (18%) and 1 control (2%). Fifteen of the 24 women (63%) were
carrying a male fetus (1 control, 4 PC, 10 PCP), and 9 (37%) were carrying a female fetus (7 PC, 2 PCP).
Although males were overrepresented, this was not statistically significant (P = 0.18). However, the 5 lowest
CPR values were all in male fetuses (PCP group). To determine whether any maternal factors other than
PAE may be risk factors for a CPR <5th-centile, the maternal characteristics in Table 1, as well as gestation
length and maternal intake/plasma measures of folate and choline, were compared between women with
a CPR above or below the 5th-centile. Among women with a CPR <5th-centile, there were trends toward a
lower proportion who took folic acid preconception (P = 0.05) and a higher proportion who were nullipa-
rous (P = 0.08) or had assisted conception (P = 0.07) (Supplemental Table 5).

Logistic regression analysis predicted that PC was associated with an 8.1-fold increase in the likelihood
of a CPR <5th-centile compared with the control group (95% CI, 1.0-64.8, P = 0.05), and PCP was associat-
ed with an 11.2-fold increase (95% CI 1.4-90.0, P = 0.02) (Supplemental Table 6). There was a trend toward
an increased likelihood of CPR <5th-centile in women with a parity of 0 compared with 1 or more (OR 2.3,
95% CI 0.93-5.50, P=0.071), women who did not take folic acid supplements preconception (OR 2.3, 95%
CI 0.97-5.54, P = 0.059), or women who had assisted conception (OR 3.5, 95% CI 0.96-12.6, P = 0.058).
Adjusted analysis was not performed because of the small number of women with CPR <5th-centile. Given
that a low CPR is associated with placental insufficiency, we next compared placental growth measurements
and growth factor expression between control and alcohol groups for male and female placentas.

Placental data

Placental weight and dimensions at delivery. There were no differences in mean placental weight between con-
trol and PAE groups in either sex. However, while in the control group, male placentas weighed on average
50 g more than female placentas (P = 0.04, Table 4) consistent with previous reports (39), in the PAE
groups, there was no difference between male and female placenta weight. Male PAE placentas weighed
25-27 g less on average than male control placentas, whereas female PAE placentas weighed 27-35 g more
than female control placentas. There were no differences in birth weight/placenta weight ratio or in placen-
ta length or width between groups in either sex. However, male PAE placentas had reduced thickness com-
pared with control placentas (P = 0.03, Table 4). This finding was supported by measurements of placental
thickness using ultrasound images collected a few weeks earlier at 36 weeks of gestation, which identified
a trend toward reduced mean thickness in the male PCP placentas compared with control placentas (P =
0.066, Supplemental Figure 2) and no differences in female placentas. For pooled male and female data,
there was a moderate correlation between thickness measurements from ultrasound images at 36 weeks and
measurements of placental thickness at delivery (rho = 0.35, P < 0.001, n = 144).
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Table 3. Male and female infan

t birth measures across control and PAE groups

Infant measures All Con PAE P"m!‘ PC PCP P“m"
Male n=212 n=60 n =152 n=82 n=70
Gestation length (days), mean (SEM) 273 (0.7) 273 (1.3) 273 (0.8) 0.99 273 (1.0) 273 (1.4) 0.99
Birth weight (g) mean (SEM) 3,440 (33) 3,431 (63) 3,443 (39) 0.87 3,421 (51) 3,470 (61) 0.82
Head circumference (cm) mean (SEM)  35.1(0.11) 35.2(0.23) 35.0(0.12) 0.52 34.9 (0.16) 35.2(0.19) 018
Birth length (cm) mean (SEM) 51.4 (0.19) 51.6 (0.36) 51.2(0.23) 0.30 51.2(0.33) 51.4 (0.32) 0.57
Preterm <37 weeks n (%) 11(5) 3(5) 8 (5) 0.99 4 (5) 4 (6) 0.93
Birth weight <10th-centile, n (%) 15 (7) 7 (1.7) 8 (5.3) 0.13 4(4.9) 4(5.7) 0.32
Female n=199 n=49 n=150 n=92 n=58
Gestation length (days), mean (SEM) 274 (0.5) 273 (1.0) 275 (0.63) 0.06 274 (0.8) 276 (0.98) 0.07
Birth weight (g) mean (SEM) 3,337 (30) 3,252 (60) 3,365 (35) 0.12 3,320 (43) 3,436 (58) 0.07
Head circumference (cm) mean (SEM)  34.6 (0.09) 34.8 (0.17) 34.5(0.11) 0.29 34.5 (0.14) 34.5(0.18) 0.56
Birth length (cm) mean (SEM) 50.9 (0.16) 50.7 (0.32) 50.9(0.18) 0.66 50.6 (0.22) 514 (0.3) 0on
Preterm <37 weeks n (%) 6(3) 2 (4) 4(2.7) 0.68 2(2.2) 2(3.4) 0.77
Birth weight <10th-centile, n (%) 15 (7.5) 4(8.2) 1(7.3) 0.77 8(8.7) 3(5.2) 0.78

Continuous data compared using Student’s t test/ANOVA and categorical data using Fisher’s exact/y? test. Statistical significance considered at P <
0.05, and a trend at P = 0.05-0.1 (bold type). *P value for con vs. PAE. 8P value across con, PC, and PCP. Con, abstinent; PAE, prenatal alcohol exposure; PC,

alcohol preconception only; PCP, alc

ohol preconception and during pregnancy.

Placental expression of angiogenic growth factors and receptors. Compared with male control placentas, male
PAE placentas had reduced expression of PIGF mRNA (Figure 3, A and B), no change in FLTI (Figure 3,
E and F), and a reduction in the ratio of PIGF/FLTI (Figure 3, I and J). In female PAE placentas, there
was a trend toward an increase in PIGF (Figure 3, C and D), an increase in FLT! (Figure 3, G and H), and
no change in the ratio of PIGF/FLTI (Figure 3, K and L), compared with controls. Similar to the findings
for placental weight, male control placentas had higher expression of both PIGF and FLT! compared with
female control placentas (P = 0.02) whereas there were no sex differences in the PAE group (Supplemental
Figure 3). Among control placentas there were no sex differences in the PIGF/FLT] ratio, whereas among
PAE placentas females had a higher ratio compared with male placentas. There were no differences in
expression of VEGFA or KDR between groups or sexes (Supplemental Figure 4), though there was a trend
toward reduced VEGFA in male PAE placentas compared with controls (P = 0.06). Since epigenetic regu-
lation has been identified as a mechanism through which PAE alters gene expression, we next measured
placental global DNAm.

Placental global DNAm. Linear regression analyses were used to investigate associations between DNAm
and maternal factors after adjustment for assay plate number (Supplemental Table 7). Potential predictors
of male placental global DNAm at P < 0.1 were PCP group (P = 0.05), pregnancy complications (P = 0.04),
and T3 folic acid supplementation (P = 0.06). In adjusted analysis, there was a decrease in mean DNAm in
the male PCP group compared with the control group (P = 0.048, Table 5). Potential predictors of female
placental global DNAm at P < 0.1 were PC group (P = 0.09), parity (P = 0.09), and Caucasian race (P =
0.02). In adjusted analysis, only Caucasian race and parity were significantly associated with increased
DNAm (P < 0.05). Since these data provided weak evidence of an association between PAE and altered
global DNAm, we next investigated whether this was supported by any associations between PAE and
expression of DNMTSs or levels of key methyl donors.

Expression of DNMT enzymes in the placenta. DNMTs catalyze the transfer of a methyl group from SAM
to the DNA molecule for maintenance methylation (DNMT1) or de novo methylation (DNMT3a and 3b).
In male PAE placentas compared with control placentas, mRNA expression of all 3 DNMTs was decreased
(P <0.05, Figure 4, A, E, and I). Reduced expression of DNMT3a and DNMT3b was driven by a significant
reduction in the PCP group (P < 0.05, Figure 4, F and J), consistent with the reduced global DNAm in the
PCP group. In female placentas there were no differences between groups in expression of DNMTS (Figure 4).

Quantification of 1CM components in the placenta. There were no differences in mean relative levels of
SAM in male placentas (Figure 5, A and B). In female placentas there was a significant increase in SAM in
the PAE group, compared with controls (P = 0.02, Figure 5C). Post hoc test revealed this was driven by an
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Figure 2. Doppler ultrasound measurements across gestation in a general pregnancy cohort. Measurements of umbilical artery pulsatility index (UAPI)
and fetal middle cerebral artery pulsatility index (MCAPI) and cerebroplacental ratio across gestation (24, 28, and 36 weeks) in male (A-C) and female (D-F)
fetuses and at 36 weeks' gestation in male and female fetuses (G-1). Women were grouped by alcohol consumption into abstinent (con, green: male n = 24,
female n = 21), alcohol preconception only (PC, light blue: male n = 33, female n = 38), or alcohol preconception and during pregnancy (PCP, dark blue: male

n =27, female n = 21). Data expressed as mean + SEM. Measurements compared between groups over time (A-F), using a mixed effects model, and at 36
weeks (G-1), using 2-way ANOVA and Tukey's post hoc test. Residuals were normally distributed. P < 0.05 was considered statistically significant. Fetuses
with CPR <5th-centile indicated by gray data points (I). Complete data at 36 weeks. Missing UAPI and/or MCAPI for males at 24 and 28 weeks con (n = 2), PC
(n=1), and 28 weeks PCP (n = 1) and for females at 24 and 28 weeks con (n = 2), 24 weeks PC (n = 4), and 28 weeks PC (n = 1).

increase in the PC group (P < 0.05, Figure 5D), consistent with the trend toward increased global DNAm
in the PC group (unadjusted analysis). There were no differences in the mean levels of methionine (Figure
5, E-H) or 5-methyltetrahydrofolate (SMTHF) (Figure 5, I-L) in either sex.

Expression of nutrient regulators in the placenta. Expression of MTOR mRNA was reduced in male PAE
placentas compared with controls (P = 0.002, Figure 6A), in both the PC and PCP groups (P < 0.05, Figure
6B), with no difference between groups in female placentas (P = 0.54, Figure 6, C and D). There were no
differences in mRINA expression of RFC between control and PAE groups in either sex (Figure 6, E-H).

Discussion

This study found that PAE around conception was highly prevalent among a cohort of predominantly
well-educated women with planned pregnancies. There was a significant increase in the likelihood of a low
CPR in women who reported PAE, which indicates fetal brain sparing because of placental insufficiency (40).
Half of the women with a low CPR reported PAE only around conception (i.e., PC group), suggesting that
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Table 4. Male and female placental measurements (mean + SEM) at birth across control and PAE groups
Placental measures All Control PAE P> PC PCP P
Male n =156 n=47 n=109 n=>58 n=>51
Placenta weight (g) 640+ 10 658 +18°¢ 632 +12 018 633 +16 631+18 0.40
Placenta length (cm) 21.0 +0.20 204+04 21.2+0.2 0.07 211+ 0.3 21.2+0.3 0.20
Placenta width (cm) 17.84 £ 0.16 18.0+0.3 17.8 £ 0.2 0.72 177+ 0.3 17.9+0.3 0.93
Placenta thickness (cm) 2.0 £0.06 22+0M 1.9+ 0.07 0.03 1.9+ 01 1.9+ 01 0.09
Birth/placenta weight 5.5+0.07 54 +0.1 5.5+0.1 0.32 5.5+0.1 5.6+1.0 0.60
Female n =165 n=38 n=127 n=79 n=48
Placenta weight (g) 631+9 608 + 21° 638 + 11 019 635+14 643 +16 0.39
Placenta length (cm) 21.2+£0.21 21.0 £ 0.38 21.3+0.25 0.70 211+ 0.27 21.7 £ 0.51 0.83
Placenta width (cm) 179+ 0.16 17.9 £ 0.35 179+ 0.18 0.99 17.9 £ 0.22 179+ 0.34 0.77
Placenta thickness (cm) 2.0+0.06 2.0+ 013 2.0+ 0.06 0.78 2.0+0.07 21+0M 0.93
Birth/placenta weight 5.4 +0.07 56+0.9 54+0.9 018 54+0.10 54+0.12

Placental weight missing for 1 male (PC) and placenta dimensions missing for male: con (n = 4), PC (n = 6), and PCP (n = 2), and female: con (n = 5), PC (n =
1), and PCP (n = 6). Mann-Whitney/Kruskal-Wallis tests were used. Significant or trending values are in bold type. *P value for con vs. PAE. 8P value across
con, PC, and PCP. ‘P < 0.05 for Mann-Whitney test between male and female placentas. PAE, prenatal alcohol exposure; PC, alcohol prior to conception
only; PCP, alcohol preconception and during pregnancy.

all cases of low CPR could have originated from exposure around conception, regardless of whether alcohol
was continued (i.e., PCP group). Most pregnancies with a low CPR were male fetuses, and the 5 lowest CPR
values were in males, which may indicate sexually dimorphic placental adaptions to PAE. This is supported
by reduced placental thickness and reduced growth factor expression in male, but not female PAE placentas,
compared with controls. In addition, compared with control placentas, male PAE placentas had decreased
global DNAm and decreased expression of DNMTs, whereas in female PAE placentas there was a trend
toward increased DNAm and an increase in the universal methyl donor, SAM. Together, these findings may
suggest an epigenetic link between PAE in early pregnancy and sexually dimorphic placental outcomes.

Placental insufficiency may link early PAE and infant outcomes. Placental insufficiency typically originates in
early pregnancy because of shallow trophoblast invasion into the uterus and subsequent inadequate remod-
eling of maternal spiral arteries, which can result in failure of the placenta to deliver sufficient oxygen and
nutrients to meet the demands of the growing fetus (41). This can lead to fetal hypoxia, triggering compen-
satory mechanisms to prioritize blood flow to the fetal brain at the expense of fetal growth (brain sparing),
and depending on duration and severity, can result in FGR (42). Studies investigating the consequences
of a low CPR in FGR fetuses have reported associations with poor neurodevelopmental outcomes in chil-
dren (43, 44). However, in cohorts such as ours, where fetal growth is generally AGA, Doppler ultrasound
assessment in late gestation is not routinely conducted. Thus, there is little information on T3 CPR and
infant neurodevelopmental outcomes. However, one study of T3 AGA fetuses with brain sparing (indicated
by increased frontal brain perfusion) found an association with poorer neurobehavioral scores in neonates
(45). Although, to the best of our knowledge, an association between PAE and decreased CPR has not been
reported previously in women, a study of first-trimester alcohol exposure in nonhuman primates found an
association between PAE and increased resistance to placental blood flow using Doppler ultrasound. This
was accompanied by increased frequency of placental infarctions as well as altered placental gene expression
(19). An earlier study in the same model found reduced oxygen supply to the fetal vasculature and reduced
brainstem and cerebellar volume in alcohol-exposed fetuses in early third trimester using in utero MRI (20).
Disruption of early placental development leading to placental insufficiency and fetal brain sparing in late
pregnancy may therefore be a mechanism through which PAE around conception indirectly impacts fetal
brain development and neurodevelopmental outcomes in children.

Potential risk factors for placental insufficiency. It is well understood that PAE in some women can impact
fetal development whereas a similar pattern of PAE in other women has no apparent effects. This has
prompted research into maternal factors that exacerbate or protect against fetal effects of PAE (46). In the
current study, while PAE was the only maternal factor significantly associated with reduced CPR (Sup-
plemental Table 6), there was a trend toward an association between a clinically low CPR and nulliparity,
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Figure 3. Placental expression of growth factors by alcohol and sex. Expression of placental growth factor (PIGF) (A-D), VEGF receptor 1 (FLT7) (E-H),
and PIGF/FLT1 (I-L). Placentas collected from abstinent women (con: male n = 40, female con n = 31) and women reporting prenatal alcohol exposure
(PAE) (male n = 95, female n = 112). The PAE group was further divided by timing into preconception only (PC: male n = 51, female n = 73) or preconcep-
tion and during pregnancy (PCP: male n = 44, female n = 39). Gene expression normalized to B-actin (ACTB), and fold-change expressed relative to male
con group. Data expressed as mean + SEM. Con and PAE groups compared using unpaired t test/1-way ANOVA where residuals were normally distribut-
ed or where transformation normalized distribution. Otherwise, Mann-Whitney/Kruskal-Wallis tests were used (E, F, H, and }). P < 0.05 was considered
statistically significant, and P = 0.05-0.1 was considered a trend. FLT7 was below detection limit for 1 male control, as was PIGF for 1 female PC.

lack of preconception folic acid supplementation, and the use of assisted reproduction to conceive. There
were only 12 women with Doppler measures who used assisted conception in this cohort, but given that
in vitro fertilization (IVF) has been found in association with ischemic placental disease (47), it is pos-
sible that assisted conception increases the risk of placental insufficiency in women with PAE. Similar-
ly, nulliparity is a known risk factor for complications related to poor placental development, including
preeclampsia and stillbirth (48, 49), which have also been found in association with a low CPR (50, 51).
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Table 5. Multivariate regression for predictors of placental global DNAm

Predictor

Male placenta
Timing of PAE

PC

PCP
Preg. complication

Yes
T3 folic acid (per 100 pg)
Female placenta
Timing of PAE

PC

PCP
Parity

1

2+
Caucasian

Yes

Univariate analysis* value Multivariate analysis® value

Reference category: Never Reference category: No

0.006 (-0.007, 0.018) 0.38 0.005 (-0.008, 0.017) 0.47
-0.013 (-0.026, 0.0002) 0.053 -0.013 (-0.026, -0.00014) 0.048
Reference category: No Reference category: No
-0.013 (-0.26, -0.007) 0.039 -0.01(-0.024, 0.0002) 0.055

-0.002 (-0.004, 0.00007) 0.06 -0.0016 (-0.003, 0.00015) 0.073

Reference category: Never Reference category: No

0.14 (-0.02, 0.30) 0.088 0.11(-0.05, 0.28) 017
0.13 (-0.05, 0.31) 0.16 0.10 (-0.07, 0.28) 0.24
Reference category: 0 Reference category: No
0.003 (-0.14, 0.15) 0.97 0.02 (-0.17,0.12) 0.72
0.14 (-0.02, 0.31) 0.086 0.16 (0.005, 0.33) 0.04
Reference category: No
018 (0.03,0.32) 0.017 018 (0.03,0.33) 0.02

All analyses adjusted for assay plate. DNAm not detected in 3 female samples. To achieve normal distribution of residuals, 1 outlier in the male PC group (3 SDs
>mean) was excluded, and female data were log, -transformed. Linear regression analysis was used to determine predictors of global DNAm with significance
determined at P < 0.05 and a trend at P < 0.1 (bold type). “Regression coefficient and 95% confidence interval. PAE, prenatal alcohol exposure; Never, controls
(male n = 40, female n = 31); PC, alcohol preconception only (male n = 51, female n = 71); PCP, alcohol preconception and pregnancy (male n = 44, female n = 38).

However, the potential association between lack of preconception folic acid and low CPR is of particular
interest, as this is a modifiable risk factor. Folate is essential for early embryo development, as evidenced
by the use of the folate analog, methotrexate, to terminate ectopic pregnancies (52). Folate supplies methyl
groups for the generation of nucleotides required for DNA replication during cell division and for DNAm.
A folate-deficient diet in pregnant mice results in reduced placental trophoblast invasion into the uter-
us, altered placental morphology, and placental abruption (53). Culture of human placental cell lines in
reduced-folate medium decreases trophoblast viability, alters DNAm, and reduces expression of growth
factors and matrix metalloproteases, which are important for trophoblast invasion (54, 55). Alcohol is well-
known to reduce absorption of folate and availability of folate-derived methyl groups (25). Thus, a lack of
preconception folic acid supplementation may increase vulnerability to the effects of PAE on folate levels,
resulting in altered epigenetic regulation of gene expression and deficient placentation.

Timing of PAE and sex-specific placental outcomes. Prior studies have found that PAE in women either
reduces placenta weight (17, 56) or has no effect, as reported in the current study and others (18, 57). This
may be due to differences in quantity, frequency, and timing of PAE, though this is difficult to determine
because of the different methods of collecting and categorizing alcohol data across studies, as discussed
in our systematic review (16). However, the current study found that PAE was associated with sex-specif-
ic changes in placental growth measures that may depend upon the timing of exposure, factors that have
not been widely investigated in women. We found that male PAE placentas had reduced mean thickness,
reduced expression of PIGF, and reduced PIGF/FLTI ratio compared with controls, suggesting an antian-
giogenic state. This is consistent with the lower expression of MTOR, which indicates nutrient deficiency
and a state of reduced growth (58). Reduced placental expression of PIGF has been found previously in
women with PAE in association with reduced expansion of placental blood vessel area from midgestation
to term, which also correlated with impaired cortical vessel organization in fetal brains (17). This suggests
that PAE-induced downregulation of PIGF in the placenta can impact vasculature in both the placenta and
fetal brain. In the current study DNAm and expression of DNMTs were also reduced in male placentas, sug-
gesting the involvement of epigenetic mechanisms. Many of these changes were most apparent in placentas
from pregnancies with alcohol exposure beyond the periconception period (i.e., the PCP group). Similarly,
most of the male fetuses with a low CPR (71%) were from the PCP group. In contrast, among female PAE
placentas, there was a trend toward increased DNAm (unadjusted analysis), and an increase in SAM, pre-
dominantly in the PC group. Most female fetuses with a low CPR (78%) were also from the PC group.
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Figure 4. Placental expression of DNMTs by alcohol and sex. Expression of DNA methyltransferases DNMTT (A-D), ONMT3a (E-H), and ONMT3b (I-L).
Placentas collected from abstinent women (con: male n = 40, female n = 31) and women reporting prenatal alcohol exposure (PAE) (male n = 95, female n =
112). The PAE group was also divided by timing into preconception only (PC: male n = 51, female n = 73) or preconception and during pregnancy (PCP: male n
= 44, female n = 39). Gene expression normalized to ACTB, and fold-change expressed relative to the male con group. Data expressed as mean + SEM. Con
and PAE groups compared using unpaired t test/1-way ANOVA where residuals were normally distributed or where transformation normalized distribution
(Iand}). Otherwise, Mann-Whitney/Kruskal-Wallis tests were used. P < 0.05 was considered statistically significant, and P = 0.05-0.1 was considered a
trend. *P < 0.05 for Tukey's multiple comparisons. DNMT3a was below detection limit in 1 female PC placenta, as was DNMT3b in 2 female PC placentas.
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Sexually dimorphic placental adaptions depending on timing of exposure have been identified in

response to other in utero perturbations and suggest that females are often more vulnerable to expo-
sures in early pregnancy whereas males are more vulnerable to exposures in later pregnancy (reviewed
in refs. 59, 60). A large study that examined sex ratio throughout gestation found that loss of viability
was more prevalent in female embryos and fetuses prior to 20 weeks of gestation, whereas loss of male
fetuses generally occurred after 20 weeks and at a lower rate than female losses in early pregnancy (61).
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Figure 5. Relative levels of methyl donors in the placenta by alcohol and sex. Relative levels of S-adenosylmethionine (SAM) (A-D), methionine (met) (E-H),
and 5-methyltetrahydrofolate (SMTHF) (I-L). Placentas collected from abstinent women (con: male n = 40, female n = 31) or women reporting prenatal alcohol
exposure (PAE) (male n = 95, female n = 111). The PAE group was further divided by timing of exposure into preconception only (PC: male n = 51, female n = 72) or
preconception and during pregnancy (PCP: male n = 44, female n = 39). The ratio of methyl donor/internal standard was calculated and mean fold-change + SEM
expressed relative to the male con group. Expression differences across groups compared using unpaired t test/1-way ANOVA where residuals were normally
distributed or where transformation normalized distribution. Otherwise, Mann-Whitney/Kruskal-Wallis tests were used (G and H). P < 0.05 was considered
statistically significant, and P = 0.05-0.1 was considered a trend. *P < 0.05 for Tukey’s multiple comparisons. One female PC sample failed mass spectrometry.

Studies of IVF pregnancies also reveal a skewed sex ratio of live birth in favor of males (62), and studies
in mice have identified impaired X chromosome inactivation (XCI) in female embryos as a potential
mechanism (63). Similarly, we have previously reported that in our rat model, PAE around conception,
but not beyond, resulted in female-specific reductions in placental vasculature and placental volume
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Figure 6. Placental expression of nutrient regulators by alcohol and sex. Expression of mechanistic target of rapamycin (MTOR) (A-D) and reduced folate
carrier (RFC) (E-H). Placentas collected from abstinent women (con: male n = 40, female con n = 31) or women with prenatal alcohol exposure (PAE) (male
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=0.05-0.1was considered a trend. *P < 0.05 for Tukey's multiple comparisons test. MTOR was below detection limit in female con (n =

1), PC (n=2), and

PCP (n =1), as was RFC in female PC (n = 2).

JCl Insight 2025;10(3):e186096 https://doi.org/10.1172/jci.insight.186096

along with reduced expression of Xist and R/im (initiators of XCI), indicating that impaired XCI may
also be a mechanism of alcohol-induced placental defects (13).

Furthermore, the current study also found sex differences in placental weight and growth factor expres-
sion in control placentas, as previously documented (39, 64), which were not present in PAE placentas. A
loss of sex differences in the placenta has been proposed to be an important indicator of sex-specific placen-
tal adaption to a stressful environment and has been identified in pregnancies complicated by intrauterine
growth restriction and maternal obesity (65, 66). Taken together, these findings suggest sexually dimorphic
placental responses to PAE, which may depend upon timing of exposure, emphasizing the importance of
examining placental outcomes separately by sex of the placenta and timing of PAE.

Maternal folate and choline. Insufficient intake of micronutrients among women with PAE has been sug-
gested as a risk factor for FASD (46). In the current study we focused on the micronutrients folate and
choline because of their roles as methyl donors for DNAm and therefore their potential to ameliorate the
effects of PAE. Although there were no differences between control and PAE groups in intake of folate from
dietary sources, few women overall met the RDI for folate from foods, indicating a high dependence on
supplements. However, only half of women overall took the recommended folic acid supplementation pre-
conception, and a lower proportion of women in the PAE group took supplemental folic acid preconception
and T1. As discussed above, this may increase vulnerability to the negative effects of PAE on folate levels,
which can impair placentation and result in placental insufficiency. Although samples were not available to
measure folate in early pregnancy, it was interesting that plasma folate measurements at 28 and 36 weeks
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did not correlate with folate intake in the control group but were moderately correlated with intake in the
PAE groups. Similarly, plasma choline concentration correlated with choline intake in the PC group, but
not control or PCP groups, perhaps suggesting altered nutrient transport or metabolism between groups,
although this requires further investigation. Unlike folate, choline is generally not included in prenatal sup-
plements and must be obtained from foods. Few women in this study met the AI for choline, consistent with
other pregnancy cohorts in Australia (67, 68). Therefore, any protective effects of increased choline intake
in women with PAE could not be assessed in this cohort. In fact, choline supplementation studies in preg-
nant women suggest that more than double the AI (980 mg/d) may be required to meet additional demands
during pregnancy (69). Women with PAE may require an even higher level of choline supplementation to
protect against fetal harm as suggested by the findings from 2 clinical trials of choline supplementation in
women with PAE. One trial found that choline supplementation at 2,000 mg/d improved infant growth
and cognitive function at 12 months (70), whereas the other trial found that choline supplementation at 750
mg/d had no beneficial effects on cognitive function at 6 months (71).

Limitations. The main limitation of this study is that participants were not asked about amount of alcohol
consumed. Therefore, a dose-response relationship could not be investigated. However, drinking patterns are
likely comparable to a uniquely detailed study of alcohol consumption in a similarly well-educated cohort
in Australia, the AQUA cohort, which reported moderate consumption with some binge episodes usually
prior to pregnancy awareness (6). It is also important to note that we cannot be certain that male and female
fetuses/placentas received similar exposure to alcohol overall. Therefore, while this study identified apparent
sex-specific alterations associated with PAE, interaction effects were not tested. We also acknowledge that
the placenta contains heterogenous cell types, which may vary with respect to DNAm and gene expression.
Therefore, it is possible that PAE-associated alterations in these measures could be underestimated because
of opposing effects in different cell types. Indeed, we have previously demonstrated differential effects on
gene expression in our animal model when different parts of the placenta (junctional and labyrinth zones)
were examined separately (10). Another limitation was variation in sample sizes for different measurements,
which was largely because of the impact of COVID-19 restrictions on participant appointments and sample
collection. Nonfasted plasma samples were used for measurements of choline and folate, which may only
reflect recent intake. Finally, although a broad range of maternal factors were investigated for their relation-
ships with alcohol consumption and outcome measures, there may be other potential confounders that have
not been accounted for in the analyses.

Conclusions. PAE around conception in women is associated with increased likelihood of a low CPR
in late gestation, particularly in males, which may have implications for fetal brain development. PAE
was associated with sex-specific alterations in placental growth measures, DNAm, and gene expression,
suggesting epigenetic alterations as an underlying mechanism. Low intake of folate and choline around
conception may increase vulnerability to the effects of PAE on DNAm. These findings highlight the need
to increase awareness of the importance of meeting nutritional guidelines for women of reproductive age
and of the potentially harmful effects of PAE around conception as well as during pregnancy.

Methods

All data and sample collection was performed blinded to exposure. Additional details are in Supplemental
Methods.

Sex as a biological variable
This study examined associations between PAE in women and measurements in male and female feto-pla-
cental units and reports sexually dimorphic outcomes.

Study participants
The QFC pilot study was conducted at Mater Mothers’ Hospital, Brisbane, Queensland, Australia, from 2018
through 2021, with prospective recruitment of 472 women at 12—24 weeks’ gestation. A detailed study protocol
has been published (72). Briefly, all pregnant women from private and public obstetric services were offered the
opportunity to enroll, and only women who were unable to provide informed consent were excluded. Inclusion
criteria for this substudy were singleton pregnancy and information on alcohol consumption.

Alcohol and drug use. At enrollment, a research midwife collected information on alcohol consumption
and cannabis and amphetamine use in the 12 weeks preconception, in weeks 1-12 of pregnancy, or during
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the previous 2 weeks. Use in the previous 2 weeks was collected again at 24, 28, and 36 weeks of gestation.
At 24 weeks, women completed the Australian Eating Survey (AES) (73), which includes questions on
typical alcohol consumption over the previous 6 months. Participants answering no to all alcohol questions
were assigned to the control group (con, n = 109) while those answering yes to any alcohol question were
assigned to the PAE group (PAE, n = 302). The PAE group was also divided into women who reported
alcohol only in the 12 weeks preconception (PC group, n = 174) and women who also reported alcohol at
any time during pregnancy (PCP group, n = 128; Supplemental Table 1).

Maternal folate and choline intake. Folic acid intake from vitamin supplements (average pg/d) was deter-
mined from the folic acid content (ug) of the brand(s) of vitamin(s) reported and frequency of use over
1 week. Intake of folate and choline from foods was calculated using the AES (73), which participants
completed at 24 weeks of gestation, detailing typical intake of 120 food and beverage items over the previ-
ous 6 months. Standard portion sizes were derived from the National Nutrition Survey (74). DFE, which
includes natural folate content and folic acid fortification for each item, was determined using the AUS-
NUT 2011-2013 database (75). This database has been expanded to include choline (76), allowing estima-
tion of dietary choline intake.

Plasma choline and folate concentration. Plasma choline concentration was measured using liquid chro-
matography—tandem mass spectrometry (LC-MS/MS). Pooled dialyzed plasma was spiked with choline to
create a standard curve as previously described (77). Standards/samples were precipitated with acetonitrile
containing d9-choline internal standard (10 uM final). Chromatographic separation was achieved using
a C18 column (Kinetex 1.7 pm, 10 x 2.1 mm, 100 A, Phenomenex), and analyses were carried out on a
QTRAP 5500 mass spectrometer (AB SCIEX) using electrospray ionization in positive-ion mode with mul-
tiple reaction monitoring of m/z transitions: choline 104.2—60.0, d9-choline 113.1—69.1. Peak integration
was performed using MultiQuant software v2.0 (AB SCIEX). The peak area ratio of choline to internal
standard was calculated for all standards/samples.

Plasma folate concentration was measured using the Cobas e411 immunoanalyzer (Roche Diagnos-
tics), with assay reagents from the same supplier: Elecsys Folate III assay (7559992190), calibrator set
(7560001190), and Diluent Universal (5192943190). Plasma samples were vortexed, centrifuged briefly,
and transferred to a clean tube for measurement.

Doppler ultrasound measurements. Doppler ultrasound measurements were collected by a trained sonog-
rapher at 24, 28, and 36 weeks of gestation as previously described (78). The UAPI and the fetal MCAPI
were recorded, and the CPR was calculated by dividing MCAPI by UAPI. CPR <5th-centile at 36 weeks
was determined using sex-specific centiles (male: 1.47, female: 1.42) (79). Ultrasound images of the pla-
centa at 36 weeks allowed calculation of mean placental thickness using measurements taken at 3 regions
(cord insertion, mid/thickest, edge).

Infant data

Data on gestation length (days), infant birth weight (g), head circumference, and length (cm) were collected
by medical staff at delivery. Birth centile was calculated using Perinatal Institute Gestation Network centile
calculator (Grow v8.0.6.1 2020), which adjusts for birth weight, sex, gestation length, and maternal ethnic-
ity, height, weight, and parity.

Placenta data
Placentas were collected within 2 hours of delivery using standard methodology (80). Measurements of pla-
centa length (cm), width (cm), thickness (cm), and weight (g) were recorded. Eight full-thickness samples of
villous tissue (~1 cm?) were dissected, taking 2 samples from each quadrant, midway between cord insertion
(or center), and edge of the placenta. The upper ~2 mm of basal tissue was trimmed away, and samples were
rinsed in saline, finely minced and combined into a single homogenous sample, distributed into cryovials,
snap-frozen, and stored at —80°C. For subsequent analyses, frozen placenta samples (z = 278) were finely
crushed under liquid nitrogen and homogenized using a FastPrep-5G bead homogenizer (MP Biomedicals).
Measurement of methyl donors. Crushed placental tissue was weighed and homogenized in 3 volumes of
milliQ water (MilliporeSigma). Sample preparation and LC-MS/MS were conducted as described for plas-
ma samples above, with multiple reaction monitoring of m/z transitions: d9-choline 113.1—-69.1, SMTHF
460.2—313.1, methionine 150.0—104.2, homocysteine 136.0—90.2, SAM 399.2—250.0, S-adenosylho-
mocysteine (SAH) 385.2—88.0. Peaks for homocysteine and SAH were identified in only a small number
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of samples and therefore not included in further analysis. Peak area ratio of each molecule to internal
standard was calculated.

Gene expression. RNA was extracted from 30 mg of homogenized placental tissue using RNeasy
extraction kits (74106, QIAGEN) as per manufacturer’s instructions. DNase treatment and cDNA syn-
thesis were performed using the QuantiTect reverse transcription kit as per manufacturers’ instructions
(205311, QIAGEN). Negative (-RT) reactions were included for a random subset of samples. Gene expres-
sion was measured using quantitative PCR on an Applied Biosystems Quantstudio 6 Flex Real-Time PCR
System (Thermo Fisher Scientific). Each 10 pL reaction contained 10 ng cDNA, QuantiNova SYBR Green
PCR Master Mix (QIAGEN), and KiCqStart SYBR Green primers (MilliporeSigma) (Supplemental Table
8). Relative gene expression was determined using the comparative threshold method (AACt) and nor-
malized to B-actin (ACTB), which was stable across groups and sexes. A pooled sample of all cDNAs was
repeated in triplicate, allowing calculation of the coefficient of variation (<2% for all genes).

Global DNAm. Genomic DNA was extracted from 20 mg of crushed homogenized placental tissue using
the DNeasy kit (69506, QTAGEN) as per manufacturer’s instructions. Concentration/purity was measured
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) and a portion of the sample further
diluted to 50 ng/pL (£2 ng/pL). The 260:280 ratio for all samples was greater than 1.8. Methylation of
cytosine residues was quantified using a global DNAm assay as per manufacturer’s instructions (ab233486,
Abcam) and expressed as percentage of total DNA.

Statistics

For categorical variables, differences between control and PAE group(s) were analyzed using Fisher’s
exact/y? test. For continuous variables, differences between control and PAE group(s) were assessed
using unpaired 2-tailed ¢ test and ANOVA with Tukey’s multiple comparisons test. Figure 2 shows 2-way
ANOVA. Figures 3-6 show 1-way ANOVA. Residuals were assessed for normality using D’Agosti-
no-Pearson, Anderson-Darling, and Shapiro-Wilk tests and variances assessed using F'test or Brown-For-
sythe and Bartlett’s tests. Where residuals were non-normally distributed, data were transformed to
achieve normal residuals (see Supporting Data Values), or otherwise nonparametric Mann-Whitney U
test or Kruskal-Wallis test with Dunn’s multiple comparisons test were used. Nontransformed values
are plotted on graphs. Doppler measures compared between control and alcohol groups over time using
a mixed effects model or at a single time point using 2-way ANOVA with alcohol and sex as factors
and Tukey’s multiple comparisons test. Above analyses were conducted using GraphPad Prism (v9.4.1).
Correlation/regression analyses were conducted using STATA/SE 17. Spearman’s rank correlation was
used for non-normally distributed data. For linear regression analyses, distribution of residuals was visu-
ally inspected for normality using diagnostic distributional plots. Univariate analysis was used to deter-
mine potential predictors at P < 0.1 for inclusion in multivariate analyses. For all analyses P < 0.05 was
considered statistically significant and P = 0.05-0.1 considered a trend.

Study approval

The study was approved by Mater Misericordiae Ltd Human Research Ethics Committee (HREC/
MML/61799), ratified by The University of Queensland Human Research Ethics Committee (2020001492).
The study was conducted according to the Declaration of Helsinki principles, and written informed con-
sent was given by all participants before enrollment.

Data availability

The full data set cannot be made publicly available, as the detailed nature of the data may allow iden-
tification of individual participants. Some data may be available upon request. Data underlying figures
and tables (except maternal/infant characteristics as per above) can be found in the Supporting Data
Values file.

Author contributions

SES contributed to study design, sample collection, experimental analyses, data analysis, and writing of
the manuscript. LKA, JSMC, LAG, KMM, and VLC contributed to study design and data analysis. CE
and EC contributed to data collection. JMK and CV contributed to sample collection and experimental
analyses. SES, CE, EC, CV, JMK, LKA, JSMC, LAG, KMM, and VLC critically revised the manuscript.

JCl Insight 2025;10(3):e186096 https://doi.org/10.1172/jci.insight.186096 17


https://doi.org/10.1172/jci.insight.186096
https://insight.jci.org/articles/view/186096#sd
https://insight.jci.org/articles/view/186096#sd
https://insight.jci.org/articles/view/186096#sd
https://insight.jci.org/articles/view/186096#sd
https://insight.jci.org/articles/view/186096#sd

CLINICAL RESEARCH AND PUBLIC HEALTH

Acknowledgments

The study was funded by the NHMRC (APP1191217) and Mary McConnel Career Boost Program for
Women in Paediatric Research (WIS132020). We gratefully acknowledge all researchers and participants
involved in the QFC, the University of Queensland SCMB Mass Spectrometry Facility for assistance with
sample analysis, and the Faculty of Medicine Statistical Advisory Service for guidance on data analysis.

Address correspondence to: Sarah E. Steane, Mater Research Institute, 37 Kent St., Woolloongabba,
Queensland, 4102, Australia. Phone: 61.405702352; Email: sarah.steane@mater.uq.edu.au.

N —

w

A

(=)}

N

oo

\O

1

[=}

13.
14.

15.
. Steane SE, et al. Prenatal alcohol consumption and placental outcomes: a systematic review and meta-analysis of clinical studies.

17.

1

o]

20.

21.

22.

2

w

24.

2

w

2

~

2

oo

29.

30.

. Kesmodel U, et al. Moderate alcohol intake in pregnancy and the risk of spontaneous abortion. Alcohol Alcohol. 2002;37(1):87-92.
. Patra J, et al. Dose-response relationship between alcohol consumption before and during pregnancy and the risks of low birth-

weight, preterm birth and small for gestational age (SGA)-a systematic review and meta-analyses. BJOG. 2011;118(12):1411-1421.

. Aliyu MH, et al. Alcohol consumption during pregnancy and the risk of early stillbirth among singletons. Alcohol.

2008;42(5):369-374.

Popova, S., et al. Fetal alcohol spectrum disorders. Nat Rev Dis Primers. 2023;9:11.

O’Keeffe LM, et al. Prevalence and predictors of alcohol use during pregnancy: findings from international multicentre cohort
studies. BMJ Open. 2015;5(7):e006323.

. Muggli E, et al. “Did you ever drink more?” A detailed description of pregnant women’s drinking patterns. BMC Public Health.

2016;16:683.

. Pyman P, et al. Cognitive and behavioural attention in children with low-moderate and heavy doses of prenatal alcohol expo-

sure: a systematic review and meta-analysis. Neuropsychol Rev. 2021;31(4):610-627.

. Burgess DJ, et al. Periconceptional ethanol exposure alters hypothalamic-pituitary-adrenal axis function, signalling elements

and associated behaviours in a rodent model. Psychoneuroendocrinology. 2020;122:104901.

. Gérdebjer EM, et al. Maternal alcohol intake around the time of conception causes glucose intolerance and insulin insensitivity

in rat offspring, which is exacerbated by a postnatal high-fat diet. FASEB J. 2015;29(7):2690-2701.

. Gérdebjer EM, et al. Periconceptional alcohol consumption causes fetal growth restriction and increases glycogen accumulation

in the late gestation rat placenta. Placenta. 2014;35(1):50-57.

. Lucia D, et al. Periconceptional maternal alcohol consumption leads to behavioural changes in adult and aged offspring and

alters the expression of hippocampal genes associated with learning and memory and regulators of the epigenome. Behav Brain
Res. 2019;362:249-257.

. Steane SE, et al. Maternal choline supplementation in a rat model of periconceptional alcohol exposure: impacts on the fetus

and placenta. Alcohol Clin Exp Res. 2021;45(10):2130-2146.

Kalisch-Smith JI, et al. Periconceptional alcohol exposure causes female-specific perturbations to trophoblast differentiation and
placental formation in the rat. Development. 2019;146(11):dev172205.

Gualdoni GS, et al. Perigestational alcohol consumption induces altered early placentation and organogenic embryo growth
restriction by disruption of trophoblast angiogenic factors. Reprod Biomed Online. 2021;42(3):481-504.

Gundogan F, et al. Impaired placentation in fetal alcohol syndrome. Placenta. 2008;29(2):148-157.

Am J Obstet Gynecol. 2021;225(6):607.e1-607.e22.
Lecuyer M, et al. PLGF, a placental marker of fetal brain defects after in utero alcohol exposure. Acta Neuropathol Commun.
2017;5(1):44.

. Ortigosa S, et al. Feto-placental morphological effects of prenatal exposure to drugs of abuse. Reprod Toxicol. 2012;34(1):73-79.
19.

Lo JO, et al. Effects of early daily alcohol exposure on placental function and fetal growth in a rhesus macaque model. Am J
Obstet Gynecol. 2022;226(1):130.e1-130.e11.

Lo JO, et al. First trimester alcohol exposure alters placental perfusion and fetal oxygen availability affecting fetal growth and
development in a non-human primate model. Am J Obstet Gynecol. 2017;216(3):302.e1-302.e8.

Loke Y], et al. Time- and sex-dependent associations between prenatal alcohol exposure and placental global DNA methyla-
tion. Epigenomics. 2018;10(7):981-991.

Bake S, et al. The interaction of genetic sex and prenatal alcohol exposure on health across the lifespan. Front Neuroendocrinol.
2023;71:101103.

. Sautreuil C, et al. Prenatal alcohol exposure impairs the placenta-cortex transcriptomic signature, leading to dysregulation of

angiogenic pathways. Int J Mol Sci. 2023;24(17):13484.
Gutherz OR, et al. Potential roles of imprinted genes in the teratogenic effects of alcohol on the placenta, somatic growth, and
the developing brain. Exp Neurol. 2022;347:113919.

. Halsted CH, et al. Metabolic interactions of alcohol and folate. J Nutr. 2002;132(8 suppl):2367S-2372S.
26.

Barak AJ, et al. Methionine synthase. a possible prime site of the ethanolic lesion in liver. Alcohol. 2002;26(2):65-67.

. Carabulea AL, et al. A multi-organ analysis of the role of mTOR in fetal alcohol spectrum disorders. FASEB J.

2023;37(5):e22897.

. Rosario FJ, et al. Mechanistic target of rapamycin (mTOR) regulates trophoblast folate uptake by modulating the cell surface

expression of FR-a and the RFC. Sci Rep. 2016;6:31705.

Villa E, et al. mTORC1 stimulates cell growth through SAM synthesis and m°A mRNA-dependent control of protein synthesis.
Mol Cell. 2021;81(10):2076-2093.

Kim YI, et al. Severe folate deficiency causes secondary depletion of choline and phosphocholine in rat liver. J Nutr.
1994;124(11):2197-2203.

JCl Insight 2025;10(3):e186096 https://doi.org/10.1172/jci.insight.186096 18


https://doi.org/10.1172/jci.insight.186096
mailto://sarah.steane@mater.uq.edu.au
https://doi.org/10.1093/alcalc/37.1.87
https://doi.org/10.1111/j.1471-0528.2011.03050.x
https://doi.org/10.1111/j.1471-0528.2011.03050.x
https://doi.org/10.1016/j.alcohol.2008.04.003
https://doi.org/10.1016/j.alcohol.2008.04.003
https://doi.org/10.1038/s41572-023-00420-x
https://doi.org/10.1136/bmjopen-2014-006323
https://doi.org/10.1136/bmjopen-2014-006323
https://doi.org/10.1186/s12889-016-3354-9
https://doi.org/10.1186/s12889-016-3354-9
https://doi.org/10.1007/s11065-021-09490-8
https://doi.org/10.1007/s11065-021-09490-8
https://doi.org/10.1016/j.psyneuen.2020.104901
https://doi.org/10.1016/j.psyneuen.2020.104901
https://doi.org/10.1096/fj.14-268979
https://doi.org/10.1096/fj.14-268979
https://doi.org/10.1016/j.placenta.2013.10.008
https://doi.org/10.1016/j.placenta.2013.10.008
https://doi.org/10.1016/j.bbr.2019.01.009
https://doi.org/10.1016/j.bbr.2019.01.009
https://doi.org/10.1016/j.bbr.2019.01.009
https://doi.org/10.1111/acer.14685
https://doi.org/10.1111/acer.14685
https://doi.org/10.1242/dev.172205
https://doi.org/10.1242/dev.172205
https://doi.org/10.1016/j.rbmo.2020.10.015
https://doi.org/10.1016/j.rbmo.2020.10.015
https://doi.org/10.1016/j.placenta.2007.10.002
https://doi.org/10.1016/j.ajog.2021.06.078
https://doi.org/10.1016/j.ajog.2021.06.078
https://doi.org/10.1186/s40478-017-0444-6
https://doi.org/10.1186/s40478-017-0444-6
https://doi.org/10.1016/j.reprotox.2012.04.002
https://doi.org/10.1016/j.ajog.2021.07.028
https://doi.org/10.1016/j.ajog.2021.07.028
https://doi.org/10.1016/j.ajog.2017.01.016
https://doi.org/10.1016/j.ajog.2017.01.016
https://doi.org/10.2217/epi-2017-0147
https://doi.org/10.2217/epi-2017-0147
https://doi.org/10.1016/j.yfrne.2023.101103
https://doi.org/10.1016/j.yfrne.2023.101103
https://doi.org/10.3390/ijms241713484
https://doi.org/10.3390/ijms241713484
https://doi.org/10.1016/j.expneurol.2021.113919
https://doi.org/10.1016/j.expneurol.2021.113919
https://doi.org/10.1093/jn/132.8.2367S
https://doi.org/10.1016/S0741-8329(01)00201-4
https://doi.org/10.1096/fj.202201865R
https://doi.org/10.1096/fj.202201865R
https://doi.org/10.1038/srep31705
https://doi.org/10.1038/srep31705
https://doi.org/10.1016/j.molcel.2021.03.009
https://doi.org/10.1016/j.molcel.2021.03.009
https://doi.org/10.1093/jn/124.11.2197
https://doi.org/10.1093/jn/124.11.2197

3

—_

32.

33.

34.

35.

3

(=)}

39.
40.

4

—_

42.

4

w

44.

45.

46.

47.

4

o

5

—

52.

5

w

54.

55.

56.

57.

58.

59.

60.

6

—

6

(o8]

64.

6

(%

66.

6

~

6

oo

CLINICAL RESEARCH AND PUBLIC HEALTH

. Steane SE, et al. The role of maternal choline, folate and one-carbon metabolism in mediating the impact of prenatal alcohol

exposure on placental and fetal development. J Physiol. 2023;601(6):1061-1075.

NHMRC. Nutrient Reference Values for Australia and New Zealand Including Recommended Dietary Intakes. https://www.
nhmrc.gov.au/about-us/publications/nutrient-reference-values-australia-and-new-zealand-including-recommended-dietary-intakes.
Accessed December 16, 2024.

‘WHO. Serum and red blood cell folate concentrations for assessing folate status in populations. http://apps.who.int/iris/bitstream/
handle/10665/75584/ WHO_NMH_NHD_EPG_12.1_eng.pdf. Accessed December 16, 2024.

Molté-Puigmarti C, et al. Maternal plasma choline and betaine in late pregnancy and child growth up to age 8 years in the
KOALA birth cohort study. Am J Clin Nutr. 2021;114(4):1438-1446.

‘Wu BT, et al. Early second trimester maternal plasma choline and betaine are related to measures of early cognitive develop-
ment in term infants. PLoS One. 2012;7(8):e43448.

. Figueras F, et al. Diagnosis and surveillance of late-onset fetal growth restriction. Am J Obstet Gynecol. 2018;218(2s):S790-S802.
37.
38.

Moreta D, Benzie R. Cerebro-placental ratio - is it time to start putting it to use? Australas J Ultrasound Med. 2017;20(4):139-140.
Reale SC, Farber MK. The cerebroplacental ratio: a new standard diagnostic tool at term gestation to assess fetal risk in labour?
Lancet. 2024;403(10426):506-508.

Flatley C, et al. Placental weight centiles adjusted for age, parity and fetal sex. Placenta. 2022;117:87-94.

DeVore GR. The importance of the cerebroplacental ratio in the evaluation of fetal well-being in SGA and AGA fetuses. Am J
Obstet Gynecol. 2015;213(1):5-15.

.Ramirez Zegarra R, et al. Mechanisms of fetal adaptation to chronic hypoxia following placental insufficiency: a review. Fetal

Diagn Ther. 2022;49(5-6):279-292.
Wladimiroff JW, et al. Doppler ultrasound assessment of cerebral blood flow in the human fetus. BrJ Obstet Gynaecol.
1986;93(5):471-475.

. Richter AE, et al. Fetal brain-sparing, postnatal cerebral oxygenation, and neurodevelopment at 4 years of age following fetal

growth restriction. Front Pediatr. 2020;8:225.

Stampalija T, et al. An abnormal cerebroplacental ratio (CPR) is predictive of early childhood delayed neurodevelopment in the
setting of fetal growth restriction. Am J Obstet Gynecol. 2020;222(4):391-392.

Mula R, et al. Increased fetal brain perfusion and neonatal neurobehavioral performance in normally grown fetuses. Fetal Diagn
Ther. 2013;33(3):182-188.

May PA, Gossage JP. Maternal risk factors for fetal alcohol spectrum disorders: not as simple as it might seem. Alcohol Res
Health. 2011;34(1):15-26.

Johnson KM, et al. Association between in vitro fertilization and ischemic placental disease by gestational age. Fertil Steril.
2020;114(3):579-586.

. English FA, et al. Risk factors and effective management of preeclampsia. Integr Blood Press Control. 2015;8:7-12.
49.
50.

Gardosi J, et al. Maternal and fetal risk factors for stillbirth: population based study. BMJ. 2013;346:f108.
Lodge J, et al. The fetal cerebroplacental ratio in pregnancies complicated by hypertensive disorders of pregnancy. Aust N Z J
Obstet Gynaecol. 2021;61(6):898-904.

. Morales-Rosello J, et al. Is it possible to predict late antepartum stillbirth by means of cerebroplacental ratio and maternal char-

acteristics? J Matern Fetal Neonatal Med. 2020;33(17):2996-3002.
Mullany K, et al. Overview of ectopic pregnancy diagnosis, management, and innovation. Womens Health (lond).
2023;19:17455057231160349.

. Pickell L, et al. Methylenetetrahydrofolate reductase deficiency and low dietary folate increase embryonic delay and placental

abnormalities in mice. Birth Defects Res A Clin Mol Teratol. 2009;85(6):531-541.

Rahat B, et al. Folic acid levels during pregnancy regulate trophoblast invasive behavior and the possible development of pre-
eclampsia. Front Nutr. 2022;9:847136.

Ahmed T, et al. Effect of folic acid on human trophoblast health and function in vitro. Placenta. 2016;37:7-15.

Hollstedt C, et al. Outcome of pregnancy in women treated at an alcohol clinic. Acta Psychiatr Scand. 1983;67(4):236-248.
Vuorela P, et al. Hepatocyte growth factor, epidermal growth factor, and placenta growth factor concentrations in peripheral
blood of pregnant women with alcohol abuse. Alcohol Clin Exp Res. 2002;26(5):682—687.

Qi H, et al. Methionine and leucine promote mTOR gene transcription and milk synthesis in mammary epithelial cells through
the eEF1Ba-UBRS5-ARIDI1A signaling. J Agric Food Chem. 2024;72(20):11733-11745.

Kalisch-Smith JI, et al. Review: sexual dimorphism in the formation, function and adaptation of the placenta. Placenta.
2017;54:10-16.

Clifton VL. Review: sex and the human placenta: mediating differential strategies of fetal growth and survival. Placenta. 2010;31
Suppl:S33-S39.

. Orzack SH, et al. The human sex ratio from conception to birth. Proc Natl Acad Sci U S A. 2015;112(16):E2102-E2111.
62.

Wang T, et al. Sex ratio shift after frozen single blastocyst transfer in relation to blastocyst morphology parameters. Sci Rep.
2024;14(1):9539.

.Tan K, et al. Impaired imprinted X chromosome inactivation is responsible for the skewed sex ratio following in vitro fertiliza-

tion. Proc Natl Acad Sci U S A. 2016;113(12):3197-3202.
Buckberry S, et al. Integrative transcriptome meta-analysis reveals widespread sex-biased gene expression at the human fetal-ma-
ternal interface. Mol Hum Reprod. 2014;20(8):810-819.

. Barapatre N, et al. The density of cell nuclei at the materno-fetal exchange barrier is sexually dimorphic in normal placentas,

but not in IUGR. Sci Rep. 2019;9(1):2359.
Evans L, Myatt L. Sexual dimorphism in the effect of maternal obesity on antioxidant defense mechanisms in the human pla-
centa. Placenta. 2017;51:64—69.

. Probst Y, et al. Estimated choline intakes and dietary sources of choline in pregnant australian women. Nutrients.

2022;14(18):3819.

. Staskova L, et al. The distribution of dietary choline intake and serum choline levels in Australian women during pregnancy

JCl Insight 2025;10(3):e186096 https://doi.org/10.1172/jci.insight.186096 19


https://doi.org/10.1172/jci.insight.186096
https://doi.org/10.1113/JP283556
https://doi.org/10.1113/JP283556
https://www.nhmrc.gov.au/about-us/publications/nutrient-reference-values-australia-and-new-zealand-including-recommended-dietary-intakes
https://www.nhmrc.gov.au/about-us/publications/nutrient-reference-values-australia-and-new-zealand-including-recommended-dietary-intakes
http://apps.who.int/iris/bitstream/handle/10665/75584/WHO_NMH_NHD_EPG_12.1_eng.pdf
http://apps.who.int/iris/bitstream/handle/10665/75584/WHO_NMH_NHD_EPG_12.1_eng.pdf
https://doi.org/10.1093/ajcn/nqab177
https://doi.org/10.1093/ajcn/nqab177
https://doi.org/10.1371/journal.pone.0043448
https://doi.org/10.1371/journal.pone.0043448
https://doi.org/10.1016/j.ajog.2017.12.003
https://doi.org/10.1002/ajum.12077
https://doi.org/10.1016/S0140-6736(23)02453-4
https://doi.org/10.1016/S0140-6736(23)02453-4
https://doi.org/10.1016/j.placenta.2021.10.011
https://doi.org/10.1016/j.ajog.2015.05.024
https://doi.org/10.1016/j.ajog.2015.05.024
https://doi.org/10.1159/000525717
https://doi.org/10.1159/000525717
https://doi.org/10.1111/j.1471-0528.1986.tb08656.x
https://doi.org/10.1111/j.1471-0528.1986.tb08656.x
https://doi.org/10.3389/fped.2020.00225
https://doi.org/10.3389/fped.2020.00225
https://doi.org/10.1016/j.ajog.2019.12.012
https://doi.org/10.1016/j.ajog.2019.12.012
https://doi.org/10.1159/000350699
https://doi.org/10.1159/000350699
https://doi.org/10.1016/j.fertnstert.2020.04.029
https://doi.org/10.1016/j.fertnstert.2020.04.029
https://doi.org/10.1136/bmj.f108
https://doi.org/10.1111/ajo.13400
https://doi.org/10.1111/ajo.13400
https://doi.org/10.1080/14767058.2019.1566900
https://doi.org/10.1080/14767058.2019.1566900
https://doi.org/10.1177/17455057231160349
https://doi.org/10.1177/17455057231160349
https://doi.org/10.1002/bdra.20575
https://doi.org/10.1002/bdra.20575
https://doi.org/10.3389/fnut.2022.847136
https://doi.org/10.3389/fnut.2022.847136
https://doi.org/10.1016/j.placenta.2015.11.012
https://doi.org/10.1111/j.1600-0447.1983.tb06737.x
https://doi.org/10.1111/j.1530-0277.2002.tb02591.x
https://doi.org/10.1111/j.1530-0277.2002.tb02591.x
https://doi.org/10.1021/acs.jafc.4c00973
https://doi.org/10.1021/acs.jafc.4c00973
https://doi.org/10.1016/j.placenta.2016.12.008
https://doi.org/10.1016/j.placenta.2016.12.008
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1073/pnas.1416546112
https://doi.org/10.1038/s41598-024-59939-y
https://doi.org/10.1038/s41598-024-59939-y
https://doi.org/10.1073/pnas.1523538113
https://doi.org/10.1073/pnas.1523538113
https://doi.org/10.1093/molehr/gau035
https://doi.org/10.1093/molehr/gau035
https://doi.org/10.1038/s41598-019-38739-9
https://doi.org/10.1038/s41598-019-38739-9
https://doi.org/10.1016/j.placenta.2017.02.004
https://doi.org/10.1016/j.placenta.2017.02.004
https://doi.org/10.3390/nu14183819
https://doi.org/10.3390/nu14183819
https://doi.org/10.1007/s00394-023-03186-w

69.

7

(=}

7

—_

72.
. Collins CE, et al. The comparative validity and reproducibility of a diet quality index for adults: the Australian recommended

7

w

74.

75.

76.
77.

78.

79.

80.

CLINICAL RESEARCH AND PUBLIC HEALTH

and associated early life factors. Eur J Nutr. 2023;62(7):2855-2872.
Yan J, et al. Pregnancy alters choline dynamics: results of a randomized trial using stable isotope methodology in pregnant and
nonpregnant women. Am J Clin Nutr. 2013;98(6):1459-1467.

. Jacobson SW, et al. Efficacy of maternal choline supplementation during pregnancy in mitigating adverse effects of prenatal

alcohol exposure on growth and cognitive function: a randomized, double-blind, placebo-controlled clinical trial. Alcohol Clin
Exp Res. 2018;42(7):1327-1341.

. Coles CD, et al. Dose and timing of prenatal alcohol exposure and maternal nutritional supplements: developmental effects on

6-month-old infants. Matern Child Health J. 2015;19(12):2605-2614.
Borg D, et al. Queensland family cohort: a study protocol. BMJ Open. 2021;11(6):e044463.

food score. Nutrients. 2015;7(2):785-798.

ABS. Australian Bureau of Statistics; 1998. https://www.abs.gov.au/ AUSSTATS/abs@.nsf/DetailsPage/
1301.01998?0OpenDocument. Accessed December 16, 2024.

AUSNUT. AUSNUT 2011-13; 2014. https://www.foodstandards.gov.au/science-data/food-composition-databases/ausnut.
Accessed January 24, 2025.

Probst Y, et al. Development of a choline database to estimate Australian population intakes. Nutrients. 2019;11(4):913.
Garcia E, et al. Quantification of choline in serum and plasma using a clinical nuclear magnetic resonance analyzer. Clin Chim
Acta. 2022;524:106-112.

Edwards C, et al. Changes in placental elastography in the third trimester - analysis using a linear mixed effect model. Placenta.
2021;114:83-89.

Acharya G, et al. Sex-specific reference ranges of cerebroplacental and umbilicocerebral ratios: longitudinal study. Ultrasound
Obstet Gynecol. 2020;56(2):187-195.

Burton GJ, et al. Optimising sample collection for placental research. Placenta. 2014;35(1):9-22.

JCl Insight 2025;10(3):e186096 https://doi.org/10.1172/jci.insight.186096 20


https://doi.org/10.1172/jci.insight.186096
https://doi.org/10.1007/s00394-023-03186-w
https://doi.org/10.3945/ajcn.113.066092
https://doi.org/10.3945/ajcn.113.066092
https://doi.org/10.1111/acer.13769
https://doi.org/10.1111/acer.13769
https://doi.org/10.1111/acer.13769
https://doi.org/10.1007/s10995-015-1779-x
https://doi.org/10.1007/s10995-015-1779-x
https://doi.org/10.1136/bmjopen-2020-044463
https://doi.org/10.3390/nu7020785
https://doi.org/10.3390/nu7020785
https://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/
1301.01998?OpenDocument
https://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/
1301.01998?OpenDocument
https://www.foodstandards.gov.au/science-data/food-composition-databases/ausnut
https://doi.org/10.3390/nu11040913
https://doi.org/10.1016/j.cca.2021.11.031
https://doi.org/10.1016/j.cca.2021.11.031
https://doi.org/10.1016/j.placenta.2021.09.001
https://doi.org/10.1016/j.placenta.2021.09.001
https://doi.org/10.1002/uog.21870
https://doi.org/10.1002/uog.21870
https://doi.org/10.1016/j.placenta.2013.11.005

