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Abstract

Background: During pregnancy, the demand for folic acid increases since the fetus requires this nutrient for its rapid growth
and cell proliferation. The placenta concentrates folic acid into the fetal circulation; as a result the fetal levels are 2 to 4 times
higher than the maternal level. Animal and in vitro studies have suggested that alcohol may impair transport of folic acid
across the placenta by decreasing expression of transport proteins. We aim to determine if folate transfer to the fetus is
altered in human pregnancies with chronic alcohol consumption.

Methodology/Principal Findings: Serum folate was measured in maternal blood and umbilical cord blood at the time of
delivery in pregnancies with chronic and heavy alcohol exposure (n = 23) and in non-drinking controls (n = 24). In the
alcohol-exposed pairs, the fetal:maternal serum folate ratio was #1.0 in over half (n = 14), whereas all but one of the controls
were .1.0. Mean folate in cord samples was lower in the alcohol-exposed group than in the controls (33.15619.89 vs
45.91620.73, p = 0.04).

Conclusions/Significance: Our results demonstrate that chronic and heavy alcohol use in pregnancy impairs folate
transport to the fetus. Altered folate concentrations within the placenta and in the fetus may in part contribute to the
deficits observed in the fetal alcohol spectrum disorders.
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Introduction

During pregnancy, the demand for folic acid increases since this

nutrient is critically important for DNA synthesis and cell

proliferation. During pregnancy, the placenta concentrates folic

acid into the fetal circulation and as a result fetal levels are 2- to 4-

fold higher than maternal [1–9]. The fetal requirement for folate

during pregnancy is paramount such that cord folate status is

maintained even when maternal status is low [10]. Transport of

folates across the placenta is mediated by placental folate receptors

(PFRs) [11], namely folate receptor-a (FR-a) at the microvillous

membrane of the syncytiotrophoblast [12,13]. Folate in the

maternal circulation binds to FR-a, where it binds with high

affinity and is internalized through receptor-mediated endocytosis

[14] (Figure 1). Other transporters including the reduced folate

carrier (RFC) and the proton-coupled folate transporter (PCFT)

are also important for the placental uptake of folate [15,16]. This

results in a high intervillous blood concentration of folate within

the placenta where it can be transported to the fetus by passive

diffusion and by the RFC [11,12]. This mechanism of transport is

established early in pregnancy (within the first trimester [13]) as

folate is vital to the proper development of the fetus.

Animal and in vitro studies have suggested that alcohol may

impair transport of folic acid across the placenta by decreasing

expression of folate transport proteins [14,17,18]. Indeed, there

are similarities between deficits observed in the fetal alcohol

spectrum disorders (FASD) and folate status during pregnancy.

These similarities include common physical malformations such as

neural tube defects, congenital heart defects, and limb defects [19–

21]. Furthermore, lower folate status has been associated with

hyperactivity, peer problems, and lower cognitive function

[22,23], which are all neuro-developmental consequences of

alcohol exposure during pregnancy [20].

Folic acid is also important as an antioxidant during pregnancy.

Alcohol consumption during pregnancy creates oxidative stress to

both the placenta and fetus and this stress can be mitigated by folic

acid [24,25]. Formic acid, the toxic metabolite of methanol, has

been reported in the sera of alcohol abusing patients and has also

recently been detected in umbilical cord blood from pregnancies

with heavy amounts of alcohol consumption [26]. Formic acid can

lead to neurotoxicity and oxidative stress [27]. Folic acid is

required for the detoxification of formic acid. Folic acid is critical

to the rate of detoxification of formic acid [28]. Furthermore, in

PLoS ONE | www.plosone.org 1 May 2012 | Volume 7 | Issue 5 | e38057



folate deficient animals, the adverse effects to the fetus after

alcohol exposure are more severe compared to controls [29,30].

Taken together, proper placental transfer of folic acid is critical to

proper fetal development and can influence the fetal effects of

alcohol.

To our knowledge, there are no studies that determine fetal

folate levels from pregnancies affected by heavy alcohol use. We

hypothesize that folate transfer to the fetus is impaired in alcohol-

exposed pregnancies and that this may, in part, be responsible for

the deficits associated with the fetal alcohol spectrum disorders

(FASDs).

Methods

All procedures and protocols received prior approval from the

Institutional Research Ethics Board. The most severe diagnosis

under the FASDs is fetal alcohol syndrome (FAS). Children with

FAS are usually born to mothers who consume large amounts of

alcohol in the pregnancy and for a long duration. However, there

is large variation in the deficits produced with alcohol consump-

tion and likely results from differences in amount consumed,

drinking patterns, genetics, and nutrition. Only women consuming

heavy amounts throughout the pregnancy were included in this

study and are thus the women most at risk of having a child

affected by FAS. This avoided any variability that may result from

differences in amount of alcohol consumed and timing of

exposure. Healthy women with no known illicit drug or alcohol

use during pregnancy were also recruited to be representative of

the general population to serve as our comparison group. As part

of this study, the infants were offered follow up care and diagnostic

testing for the FASDs.

Written informed consent was obtained from the alcohol

abusing mothers included in this study. Maternal and cord blood

samples were collected at the time of delivery. These women were

identified at the time of delivery and questionnaires regarding drug

use were administered after delivery. For controls maternal and

cord blood samples were collected as part of routine clinical

workup of women delivering at the hospital. Plasma folic acid was

measured in our routine clinical laboratory by chemiluminescent

immunoassay using the Beckman Coulter UniCel DxI 800

AccessH Immunoassay System (Beckman Coulter Canada, Inc.,

Mississauga, Ont. Canada). Manufacturer recommended assay

protocol was used. Besides folic acid results no other information

on these women was available to us.

Normally distributed data were compared as follows: maternal

and fetal folate levels were compared using a paired t-test; folate

levels in the control group compared to the alcohol group were

compared using an independent t-test. Pearson correlation was

used to compare maternal and fetal folate levels. Fetal to Maternal

folate ratios were compared using the Mann Whitney U Test

because they were not normally distributed. Significance was

Figure 1. The transport proteins present on the syncytiotrophoblast that are involved in the transfer of folate to the fetal
circulation.
doi:10.1371/journal.pone.0038057.g001
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obtained if p,0.05 and all performed tests were two-tailed (where

applicable).

Results and Discussion

Twenty-three women consuming heavy amounts throughout

the pregnancy were included in this study. Twenty-four women

were recruited from the general population to serve as the

comparison group with no known illicit drug or alcohol use during

pregnancy. Maternal demographics and fetal information for the

women drinking alcohol during pregnancy is given in Table 1.

Maternal age for this group ranged from 16 to 44 years. All

women reported regular alcohol consumption throughout the

pregnancy and were considered to be dependent users. The

women were not recruited until later in their pregnancy and self-

reported alcohol consumption ranged from daily use to .8 drinks

per week. The women included in this cohort were being followed

by an FASD clinic and were therefore considered at high risk of

having an affected child because of their alcohol consumption. In

addition to alcohol, fourteen women reported occasional to

frequent cocaine use, eight reported marijuana use, and two

reported opiate use during the pregnancy. Cigarette use was also

common to this population.

In order to determine whether the placenta was concentrating

folate to the fetal circulation, we calculated the fetal to maternal

(F:M) folate ratio using the serum folate measurements from the

mother-cord pairs. The F:M folate ratio was #1.0 in over half

(n = 14) of the alcohol-exposed pairs, whereas all but one of the

controls were .1.0 (Figure 2). The F:M folate ratios in the alcohol

group were significantly lower than the control group (p = 0.014).

Also, there was large variability observed in the F:M folate ratios in

the alcohol group (range 0.24 to 7.65) and not in the control group

(range 0.79 to 3.18), suggesting that the tight regulation of folate

transport to the fetus is deregulated (Figure 3).

As expected, the fetal folate levels in the control group were

significantly higher than maternal in controls

(45.91 nM620.73 nM vs 26.99 nM611.18 nM, p,0.0001)

(Figure 4). This finding has been reported in all studies to date

comparing maternal and fetal folate levels [1–9]. However, this

finding was not observed in the alcohol group and there was a

trend for lower fetal levels compared to maternal

(33.15 nM619.89 nM vs 38.13 nM629.55 nM, respectively,

p = 0.461). Furthermore, there was no correlation between the

maternal and cord folate levels in the alcohol group (R2 = 0.051,

p = 0.226), yet there was the expected correlation in the control

group (R2 = 0.550, p = 0.018). Together, these data support folate

transport being impaired in pregnancies affected by chronic and

heavy alcohol use. Because only half of mother-fetal pairs had a

F:M folate ratio of less than one, this suggests variability in the

effect. This could result from differences in drinking patterns,

genetic susceptibility, or other drug use in addition to alcohol (to

be discussed below).

After observing an impaired ability to concentrate folic acid to

the fetus, we next wanted to see if the actual folate concentration

in the fetal circulation was lower in the alcohol-exposed group.

Indeed, folate levels were significantly lower in cord blood in

alcohol-exposed fetuses compared to controls (p = 0.04). Interest-

ingly, there was no difference in folate levels between the alcohol-

using and control women. There was a trend for increased folate

levels in the alcohol group. This was not expected since folate

deficiency is common with chronic alcohol consumption [31].

Two studies however, have reported higher folate levels in alcohol-

using pregnant women compared to controls and may reflect

women drinking beer, which contains folates [32,33]. Despite

having higher maternal folate levels, fetal folate levels were still

lower in the alcohol group – emphasizing that alcohol likely

deregulates placental folate transport.

It has been suggested that alcohol consumption during

pregnancy may alter the placental transport of folate in animal

and in vitro studies; however, no conclusion has been reached. In

vitro studies using both a choriocarcinoma cell line (BeWo) and

primary trophoblast cells from human term placentas demon-

strated decreased folic acid uptake after chronic exposure to

ethanol [14,18]. Furthermore, after chronic exposure in rats, there

was a decrease in folic acid binding [17]. Conversely, other studies

have shown that alcohol may not alter folate transport. Dual-

perfusion of a single lobule from a term human placenta did not

demonstrate altered folate binding or transfer after treatment with

ethanol [11]. Similarly, a single ethanol exposure to rats during

pregnancy did not alter transport of folate [29]. The different

findings likely result from the type of exposure since only those

studies where there was chronic alcohol exposure showed a

decreased effect. Our study population in the alcohol group was

consuming alcohol continuously during pregnancy and is in

concordance with the chronic animal and in vitro studies.

Decreased folate transfer may be a result of altered expression of

the folate binding and transport proteins, including FR-a, RFC,

and PCFT. After chronic alcohol exposure in vitro, primary

trophoblasts and BeWo cells had reduced mRNA expression of

Table 1. Demographic information on alcohol-using women
included in this study and fetal parameters. (n = 23).

Mean (SD)

Maternal age 29.2 (6.9) years

Gravidity 4.8 (3.4)

Parity 2.4 (1.9)

Gestational age 36.6 (1.6) weeks

Length 42.3 (3.2) cm

Head Circumference 32.3 (1.4) cm

Birth weight 2830 (421) g

doi:10.1371/journal.pone.0038057.t001

Figure 2. Scatter-plot of the fetal to maternal (F:M) folate ratios
as measured in cord blood and maternal blood, respectively, at
the time of delivery.
doi:10.1371/journal.pone.0038057.g002
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RFC and FR-a respectively [14,18]. However, there are no data

available looking at mRNA, protein, or folic acid uptake in human

placenta from a population similar to that in our study. Future

studies should investigate this mechanism using human placentas

from alcohol-exposed pregnancies. Since this population is difficult

and sensitive to recruit and has many co-morbidities, animal

studies may be crucial to a full mechanistic understanding.

A role for impaired folic acid transport in the development of

FASDs is further supported by animal studies. After alcohol

exposure during pregnancy in mice and rats, more adverse fetal

effects were observed in those born to mothers receiving a folate

free diet [30,34]. Furthermore, several recent animal studies have

reported that high dose folic acid can mitigate the adverse fetal

effects induced by alcohol, especially measures of oxidative stress

[25,35–38]. A recent study has demonstrated that administration

of folic acid by injection decreases fetal resorption and malforma-

tions in mice consuming ethanol in pregnancy [39]. These findings

suggests that it may be possible to overcome the decreased

placental transfer observed in this study if maternal levels are high

enough.

The fetotoxic effects resulting from folate deficiency may result

from different possible pathways. Folic acid is critically important

for DNA synthesis and cell proliferation as well as in cellular

protection through its antioxidant properties [40]. Folate deficien-

cy within the placenta has also been shown to alter placental DNA

methylation [41]. Fetal growth and development are closely linked

to DNA methylation [41]. Disruption in placental DNA methyl-

ation may have a role in the Developmental Origins of Adult

Health and Disease hypothesis and alterations in the placenta have

already been associated with the future risk of cardiovascular

disease and cancer [42].

An additional complication that may arise from folate deficiency

is related to formic acid, the toxic metabolite of methanol. Formic

acid has recently been detected in maternal and cord blood in

pregnancies with chronic ethanol exposure [26]. This formic acid

is endogenously produced from methanol naturally found in

alcoholic beverages as well as methanol produced as a by-product

Figure 3. Corresponding maternal and fetal folate concentrations at the time of delivery in pregnancies with (A) heavy alcohol
exposure and (B) in controls.
doi:10.1371/journal.pone.0038057.g003
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in the pituitary [43]. Formic acid requires folic acid for

detoxification. A recent study by our group observed a negative

correlation between formic acid in cord blood and cognitive

function (r = 20.6154, p = 0.025, n = 12 at 12 months and

r = 20.6241, p = 0.023, n = 13 at 18 months) using Bayley scores

[26]. Formic acid has been shown to cause neuronal cell death in

the rat hippocampal explants and this could be mitigated by the

folic acid [27]. Thus, lower levels of folate may leave the fetus

more vulnerable to the potential toxic effects of formic acid.

The women included in our study in the alcohol group also

reported use of other drugs of abuse, including cocaine,

tetrahydrocannabinol (THC in marijuana), and cigarettes. The

influence of these drugs on folate transfer cannot be ruled out.

However, in vitro studies do not support a role for cocaine in

altering folate transport. Studies using primary trophoblasts

showed that acute or chronic exposure to cocaine did not alter

folate uptake [14]. However, chronic exposure (but not acute) to

THC, did decrease folate uptake in primary trophoblasts [14].

Furthermore, amphetamine, and ectasy (MDMA) decreased folate

uptake after both acute and chronic exposure. No women in our

study reported use of amphetamine or ecstasy, however, self-report

may not be 100% accurate due to the stigma associated with illicit

drug use. Also, it is unknown whether the reported occasional use

of THC by the three women in this study would be enough to

cause an effect on folate transport since chronic exposure was

needed in the in vitro studies to have an effect.

There are currently no in vivo data available that relate folate

transport to drugs of abuse; however, there are studies evaluating

folate transport in pregnancy to cigarette smoking in pregnancy. A

small decrease in cord folate levels was determined in infants born

to smoking mothers compared to non-smoking mothers [8].

However, the fetal folate levels remained higher than maternal

and the positive linear relationship was maintained in the smoking

group. The decrease in fetal folate levels and transfer was more

profound in our study population; thus the observed effect in our

study is a result of more than simply maternal cigarette use. An

interaction or additive effect between smoking, alcohol, and other

drugs of abuse may be possible and should be further investigated.

To our knowledge, this is the first study to show that folic acid

transport to the fetus is compromised in pregnancies affected by

heavy and chronic alcohol exposure. Decreased levels of folate

available to the fetus as well as bound to the placenta itself may in

part be responsible for the deficits observed in the FASDs.

Although our study was focused on FASD, low fetal folate may

also be part of the aetiologies of diseases seen in children born to

chronic alcohol drinking women during pregnancy. Although

future studies are needed to address the mechanism for the

decreased folate transfer, current practice should continue to

properly counsel pregnant women and women of childbearing age

on proper folic acid supplementation as well as abstinence from

alcohol during pregnancy.
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