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Abstract
Maternal nutrition status plays an important role in the development of fetal alcohol spectrum disorders (FASD), but its direct evidence is
lacking. This study compared a standard chow with a semi-purified energy-dense (E-dense) diet on birth and metabolic outcomes in rats
after ethanol (EtOH) consumption during pregnancy. Pregnant Sprague–Dawley rats were randomised into four groups: chow (n 6),
chow þ EtOH (20 %, v/v) (n 7), E-dense (n 6) and E-dense þ EtOH (n 8). Birth outcomes including litter size, body and organ weights
were collected. Metabolic parameters were measured in dams and pups at postnatal day (PD) 7. Maternal EtOH consumption decreased
body weights (P < 0·0001) and litter sizes (P < 0·05) in chow-fed dams. At PD7, pups born to dams fed the E-dense diet had higher body
(P < 0·002) and liver weights (P < 0·0001). These pups also had higher plasma total cholesterol (P < 0·0001), TAG (P < 0·003) and alanine
aminotransferase (P < 0·03) compared with those from chow-fed dams. Dams fed the E-dense diet had higher plasma total (P < 0·0001) and
HDL-cholesterol (P < 0·0001) and lower glucose (P < 0·0001). EtOH increased total cholesterol (P < 0·03) and glucose (P < 0·05) only in
dams fed the E-dense diet. Maternal exposure to the E-dense diet attenuated prenatal EtOH-induced weight loss and produced different
metabolic outcomes in both dams and pups. While the long-lasting effects of these outcomes are unknown, this study highlights the impor-
tance of maternal diet quality for maternal health and infant growth and suggests that maternal nutrition intervention may be a potential
target for alleviating FASD.
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Maternal alcohol consumption during pregnancy can result in a
wide range of birth defects and developmental disabilities in
children, collectively known as fetal alcohol spectrum disorders
(FASD). In Canada, the prevalence of FASD is estimated as nine
per 1000 live births(1). The true prevalence of FASD is unknown,
likely due to underreported cases and misdiagnose(2); however,
the estimated annual cost of FASD was estimated at approxi-
mately $1·8 billion in Canada in 2013(3). To this end, many efforts
have been made to reduce the incidence of FASD, but none has
been successful.

Maternal nutrition during pregnancy is critical for fetal and
infant growth and development. While nutrition requirements
are increased to meet the physiological demands during preg-
nancy, poormaternal nutrition can result in adversebirth outcomes,
including low birth weight, preterm birth and intra-uterine growth
restriction(4). It is well-known that alcohol consumption during

pregnancy can decrease food intake and interfere with nutrient
digestion and absorption, leading topoormaternal nutritional status
and adverse birth outcomes(5–7). A population-based study in South
Africa showed that mothers of children with FASD had a signifi-
cantly lower nutrient intake than those of children without
FASD(5). Another population-based cohort study found thatmoder-
ate alcohol consumption (oneormore drinks per d,with eachdrink
containing about 12 g of alcohol) during pregnancy was associated
with low birth weight (<2500 g) and preterm birth (<37weeks of
gestation)(6). Conversely, these adverse effects of alcohol consump-
tion during pregnancy may be reversed by maternal nutrition. A
prospective cohort study reported that multi-vitamin/mineral sup-
plementation during pregnancy reduced the negative effects of
alcohol consumption during pregnancy on cognitive development
in 6-month-old children(8). Therefore, maternal nutrition plays an
important role in the development of FASD.

* Corresponding author: Miyoung Suh, email miyoung.suh@umanitoba.ca

Abbreviations: E-dense, energy-dense; EtOH, ethanol; FASD, fetal alcohol spectrum disorders; Glu, glucose; PD, postnatal day; prot, protein; TC, total
cholesterol.

British Journal of Nutrition (2021), 126, 1130–1139 doi:10.1017/S0007114520005152
© The Author(s), 2020. Published by Cambridge University Press on behalf of The Nutrition Society

https://doi.org/10.1017/S0007114520005152  Published online by Cam
bridge U

niversity Press

mailto:miyoung.suh@umanitoba.ca
https://doi.org/10.1017/S0007114520005152
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0007114520005152&domain=pdf
https://doi.org/10.1017/S0007114520005152


Because of practical and ethical limitations in studies using
humans, various animal models are used to study FASD.
Specifically, rodents are commonly utilised due to their short
periods of gestation and have shown to mimic most of the fea-
tures of FASD in humans(9). Interestingly, the majority of rodent
studies investigating the effect of maternal alcohol (in the form of
ethanol, EtOH) consumption during pregnancy have used stan-
dard chow diet. These studies often reported detrimental EtOH
effects on birth outcomes, such as reduced litter size, low birth
weights, reduced fetal and placental weights and fetal malforma-
tion(10–12). In contrast, studies feeding a formulated semi-purified
diet to pregnant rats, commonly used in nutrition studies, found
no significant decreases in litter size, placental weight or fetal
weight after EtOH exposure for the first 10 d of pregnancy or
throughout pregnancy(13,14). This semi-purified diet was formu-
lated to provide energy representing the current macronutrient
intake of pregnant women in North America, providing 17·4–
17·9 kJ/g (kJ (%) composed of carbohydrate 50 %, protein (prot)
17·5 % and fat 32·5 %)(13,14), which is higher than that of standard
chow (14·0 kJ/g, LabDiet Rodent 5001). An earlier study which
compared a chow (12·5 kJ/g, Panlab, A04) with a semi-purified
diet (15·4 kJ/g, increased kJ of carbohydrate and fat of the chow,
4·7 and 2·6 %, respectively; composed of carbohydrate 73 %,
prot 12·5 % and fat 14·5 %), without EtOH treatment, showed sig-
nificant metabolic changes in lactating rats and their offspring(15),
suggesting that there are differential effects by these two diets on
the health of dams and offspring. Several studies also reported
that EtOH-induced poor maternal outcomes and offspring
growth were reversed when a nutritionally adequate diet and
energy-dense diet (17·6 kJ/g, kJ (%) composed of carbohydrate
55·2 %, prot 24 % and fat 20·8 %) were provided to dams(16,17).
These findings suggest that a high-energy diet could help to mit-
igate some of the adverse effects of EtOH during pregnancy. It
should be noted that although energy density is not the sole dif-
ference between the standard chow and the above formulated
semi-purified diet, a direct comparison of these diets in the same
EtOH regimen would provide a meaningful diet strategy
against FASD.

The objective of this study was to compare the effects of a
standard chow with a formulated semi-purified energy-dense
(E-dense) diet(13,14) on birth outcomes andmetabolic parameters
in dams and their offspring after EtOH consumption during preg-
nancy. The physical andmetabolic parametersweremeasured at
postnatal day (PD) 7, which represents the peak of brain growth
spurt in rats(18). The study outcomes will indicate whether mater-
nal nutrition is a contributing factor for the severity of FASD.

Methods

Experimental design

Sprague–Dawley rats (10–11 weeks old, twenty-seven females
and fourteen males) were purchased from Charles River
Laboratories and housed two rats per cage. After 1 week of accli-
matisation, female rats were randomised into four groups: (i)
chow (n 6); (ii) chow þ EtOH (n 7); (iii) E-dense (n 6) and
(iv) E-dense þ EtOH (n 8). The number of female rats planned
was six per group; however, EtOH-treated groups had fewer

pups and more neonatal deaths compared with non-EtOH
groups. Thus, an additional 1–2 female rats were included in
the two EtOH groups. EtOH was provided in drinking water
at a final concentration of 20 % (v/v). Female rats were adapted
to 20 % (v/v) EtOH over 2 weeks prior to mating: briefly, 5 %
EtOH (v/v) for the first 2 d, followed by 10 % EtOH (v/v) for
4 d, 15 % EtOH (v/v) for 4 d and finally reached to 20 % EtOH
(v/v) for the last 4 d. The 20 % (v/v) EtOH was continued
throughout mating and gestation. Non-EtOH groups were pro-
vided with tap water only. Blood alcohol concentration of
80–150mg/dl is considered a low-to-moderate EtOH intake,
whereas heavy binge drinking would provide a blood alcohol
concentration >200mg/dl(9). While studies using 20 % (v/v)
EtOH reported a blood alcohol concentration in the range of
60–110mg/dl(19,20), the blood alcohol concentration in this study
ranged from 34·6 to 51·2mg/dl during gestation as measured by
an EtOH assay kit (Abcam ab65343).

Following EtOH adaptation, a randomly selected male rat
was placed with two female rats for mating. Pregnancy was con-
firmed by a positive vaginal swab test, and this was considered as
gestational day 0. Pregnant rats were housed individually and
continued their treatment. The day of parturition was considered
as PD0, and EtOH provision was stopped at parturition. At PD3,
litters were culled to 12 pups per dam to allow equal access to
breast milk to achieve similar growth (one in the chow þ EtOH
group, one in the E-dense group and four in the E-denseþ EtOH
group had 9–11 pups, and one in the chow þ EtOH had 6 pups
due to a smaller litter size at birth or neonatal death). At PD7,
lactating dams were fasted overnight and anaesthetised with iso-
flurane, followed by cardiac puncture and decapitation. Pups
were euthanised by decapitation with sharp scissors, and trunk
blood was collected.

All animals were kept in a roomwith maintained temperature
(18–23 ºC), relative humidity (40–70 %) and controlled lighting
(12 h light–12 h dark cycle). Overall, body conditions and behav-
iour were monitored every day, and a cage change examination
was completed at a minimum once per week. Body weight of
dams was recorded once weekly over the study and that of pups
was recorded at PD3 and PD7. Food and fluid intakeswere noted
every 2–3 d over the course of the study. These basic data were
collected at about 09.00 hours. The experimental procedures
were conducted in accordance with the principles and guide-
lines of the Canadian Council on Animal Care(21) and were
approved by the Office of Research Ethic & Compliance and
Animal Care Committee at the University of Manitoba.

Diets

The animals were fed a standard chow (powdered, LabDiet
Rodent 5001) or a semi-purified E-dense diet (powdered, formu-
lated) ad libitum over the experimental period (Table 1).
Standard chow was made from unrefined ingredients such as
ground maize, dehulled soyabean meal and fishmeal, providing
14·0 kJ/g (57·9 % kJ carbohydrate, 28·7 % kJ prot and 13·4 % kJ
fat). The E-dense diet wasmade from refined ingredients and for-
mulated as previously reported(13), providing 17·7 kJ/g (50·0 % kJ
carbohydrate, 20·0 % kJ prot and 30·0 % kJ fat). The energy dis-
tribution of the E-dense diet is within the recommended
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Acceptable Macronutrient Distribution Ranges (45–65% carbohy-
drate, 10–35%prot, 20–35 % fat)(22) and is closely representing the
current macronutrient intake of pregnant women in North
America(23).

Metabolic parameters

Plasma concentrations of metabolic parameters, including total
cholesterol (TC), HDL-cholesterol, LDL-cholesterol, TAG, glu-
cose (Glc) and liver function enzymes alanine aminotransferase
and aspartate aminotransferase were measured in dams and
pups at PD7 using Cobas c 111 analyzer (Roche Diagnostics).

Statistical analysis

The main effects of diet and EtOH were analysed by two-way
ANOVA, followed by Duncan’s multiple range post hoc test.
Maternal daily food, energy and fluid intakes and body weights
were analysed by repeated-measures ANOVA followed by the
Tukey–Kramer multiple comparisons post hoc test. Maternal
EtOH intake was tested by one-way ANOVA, as non-EtOH
groupswere excluded from this test. For pups, the datawere pre-
sented as a litter mean, representing a litter being an experimen-
tal unit. Statistical significance was set at P< 0·05. Results are
expressed as mean values and standard deviations. All statistics
analyses were performed using SAS 9.4 software. A sample size
was calculated based on a similar study(15) examined metabolic

parameters, such as TAG. A minimum sample size of n 6/group
will detect significant differences between the two diet groups at
a 197·5 % change in TAG at an error rate of 0·05 with a desired
power of 80 %.

Results

Maternal intakes and body weights

Maternal intakes and body weights during EtOH adaptation,
gestation and the first week of lactation were monitored. Both
diet and EtOH significantly affectedmaternal food intakes during
these periods (Table 2, Fig. 1). Without EtOH consumption, the
food intake in dams fed the E-dense diet was lower (P< 0·05)
during gestation and lactation than those fed chow, while show-
ing no differences during EtOH adaptation. Maternal EtOH con-
sumption significantly reduced food intake in dams (P< 0·0001)
compared with those without EtOH consumption during EtOH
adaptation and gestation. Dams fed chow while consuming
EtOH had the lowest food intake during EtOH adaptation and
gestation (Fig. 1), without reaching statistically significance in
the latter period compared with dams fed E-dense diet with
EtOH (Table 2). Dams fed chow, concurrent with EtOH intake,
consumed approximately 34 and 43 % less food than their coun-
terparts without EtOH during adaptation and gestation, respec-
tively. Conversely, the food intake of dams fed the E-densewhile
consuming EtOH was approximately 22 and 18 % less than their
non-EtOH counterparts during EtOH adaptation and gestation,
respectively. During lactation, dams fed chow without EtOH
had higher food intakes (P< 0·05) than those fed the E-dense
diets.

The average energy intake (kJ/d) during each periodwas also
measured to account for differences in energy density between
the two diets. During EtOH adaptation, the energy intake was
higher (P< 0·0001) in dams fed the E-dense diet compared with
those fed chow, and lower (P< 0·0001) in dams with EtOH con-
sumption than those without EtOH consumption. During gesta-
tion, the energy intake was similar among dams without EtOH
consumption, whereas with EtOH consumption, dams fed the
E-dense diet had a higher energy intake (P < 0·05) than dams
fed chow. No significant differences were found in energy
intake among dams during lactation.

As for fluid intake in non-EtOH groups, dams fed chow had
1·7–1·9 times higher fluid intake (P< 0·05) compared with those
fed E-dense diet during EtOH adaptation, gestation and lactation
(Table 2). When administered with EtOH, dams fed chow con-
sumed 30–40 % less fluid than dams fed chow alone, but dams
fed the E-dense while consuming EtOH had similar amounts of
fluids compared with their non-EtOH counterparts during EtOH
adaptation and gestation. When EtOH provision was stopped at
parturition, dams fed chow while consuming EtOH during the
prenatal period resumed their fluid intake to similar levels as
dams fed chow alone. Dams fed the E-dense diet consumed less
fluid (P< 0·0001) than dams fed chow during lactation. EtOH
intake was similar in dams fed different diets throughout EtOH
adaptation and gestation.

Maternal body weights (weekly) changed significantly across
EtOH adaptation, gestation and the first week of lactation
(P < 0·0001) (Fig. 2). While maternal body weights were

Table 1. Composition of the experimental diets

Basal diet (g/kg) Chow* Energy-dense diet†

Carbohydrate 487·0 527·0
Starch 219·0 336·0
Sucrose 31·5 –
Dextrose – 191·0

Protein 241·0 211·0
Fat 50·0‡ 140·5
Beef tallow – 91·3
Rapeseed oil – 6·60
Maize oil – 36·1
Flax oil – 1·12
ARASCO – 0·42
DHASCO – 4·92

Fibre 52·0 50·0
Vitamin 0·21§ 10·0
Mineral 69·0 50·0
Choline chloride 2·25 2·75
Inositol – 6·24
L-Methionine 6·0|| 2·50
Tert-butylhydroquinone – 0·01
Energy (%)
Carbohydrate 57·9 50·0
Protein 28·7 20·0
Fat 13·4 30·0
Energy density (kJ/g) 14·0 17·7

* Chow, powdered, LabDiet Rodent 5001.
† Energy-dense diet, powdered, formulated. Diet ingredients, including vitamin mix
(AIN-93M) and mineral mix (AIN-93VX) were purchased from Dyets Inc. Fat mixture
was formulated based on the previous study(13), and oils were purchased from
Loblaws Inc. and Sobeys Inc. ARASCO and DHASCO, the source of arachidonic
acid and DHA, respectively, were donated from DSM.

‡ The source of fat of chow was from unrefined ingredients, including dehulled soya-
bean meal, fishmeal, porcine animal fat preserved with DHA and citric acid, porcine
meat and bone meal.

§ The total amount of vitamin listed in chow was re-calculated to metric units, and
ascorbic acid was not included as shown in LabDiet Rodent 5001; the composition
of vitamin mixture was available online.

|| Chow contains DL-methionine.
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maintained in the descending order of E-dense > chow >
E-denseþ EtOH > chow þ EtOH over the experimental period,
there were no significant differences identified among dams
from the first three groups. Dams fed chow while consuming
EtOH had the lowest bodyweights throughout gestation and lac-
tation (P< 0·0001). Dams fed chow or the E-dense diet while
consuming EtOH weighed less compared with their non-EtOH
counterparts during gestation and lactation (6·1–12·3 % had
5·9–9·1 % less weight, respectively).

Table 2. Effects of maternal diets and ethanol (EtOH) on average intakes of dams during EtOH adaptation, gestation and lactation*
(Mean values and standard deviations)

Chow E-dense

– EtOH (n 6) þ EtOH (n 7) – EtOH (n 6) þ EtOH (n 8) Significance (P <)

Mean SD Mean SD Mean SD Mean SD Diet EtOH Diet × EtOH

Food intake (g/d)
EtOH adaptation 16·8a 1·3 11·1c 2·4 18·4a 2·5 14·5b 1·0 0·002 0·0001 NS
Gestation 25·6a 2·7 14·6c 2·5 20·9b 2·6 17·1c 2·2 NS 0·0001 0·0008
Lactation 36·7a 5·8 30·9a,b 2·4 30·0b 4·8 29·2b 6·7 0·05 NS NS

Energy intake (kJ/d)
EtOH adaptation 235·6b 17·6 155·6c 34·3 325·1a 43·9 256·9b 17·6 0·0001 0·0001 NS
Gestation 359·8a 37·7 205·9c 31·8 368·6a 45·2 302·0b 38·5 0·002 0·0001 0·008
Lactation 515·9 81·2 435·1 33·9 530·1 84·1 515·5 118·0 NS NS NS

Fluid intake (g/d)
EtOH adaptation 39·2a 11·7 27·0b 3·9 23·0b 4·7 29·4b 3·7 0·02 NS 0·0002
Gestation 51·1a 4·3 28·3b 2·7 28·1b 5·6 30·6b 5·8 0·0001 0·0001 0·0001
Lactation 64·1a 9·8 63·0a 16·2 34·3b 3·0 41·0b 8·0 0·0001 NS NS

EtOH intake (g/kg wt per d)†
EtOH adaptation – 11·4 2·2 – 12·0 0·5
Gestation – 15·7 1·7 – 17·7 5·9

E-dense, energy dense.
a,b,c Mean values within a row with unlike superscript letters are significantly different (P< 0·05).
* The values presented are average food, energy and fluid intakes of dams during each period. EtOH adaptation, gestation and lactation period represented 14, 21 and 7 d, respec-
tively, during the course of experiment. Significant effects of diet and EtOH were analysed using two-way ANOVA followed by Duncan’s multiple range test (P< 0·05).

† EtOH intake was calculated at the days of collecting the dams’ body weights during EtOH adaptation and gestation. Significant differences between the diets were identified by
Student’s t test; no significant differences were observed at each period.
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Litter size and survival data

Birth outcomes including litter size, neonatal deaths and sex ratio
of pups were collected. In non-EtOH groups, the litter size of
dams was not affected by diet (Table 3). Maternal EtOH con-
sumption significantly decreased litter size compared with those
without EtOH consumption in chow groups (Table 3). Neonatal
deaths were observed in all dams except those fed the E-dense
diet alone. The number of litters affected by neonatal deaths
were 2 out of 6 in the chow group (each dam lost 1 pup), 2
out of 7 in the chow þ EtOH group (each lost 3 or 10 pups)
and 1 out of 8 in the E-dense þ EtOH group (lost 7 pups). For
litters that lost either 7 or 10 pups, biochemical data from these
dams, as well as their pups’ data, were excluded from analysis,
due to unequal access to breast milk compared with the other
litters. Sex ratio of pups was not affected by maternal diets or
EtOH consumption.

Offspring body and organ weights

Birth outcomes including bodyweights andmajor organweights
of pups were measured (Table 4). Although maternal EtOH con-
sumption resulted in a 3·7 and 8·4 % reduction in body weight of
pups, born to dams fed chow and E-dense diet, respectively, the
statistical significanceswere not reached by both diets or EtOH at

PD3. At PD7, pups born to dams fed the E-dense diet had signifi-
cantly higher body weights than pups born to dams fed chow
(16·2 and 15·8 % with and without EtOH, respectively;
P< 0·002). Although not significant, maternal EtOH consump-
tion decreased body weights of pups in both diet groups (5·1
and 4·8 % in chow and E-dense diet, respectively) compared
with those without maternal EtOH consumption.

Major organ weights including brain and liver weights were
weighed at PD7, and organ weights relative to body weights (%)
were calculated. Brain weights (g) of pups were not affected by
maternal diet or EtOH, but liver weights (g) were significantly
higher in pups born to dams fed E-dense diet than those born
to dams fed chow (42 and 34 % with and without EtOH, respec-
tively; P< 0·0001). Pups born to dams fed E-dense diet also had a
higher relative liver weight (P< 0·0001) and a lower relative
brain weight (P< 0·0001) than pups born to dams fed chow,
regardless of maternal EtOH consumption. Similar trends in
body, brain and liver weights were observed in male and female
pups (data not shown).

Metabolic parameters

The effects of maternal diet and EtOH consumption during preg-
nancy on metabolic parameters were measured in both dams
and pups at PD7 (Figs. 3 and 4). Dams fed the E-dense diet

Table 3. Effects of maternal diets and ethanol (EtOH) on litter size and survival data
(Mean values and standard deviations)

Chow E-dense

– EtOH (n 6) þ EtOH (n 7) – EtOH (n 6) þ EtOH (n 8)

Mean SD Mean SD Mean SD Mean SD

Litter size* 14·7a 0·5 11·7b 2·6 12·3a,b 2·0 11·6b 2·7
Range 14–15 6–14 10–16 9–16

No. litters affected with dead pups 2 2 0 1
No. dead pups (per litter)† 2 (1 and 1) 13 (3 and 10) 0 7
Male:female (%) 47:53 43:57 51:49 50:50

E-dense, energy dense.
a,b Mean values within a row with unlike superscript letters are significantly different (P< 0·05).
* Significant effects of diet and EtOH were analysed using two-way ANOVA followed by Duncan’s multiple range test (significant EtOH effects were observed, P< 0·05).
† Dead pups were observed at postnatal day 1.

Table 4. Effects of maternal diets and ethanol (EtOH) on body and major organ weights (wt) in pups*
(Mean values and standard deviations)

Chow E-dense

– EtOH (n 6) þ EtOH (n 6) – EtOH (n 6) þ EtOH (n 7) Significance (P <)

Mean SD Mean SD Mean SD Mean SD Diet EtOH Diet × EtOH

PD3
Body wt (g) 9·12 0·62 8·78 1·54 9·52 0·70 8·72 1·00 NS NS NS

PD7
Body wt (g) 14·44b,c 1·12 13·70c 2·42 16·72a 1·22 15·92a,b 1·27 0·002 NS NS
Brain wt (g) 0·69 0·03 0·65 0·07 0·66 0·03 0·64 0·05 NS NS NS
Liver wt (g) 0·35b 0·06 0·33b 0·07 0·47a 0·05 0·47a 0·05 0·0001 NS NS
Relative brain wt (%)† 4·81a 0·36 4·81a 0·44 3·98b 0·25 4·06b 0·26 0·0001 NS NS
Relative liver wt (%) 2·43b 0·25 2·41b 0·13 2·84a 0·18 2·99a 0·28 0·0001 NS NS

E-dense, energy dense; PD, postnatal day.
a,b,c Mean values within a row with unlike superscript letters are significantly different (P< 0·05).
* Each n represents a litter mean for each group, representing 67–86 pups (31–47males; 36–46 females) per group at PD3 and 63–76 pups (28–43males; 33–38 females) per group
at PD7. Significant effects of diet and EtOH were analysed using two-way ANOVA followed by Duncan’s multiple range test (P< 0·05).

† Relative organ weight was a percentage of body weight.
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had higher concentrations of plasma TC (P < 0·0001), HDL-
cholesterol (P < 0·0001) and lower plasma Glc concentrations
(P < 0·0001) compared with dams fed chow. Maternal EtOH
consumption also increased plasma concentrations of TC
(P < 0·03) and Glc (P < 0·05) in dams fed the E-dense diet,
whereas no differences were identified in dams fed chow.
Maternal plasma LDL-cholesterol concentration was higher
in dams fed E-dense diet in comparison with dams fed chow
during EtOH consumption. Plasma concentrations of TAG,

alanine aminotransferase and aspartate aminotransferase
were not affected by either diet or EtOH in dams.

The metabolic parameters of pups were also significantly
affected by maternal diet (Figs. 3 and 4). Pups born to dams
fed the E-dense diet had higher plasma concentrations of TC
(P< 0·0001) and alanine aminotransferase (P< 0·03) compared
with pups born to dams fed chow. Higher plasma LDL-choles-
terol (P< 0·004) and TAG (P< 0·003) concentrationswere found
in pups born to dams fed the E-dense without EtOH and the
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Fig. 3. Effects of maternal diets and ethanol (EtOH) on plasma lipids and glucose (Glc) in dams and pups at PD7. Data are means and standard deviations (n 6–7 per
group). For pups, each n represents two pups (onemale and one female) per litter. Significant effects of diet and EtOHwere analysed using two-way ANOVA followed by
Duncan’s multiple range test (P< 0·05). a,b,c Means with unlike letters are significantly different (P< 0·05). Dams: significant diet effects on total cholesterol (TC)
(P< 0·0001), HDL-cholesterol (HDL-C) (P< 0·0001), LDL-cholesterol (LDL-C) (P< 0·0001) and Glc (P< 0·0001). Significant diet × EtOH effects on TC (P< 0·03),
HDL-C (P< 0·04) and Glc (P< 0·05). No effects of EtOH were observed. Pups: significant diet effects on TC (P< 0·0001), LDL-C (P< 0·004) and TAG (P< 0·003).
No effects of EtOH or diet × EtOH were observed. E-dense, energy-dense.

Maternal diet and ethanol affect dams and pups 1135

https://doi.org/10.1017/S0007114520005152  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114520005152


E-dense diet with EtOH, respectively, in comparison with the
pups from chow-fed dams. Plasma concentrations of HDL-cho-
lesterol, Glc and aspartate aminotransferasewere not affected by
either maternal diet or EtOH.

Discussion

The current study described the effects of different qualities of
maternal diets and EtOH consumption during pregnancy on
birth and metabolic outcomes in rats and their offspring.
Compared with chow, maternal E-dense diet attenuated EtOH-
induced weight loss in dams, increased body and liver weights
of pups and resulted in negative metabolic outcomes in dams
and pups.While it is not knownwhether these effects can persist
into adulthood, this study highlights the importance of maternal
diet quality on maternal health and infant growth.

Effects of maternal diet and ethanol on maternal outcomes

A normal weight gain during pregnancy is an effective way to
measure a healthy pregnancy. In comparison with non-EtOH
groups, dams with EtOH consumption had lower body weights
in both diet groups during pregnancy and the first week of
lactation, but the significant difference was only identified
among dams fed chow. This confirms the previous findings by
Feltham et al.(13) and Kapourchali et al.(14) that body weight does
not significantly change in dams fed E-dense diet with EtOH con-
sumption during pregnancy. This finding is also in accordance
with studies who reported a lower weight gain in dams fed chow
while consuming EtOH during pregnancy(10,12). Since dams fed
the E-dense diet had a 1·5 times higher energy intake than dams
fed chow during EtOH consumption, sufficient energy intake
could have attenuated EtOH-induced weight loss in dams.
Low maternal weight gain during late pregnancy has been

shown to increase the risks of intra-uterine growth retarda-
tion(24,25), which is associated with infant mortality as well as
other health problems throughout life(26,27). Therefore, this result
indicates that increased body weight caused by high energy
intake may reduce some of the damages induced by EtOH on
offspring. It should be noted that although the current study
focused on the energy density between the two experimental
diets, other nutrient components and food matrices could also
have contributed to the differences observed in this study, which
requires further investigation.

Effects of maternal diet and ethanol on birth outcomes

Many studies using a standard chow reported that maternal
EtOH consumption during pregnancy is associated with adverse
birth outcomes, including a reduced litter size and the occur-
rence of neonatal deaths(10,28,29). In agreement with those stud-
ies, these adverse effects were obvious among dams fed chow in
the current study. Maternal EtOH consumption also decreased
litter sizes in dams fed the E-dense diet; however, the reductions
were much smaller than those fed chow (20 v. 6 % in chow and
E-dense diet, respectively). Similarly, the previous study by
Kapourchali et al.(14) reported that in pregnant dams fed an
E-dense diet, EtOH consumption did not affect litter size.
Considering that dams fed the E-dense diet also had higher neo-
natal survival than those fed chow, maternal high energy intake
may positively affect birth outcomes in rats with EtOH exposure
during pregnancy. Dams fed the E-dense diet had higher food
and energy intakes than chow-fed dams during EtOH consump-
tion; thus, it is possible that increased food intake could have
reversed some nutritional deficiencies induced by EtOH con-
sumption, thereby improving maternal nutritional status and
resulting in a better birth outcome. Furthermore, a small litter size
may be a result of fetal resorption, which has been reported to
take place in response to EtOH consumption(29). Since the
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current study focused on postnatal pups, future studies could
also evaluate the effect of the same diet and EtOH regimen on
litter size, fetal resorption and intra-uterine growth retardation
in the fetus.

Similar to previous studies using standard chow(29-32), mater-
nal EtOH consumption during pregnancy decreased body (3·7 %
at PD3; 5·1 % at PD7), brain (5·8 %) and liver weights (5·7 %)
of pups born to dams fed chow, but these results did not reach
statistical significance. In an earlier study, it was reported that
maternal EtOH consumption from gestational days 14 to 19 sig-
nificantly decreased body weight in fetuses but not in postnatal
pups(33). Although the mechanisms behind this are not com-
pletely understood, the authors suggested that the amount of
EtOH provided to dams was relatively low; thus, body weights
of pups had returned to that of controls after EtOH treatment
stopped. Moreover, the previous study using an E-dense diet
reported that EtOH increased fetal body and liver weights(13),
but the current study showed a non-significant trend towards
a reduction in postnatal body (8·4 % at PD3; 4·8 % at PD7) and
brain weights (3·0 %) with no changes in liver weight. The var-
iations exist in the administration and dosing of EtOH, and the
developmental stages of the offspring that were examined (fetal
v. postnatal), which may account for the different results in stud-
ies using E-dense diet. It would be of interest to conduct a follow-
up study using the same diet and EtOH regimen to determine the
effects on fetal parameters.

While the effect of EtOH was minimal, maternal E-dense diet
significantly increased body and liver weights of pups than those
from dams fed chow at PD7. As expected, this could be due to
high energy intake, especially from fat (13·4 v. 30·0 % kJ fat in
chow and E-dense diet, respectively). A maternal high-fat diet
(28·6–60·3 % kJ) was shown to increase body and liver weights
of pups at PD7(34) or at weaning(35). Although it is controversial
whether the energy content of breast milk reflects maternal
diet(36,37), it has been reported that a high-fat diet during preg-
nancy and lactation increases daily milk volume(38), as these
pups consume more milk than those of control groups(39).
Unfortunately, the milk quality of the dams was not measured
in this study, but the results suggest that other factors including
milk production and pup ingestive behaviour are changed by
maternal diets, thereby affecting pups’ weights. Interestingly,
the body weights of pups at PD3 were similar regardless of
maternal diets. Similar results also showed that a maternal
high-fat diet (45–60 % kJ) throughout pregnancy and lactation
did not affect birth weight but increased postnatal weight at
PD7(40) or at weaning(41) comparedwith a control diet. This raises
the question of whether or not a maternal diet during lactation is
more critical to infant growth, and thus more research is
warranted.

In rats, the period of brain growth spurt, which is character-
ised by a rapid increase in the brain weight, occurs during early
postnatal life and peaks at PD7(18). Although the absolute brain
weight of pups was unchanged, the relative brain weight of PD7
pups born to dams fed the E-dense diet was lower compared
with those from chow-fed dams. This reduction could be a result
of increased body weights in this group, but some studies
reported that it is related to the loss of neurons or brain struc-
ture(42), which then may lead to a number of cognitive and

behavioural deficits. Finding signalling mechanisms related to
neuronal cell death, such as brain ceramides, are currently under
investigation in our laboratory using these animals.

Effects of maternal diet and ethanol on metabolic outcomes

Although several studies have demonstrated that maternal EtOH
consumption during pregnancy affects metabolic pathways,
leading to adverse metabolic outcomes in offspring(43–46), these
changes were not observed in the current study. However, pups
born to dams fed E-dense diet had increased plasma concentra-
tions of TC and TAG compared with those from chow-fed dams,
independently of EtOH intake. Considering these pups also had
larger livers with higher plasma concentrations of the liver
enzyme alanine aminotransferase, it is possible that the E-dense
diet induced fatty liver diseases which could contribute to meta-
bolic disorders. Previous studies have made a similar observa-
tion of increased metabolic abnormalities in offspring whose
mothers consumed a high-fat diet (45–50 %kJ) during pregnancy
and lactation(40,41,47). It has also been reported that maternal high
fat intake (45 % kJ) decreased fatty acid oxidation and up-regu-
lated hepatic lipogenesis, which contributed to the development
of non-alcoholic steatohepatitis and the metabolic syndrome in
offspring(48). However, it should be tested whether these meta-
bolic changes can persist into adulthood with the same diets.

Similar to their pups, dams fed the E-dense diet had higher
plasma TC concentrations compared with those fed chow.
These dams also had elevated plasma HDL-cholesterol but
decreased Glc concentrations, possibly due to lowered carbohy-
drate content in the E-dense diet. Low-carbohydrate diet has
been shown to increase plasma HDL-cholesterol and decrease
TAG concentrations(49). These effects were not seen in their
pups, there were also differences in the concentrations of these
metabolic parameters between the dams and pups. For instance,
pups had higher plasma TC, LDL-cholesterol and TAG concen-
trations compared with dams, regardless of treatments. This
could result from the experimental procedures, as dams were
fasted overnight, whereas pups were allowed to stay with the
dams and access milk until the time of kill. It is also possible that
the differences were physiological at the specific developmental
stage, thus being independent of maternal metabolic outcomes.
In terms of EtOH, plasma TC and Glc concentrations were
elevated in dams fed E-dense diet but not in those fed chow, indi-
cating that E-dense diet could aggravate metabolic disorders in
dams with EtOH consumption during pregnancy. It should be
noted that most studies have focused on the offspring less is
known about the metabolic outcomes with maternal EtOH con-
sumption; therefore, it is difficult to compare the effect of EtOH
in dams among studies. Nevertheless, the current data showed
that the two different diets had various effects on metabolic out-
comes in dams consuming EtOH during pregnancy.

Parameters were measured only at a single time point at PD7;
thus, it is not clear whether those adverse metabolic outcomes
of pups could persist into adulthood. It is also difficult to link
the differences observed between the two diet groups only to
the energy density in the diet, as other dietary components
might also have contributed to the differences observed.
Further studies could focus on the effect of a single nutrient
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or combined effects of multiple nutrients on the treatment and
prevention of FASD. This study also has some strengths.
Chronic drinking model used in the current study mimics
the most common route of EtOH consumption in humans
compared with other models. Pregnant rats were housed indi-
vidually and provided with nesting materials, which improved
living conditions and reduced stress during pregnancy. Last,
the basic data including maternal intakes and weights were
collected at about 09.00 hours over the course of the study,
ensuring the consistency of the data collection.

In conclusion, the current study demonstrates that the quality
of maternal diets (standard chow v. E-dense diet) differently
affects the physical and metabolic parameters in dams and pups.
Compared with chow, maternal E-dense diet attenuated EtOH-
induced maternal weight loss and some adverse birth outcomes,
suggesting its potential to reduce certain negative consequences
associated with maternal EtOH consumption. While the signifi-
cant effect of EtOH on maternal body weight was observed, it
was not detected in postnatal pups despite there being a trend
in reduction of pups’ body and organ weights. It is speculated
that the dose of EtOH provided to dams was relatively low,
thereby not causing significant changes to postnatal pups,
especially when the EtOH treatment was withdrawn at partu-
rition. For this reason, it is of interest to evaluate the fetus with
the same diet and EtOH regimen. It is also noteworthy to
investigate whether a higher level of EtOH intake during preg-
nancy has a long-lasting effect in postnatal pups and can per-
sist into adulthood.

Although the effect of EtOH was not observed, maternal
E-dense diet increased body and liver weights and exhibited
adverse metabolic outcomes in pups. Additional research is
needed to examine the long-term impact of maternal E-dense
diet on the offspring. As there is limited information available
on maternal metabolic outcomes, future studies should include
maternal data in order to better understand associations between
maternal metabolic outcomes and offspring development.
Overall, the current study described that compared with chow,
maternal E-dense diet has the potential to attenuate some neg-
ative effects of EtOH in dams and pups; however, when EtOH
is not present, maternal consumption of E-dense diet causes
enlarged liver and metabolic abnormalities in pups, possibly
due to excess nutrient intake specifically fat content.
Nevertheless, this study highlights the importance of maternal
nutrition or a well-balanced diet on maternal health and infant
growth. This also suggests that nutritional status of pregnant
women who are at risk of EtOH consumption should be deter-
mined in order to establish nutritional interventions to prevent
and treat FASD.
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