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ABSTRACT

Introduction: Ethanol is the most widely consumed drug in the world. When this
consumption occurs by pregnant women, the harmful effects extend to the fetus.
There are few data available on its effects on infants. Objective: To evaluate the effects
of maternal ethanol consumption during pregnancy (prenatal) as well as during
pregnancy and lactation (pre- and post-natal). Methods: 12 Wistar rats were divided
into ethanol and control groups. Ethanol group received ethanol (4 g/kg/day) via
oral gavage from the ninth day of gestation to the 17th day of lactation. The weight
and length of the pups were determined at birth and 17 days of age. The length and
width of the femur and tibia and the thickness of the epiphysis were measured in the
neonates, and the thickness of the articular cartilage, epiphyseal plate, and its zones
were measured at 17 days of age. CDC-47 immunoexpression was evaluated and the
expressions of aggrecan, collagen type II, and collagen type X were determined by
RT-PCR. Results: In neonates, rats in the group with prenatal exposure to ethanol
were significantly shorter (body length) than the control group. At 17 days of age, the
femur of the group with pre-and postnatal exposure to ethanol showed a significantly
lower percentage of proliferating chondrocytes, as evidenced by the different CDC-47
immunoexpression between groups. Conclusion: Prenatal exposure to ethanol in rats
reduced body length at birth while pre- and postnatal exposure to ethanol decreased
the proliferation of femoral epiphyseal plate chondrocytes.

Keywords: fetal alcohol spectrum disorder; ethanol; lactation; osteogenesis; prenatal care.

INTRODUCTION

Bone formation and growth from intrauterine life to puberty occur through endo-
chondral and intramembranous ossification. Endochondral ossification occurs in most
bones of the skeleton, including long bones, and begins with the formation of a cartilage
template that is gradually replaced by bone'. This template is formed by chondrocytes
and the extracellular matrix (ECM) components such as aggrecan, type II collagen, and
type X collagen, which interact with each other and induce the expression of factors

that coordinate the ossification process®. Chondrocytes in the template must proliferate,
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undergo hypertrophy, and activate the expression of factors cru-
cial for ossification, whereas ECM components support the cells
and express factors that prepare the site for the transition from
cartilage to bone®.

After birth, the epiphyseal plate and articular cartilage are
formed from remnants of the cartilaginous template. These re-
gions are responsible for longitudinal bone growth during post-
natal life. The mechanisms that regulate cellular and molecular
events in bone development are complex and interconnected®.
Any disturbances in these regulatory mechanisms potentially
cause growth alterations. Ethanol is one such toxic agent known
to affect fetal growth regulation®.

Ethanol is the most consumed drug worldwide®. When con-
sumed by pregnant women, the harmful effects extend to the
fetus, as ethanol freely passes through the placenta and reaches
fetal blood circulation at concentrations like those found in ma-
ternal blood®. The condition in which the fetus meets ethanol
ingested by the mother is known as prenatal ethanol exposure
(PEE). Several associated growth alterations vary significantly in
intensity and manifest in different organs’. In long bones, PEE is
associated with shorter stature®, shorter bones’, and alterations in
the thickness of epiphyseal plate zones*. In addition, PEE predis-
poses individuals to osteoarthritis in adulthood'. Various chang-
es associated with PEE may be related to the action of individual
genetic factors that predispose some individuals to the harmful
effects of ethanol'. Identifying sensitive genes and putative sus-
ceptibility markers may be a strategy for preventing future injuries
in predisposed individuals®, considering that no existing therapy
can reverse the PEE-induced damage'.

The effects of ethanol have been studied in the prenatal period*”*,
however, many structures, such as bones, are still under develop-
ment in breastfed individuals. Therefore, they are still vulnerable
to external agents that may interfere with growth'’. We hypothesize
that ethanol can be potentially harmful to pups during lactation, as
it can be transferred from maternal blood to milk'* .

Thus, the objective of this work was to evaluate the effects of
maternal ethanol consumption during pregnancy (prenatal) as
well as during pregnancy and lactation (pre- and postnatal).

METHODS

The experiment was approved by the Ethics Committee on
Animal Use of the Universidade Federal do Espirito Santo (regis-
tration number 30/2018).

Mating and ethanol administration

Seventeen two-month-old Wistar rats (5 males and 12 females)
were used. The rats were maintained in a 12-h light/dark cycle,
and the room temperature was maintained at 2242 °C. All fe-
males underwent vaginal cytology to determine the estrous cycle
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phase'” and identify the ideal moment for copulation. The pres-
ence of sperm in vaginal cytology was determined on day zero of
pregnancy (GO).

From GO onwards, the rats were divided into two groups of six
animals each: a group with ethanol consumption from the ninth
day of gestation (G9) to the 17th of lactation (ethanol group, n=6),
and without ethanol consumption during pregnancy and lactation
(control group, n=6). The ethanol consumption group received
4 g ethanol/kg/day, and the alcohol solution was prepared at a
concentration of 40% v/v (Ethanol P.A. [Merck/Germany] diluted
in distilled water). The volume administered was adjusted weekly
according to the weight of the animals®, and administration was
performed by an orogastric tube (gavage) two hours after the start
of the light cycle'®. Animals in the control group received an equal
volume of distilled water and experienced comparable stress of
manipulation and gavage. Analyses were performed on samples

from pups collected at birth and on the 17th postnatal day.

Measurements of body weight and length, and
femur and tibia length and width

Mean measurements of body weight and length, as well as
the length and width of the right femur and tibia, were obtained
from three pups randomly chosen from each mother. The length
of the animal was determined by measuring the distance between
the nape and the base of the tail. Measurements of the right fe-
mur and tibia were performed with a digital caliper. The length
of each bone was measured from the proximal epiphysis surface
to the distal epiphysis surface, whereas the width was measured in

the mid-diaphysis.

Histological processing and histomorphometric
analyses of growth cartilages

The right femur and tibia of one animal from each offspring
(n=6) were fixed in 10% buffered formalin and decalcified with
EDTA. Subsequently, the bones were longitudinally sectioned,
processed using the paraffin embedding technique, subjected to
microtomy, and stained using the hematoxylin-eosin (HE) tech-
nique. In newborn rats, the growth plate was measured along the
entire length of the cartilaginous epiphysis of the distal femur and
proximal tibia using the average of three equidistant measure-
ments in a 10x objective.

The hypertrophic zone was measured using an average of 15
equidistant points in a 10x objective. In the distal femur and
proximal tibia of 17-day-old rats, the total thickness of the growth
plate corresponding to each zone (resting, proliferative, and hy-
pertrophic) was evaluated. Furthermore, the articular cartilage
thickness and deep zone were evaluated. Fifteen measurements
were performed in three different fields using a 10x objective.
All the measurements were performed using a Leica DM500 opti-
cal microscope equipped with a Leica ICC50 camera.
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Immunohistochemical analyses

Histological sections of the distal femur and proximal tibia of
one animal from each offspring (n=6) were used for immunohis-
tochemical analyses. In neonatal rats, immunostaining analysis
was performed in three distinct fields in the central epiphysis re-
gion. In 17-day-old rats, three distinct fields of the proliferative
zone were evaluated.

Anti-CDC47 antibody (47DC14; Neomarkers, Fremont, CA/
USA; 1:100 dilution for rat bones at birth and 1:50 for rat bones
at 17 days of age) was used with streptavidin-biotin-peroxidase
(Dako, St Louis, MO/USA). Antigen retrieval was performed by
heating samples in a water bath at 98 °C. Histological sections
were incubated in a humid chamber to block endogenous peroxi-
dase and nonspecific proteins (Dako, St Louis, MO/USA) and in-
cubated for 12 h with the primary antibody. Incubation was then
performed with a secondary antibody, followed by streptavidin-
peroxidase. Diaminobenzidine was used as chromogen (Dako, St
Louis, MO/USA).

Histological sections were counterstained with Harris hema-
toxylin. Negative control was obtained by omitting the primary
antibody, and histological sections of the rat spleen were used as
positive controls. In samples from neonatal rats, 200 cells were
counted in three different fields of the central region of the carti-
laginous epiphysis using a 40x objective. Stained cells were clas-
sified as CDCA47 positive, and the values were converted to per-
centages. In samples from rats at 17 days of age, the analysis was
performed by counting 100 cells in three different fields of the
proliferative zone in a 10x objective. Cells that showed staining
were classified as CDC47-positive, and the values were converted

to percentages.

Expression of gene transcripts by RT-gPCR
in cartilage

The expression quantification of aggrecan, collagen type II,
and collagen type X was performed by quantitative reverse tran-
scription-polymerase chain reaction (RT-qPCR) in fragments of
the articular cartilage of the left femur of newborn and 17-day-
old rats. For this analysis, the articular cartilage of two ani-
mals from each offspring was collected and mixed to make one
sample (n=6). The cartilage was placed in TRIzol™ (Invitrogen,
Carlsbad, CA/USA), frozen in liquid nitrogen for 2 h, and then
stored in a freezer at —80 °C. Extraction of mRNA was performed

using TRIzol™ according to the manufacturer’s instructions.

RNA concentration was determined by using a spectropho-
tometer. For cDNA synthesis, a commercial SuperScript® III
First-Strand Synthesis SuperMix kit (Invitrogen, Carlsbad,
CA/USA) was used according to the manufacturer’s instruc-
tions. Subsequently, a commercial Platinum SYBR Green
qPCR SuperMix-UDG kit (Invitrogen, Carlsbad, CA/USA) was
used according to the manufacturer’s instructions. The prim-
ers were designed based on the Rattus norvegicus mRNA se-
quence: GAPDH (forward: TTCTTGTGCAGTGCCAGCC,
GTAACCAGGCGTCCGATACG), aggre-
CACACGCTACACACTGGACT, re-

reverse:

can (forward:

verse: TCACACTGGTGGAAGCCATC), colla-
gen type II (forward: GTTCACGTACACTGCCCTGA,
reverse:  AAGGCGTGAGGTCTTCTGTG) collagen type

X (forward: GAAACAGGTGTCTGACTTAC,
TACTTCCAGTGGAATAGAAG). Gene expression was cal-
culated using the 24T method. The results obtained for each

reverse:

group were quantitatively compared after normalization to the

Rattus norvegicus GAPDH expression.

Statistical analysis

The study design was completely randomized, and the mean
and standard deviation were determined for each variable. Means
were compared using the student’s t-test. All data were analyzed
using the GraphPad Prism computational package. Differences
were considered statistically significant at p<0.05.

RESULTS

All the females used in the experiment were pregnant. The ges-
tational period ranged from 20-22 days. No significant difference
was observed in the weight of female mothers between the groups

(data not shown).

Body weight and length and bone length and width

No significant difference was observed in the weight of the
animals at birth and 17 days of age between the groups (Table 1).
Neonates in the ethanol group were significantly shorter than
those in the control group. However, no significant difference in
body length was observed at 17 days of age between the groups
(Figure 1). Additionally, no significant differences were observed
between the groups regarding the length and width of the femur
and tibia of neonates and 17-day-old rats (Figure 2).

Table 1: Mean and standard deviation of weight and body length of rats at birth (newborn) and 17 days of age in the control and ethanol

groups. *p<0.05.

17 days (n=6)

Newborn (n=6)
[ Conol | Ethanol | Contol | Ethanol |

Weight (g)
Body length (mm)

6.12 £0.97
34.35 +1.79
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5.75 +0.51
31.9 £1.83*

33.88 +4.61
65.31 +4.65

32.71 £2.73
64.9 +3.02
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Figure 1: Body length assessment of rats at birth and 17 days of life.
A) Mean * standard deviation of body length (mm) of animals at birth
in the control and ethanol groups (n=6). B) Mean + standard deviation
of body length (mm) of animals at 17 days of age in the control and
ethanol groups (n=6). C) Rat pups at birth illustrate size differences
between animals. C-1: Pup from the control group. C-2: Pup from the
ethanol group. D) Rat pups at 17 days of age illustrating similarity in
body size between animals. D-1: Pup from the control group. D-2:
Pup from the ethanol group. *Statistical difference (p<0.05).

Histomorphometry and cartilage proliferative index

Regardless of the bone, the thickness of the cartilaginous epiphysis
of the neonate, as well as the epiphyseal plate of the 17-day-old rat and
its zones, did not differ significantly between groups (data not shown).

The proliferation rate of tibial and femoral chondrocytes, as-
sessed by CDC47 immunoexpression, did not differ significant-
ly between the groups in neonatal rats (Figure 3). However, in
17-day-old animals, the proliferative zone of the femoral epiphy-
seal plate of rats exposed to ethanol presented significantly less
proliferation, meaning a lower percentage of CDC47-positive
cells than that in control (Figure 4).

Expression of aggrecan, type Il collagen, and
type X collagen in cartilage

At birth and 17 days of age, no significant differences in the
gene expression of Aggrecan, type II collagen, and type X collagen
transcripts from the femoral articular cartilage were observed be-

tween the groups (data not shown).

DISCUSSION

Prenatal exposure to ethanol in rats causes intrauterine growth
restriction and reduces body length at birth. Notably, the size
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of the pups at weaning was equal between the groups, although
exposure to ethanol persisted in the postnatal period. The ef-
fects of ethanol on the tibia and femur were different. Compared
to the control, prenatal and postnatal exposure to ethanol de-
creased the proliferation of chondrocytes from the epiphyseal
plate solely in the femur without reducing the bone length in
the same period.

The choice of ethanol administration using oral gavage was
made based on the pattern of consumption observed in humans,
which shows a growing percentage of binge alcohol consumption
when copious amounts of ethanol are ingested in a brief period of
time". The administered dose was 4 g/kg ethanol, which gener-
ated a mean concentration of 87 mM in maternal blood circula-
tion. This concentration can be easily achieved by individuals who
consume moderate amounts of alcoholic beverages. As a result of
maternal consumption, ethanol is found at an average concentra-
tion of 58 mM in fetal circulation®.

Ethanol was administered from the ninth day of gestation,
which correlates to the fourth week of human gestation when
the fetal bone is developed, and limb development begins''. Pups
were collected at birth and at 17 days of age to represent the ef-
fects of exclusive PEE (at birth) and PEE associated with ethanol
transfer through lactation (17 days of life). In an experimental
model, it was proven that puppies that feed on milk from females
that consume alcoholic solutions have ethanol in their blood, thus
demonstrating that breastfeeding constitutes a form of exposure
of puppies to ethanol. The spontaneous weaning of rats occurs
at the end of the third week of life'>. However, samples were col-
lected on the 17th day to obtain animals fed exclusively on milk
since pups begin to ingest solid food from the 18th day*.

The analysis began with the measurement of body weight and
length. At birth, the animals had similar body weights. However,
the body length of rats at birth was significantly shorter in the PEE
group. One of the problems associated with ethanol consump-
tion is inadequate nutrition®. Alcoholics often fail to eat properly
when drinking alcoholic beverages and thus experience weight
loss and malnutrition, which can impair fetal growth in pregnant
women?. In addition, the energy provided by ethanol interferes
with nutrient absorption®.

In the present study, no difference in weight was observed in
the mothers (data not shown). In other experiments conducted
by our team, no interference of maternal consumption of ethanol
on the weight gain of the mothers was observed*?. Thus, females
who consumed ethanol did not present a malnutrition condition
that could affect fetal development. Therefore, the data points to
a shorter stature associated with intrauterine exposure to ethanol,
without the direct involvement of nutritional factors. Children
and adolescents with PEE are smaller than average®, thus demon-
strating that humans are susceptible to a clinical manifestation of
PEE like that found in rats.
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Figure 2: Macroscopic analysis of long bones of rats at birth (newborn) and 17 days of age. A) Mean =+ standard deviation of femoral and
tibial length and width of rats at birth (newborn) and 17 days of age in the control and ethanol groups. B) Bone samples from newborn rats.
C) Bone samples from rats at 17 days of age. No significant difference were observed between the groups regarding the length and width

of the femur and tibia (p=0.05).

Figure 3: Percentage of anti-CDC47 immunostaining-positive cells
in the tibia (A) and femur (B) of neonatal rats (n=6).

https://doi.org/10.7322/abcshs.2023105.2375

Pups with PEE presented a shorter body length at birth; how-
ever, at 17 days of age, the animals overcame the initially shorter
stature despite continuous exposure to ethanol in the postnatal
period. While some studies report that growth impairments ex-
tend throughout life>%, others indicate that accelerated growth
may occur after birth, compensating for the delay in intrauterine
development”. In a study conducted in mice®, it was demon-
strated that PEE between days 0.5 and 8.5 of gestation has dif-
ferent effects on pup weight, depending on measurement time.
Fetuses with PEE collected in G16 did not show growth restric-
tion, having the same weight as the control animals. However, on
the 21st day of life, mice with PEE were lighter than the animals
in the control group. This trend was maintained until the 5th day
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Figure 4: Anti-CDC47 antibody immunostaining in 17-day-old rats. A) Percentage of cells with positive immunostaining in the tibia (n=6).
B) Percentage of cells with positive immunostaining in the femur (n=6). *Statistical difference (p<0.05). C) Femur from the control group
showing all nuclei with positive immunostaining in the proliferation zone of the epiphyseal plate. Counterstained with Harris hematoxylin.
D) Femur from the ethanol group demonstrating decreased immunostaining-positive cells in the proliferation zone of the epiphyseal plate.

Counterstained with Harris hematoxylin.

of life, indicating that PEE in the first week of gestation results
in postnatal growth restriction. However, from the sixth week
onwards, the weight of the animals becomes statistically similar,
indicating compensatory growth. A compensatory mechanism
was not identified in our study; however, it did not seem to be
related to differences in maternal fitness between groups or lit-
ter size. One of the possible mechanisms involved in postnatal
compensatory growth is a systemic increase in the concentration
of insulin-like growth factor (IGF). IGF-II is related to prenatal

https://doi.org/10.7322/abcshs.2023105.2375

growth; after birth, there is a predominance conversion from
IGE-1I to IGF-I. However, children with PEE have low levels
of IGF-II soon after birth, and these levels increase after 1 year of
age, which contradicts expectations. The authors believe that if
there is adequate postnatal nutrition, the organism can activate
compensatory growth mechanisms?.

PEE can induce various morphological changes in growth
cartilages according to various methodologies. In a model of

spontaneous consumption of an ethanol-containing liquid diet,
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a thickness increase of the tibial hypertrophic zone and reduc-
tion of the resting zone was observed in rat fetuses collected at
the end of the gestational period, i.e., on the 21st day of gestation®.
Four-week-old females from offspring with PEE between days G9
and G20 via maternal gavage showed a reduction in the femoral
epiphyseal plate thickness®. Additionally, adult rats from offspring
with PEE between days G11 and G20 had a reduced number of
chondrocytes in the articular cartilage superficial zones of the fe-
mur and tibia®. In our study, the ethanol exposure started in G9
through gavage did not impose significant changes in bone length
and histomorphometry of growth cartilages in neonates and pups
at weaning. Similarly, a study performed on the tibia of rats with
gavage-induced PEE presented no changes in bone length when
ethanol was administered between days G1 and G19°'.

To verify the proliferative activity of chondrocytes, immunohis-
tochemical analysis was performed for CDC-47, a protein pres-
ent in the nucleus of proliferating cells™>. At birth, no difference
was observed between groups; however, at 17 days, the number
of CDC-47 positive chondrocytes was reduced in the prolifera-
tive zone of the femoral epiphyseal plate of treated rats. This result
proves that ethanol inhibits chondrocyte proliferation, and this
effect does not affect all bones equally, as no changes were found
in the tibia. To the best of our knowledge, this is the first study
to evaluate in vivo the effect of ethanol on chondrocyte prolif-
eration in rat offspring exposed to ethanol from the gestational
period to the end of the lactation period. However, several studies
have evaluated the proliferation of other cell types, such as cen-
tral nervous system cells. A study reported that ethanol inhibits
the proliferation of glial cells*’, whereas another work observed
a reduction in the proliferation of cells in the hippocampus®.
In bone tissue, human osteoblasts cultured in a medium contain-
ing ethanol showed a reduction in cell proliferation. The authors
suggested that the reduction in osteoblast proliferation caused by
ethanol may be one of the mechanisms involved in osteopenia ob-
served in alcoholics™.

The growth rate of the cartilage epiphyseal plate is related to the
ability of chondrocytes to proliferate and the hypertrophy of ter-
minal chondrocytes. The cells have a defined and predetermined
proliferative capacity. Thus, the initial accelerated bone growth
slows down as the chondrocytes replicate because the cells enter
a physiological process known as senescence®. Therefore, condi-
tions that inhibit chondrocyte proliferation are believed to slow
the growth plate senescence, resulting in temporary inhibition of
bone growth that may be followed by faster-than-expected com-
pensatory growth?. The femur showed no significant difference in
thickness and length between groups, although the chondrocyte
proliferation rate differed between the groups. One reason for this
is that signs of reduced bone growth take some time to appear
when the rate of chondrocyte proliferation is impaired. Hence,
the reflexes on femoral length of lower proliferative activity of
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the femoral chondrocytes of 17-day-old animals would have been
observed at a later stage. This reduction in proliferative activity
appeared to be delayed since it didn’t caused reduction in ei-
ther the bone length or the thickness of the proliferation zone.
Notably, the effects of ethanol on the lactation period represent
the sum of what was administered from the ninth day of preg-
nancy until the moment the consequences appeared. The lacta-
tion period in rats is short; however, this is a critical issue that
must be considered for women.

To identify molecules critical for endochondral ossification that
could be affected by ethanol, expression levels of aggrecan, col-
lagen type II, and collagen type X gene transcripts were evalu-
ated. Aggrecan is a structural proteoglycan that mediates cell-cell
interactions and interactions between cells and the extracellular
matrix. It forms a gel that lubricates the joint and, together with
type II collagen, confers the cartilaginous resistance properties?.
Chondrocyte maturation in the epiphyseal plate leads to a reduc-
tion in the production of type II collagen and an increase in type
X collagen as the cells mature. This altered collagen expression is
vital because it prepares the tissue for the final steps that precede
mineralization®. Changes in the expression and synthesis of these
components can result in several types of damage, ranging from
impaired chondrocyte survival to chondrodysplasia®. In our pre-
vious study using cultures of articular chondrocytes from neona-
tal rats, the addition of ethanol to the culture medium reduced the
expression of aggrecan without altering the expression of type II
collagen®. However, in the present study, no changes were found
in the expression of any of the three evaluated components of the
extracellular matrix, indicating that these are not the preferred
targets of ethanol in vivo. When extrapolating to an in vivo situ-
ation, the direct mechanisms that result in the changes in vitro
may be suppressed by several factors simultaneously affected by
ethanol throughout the organism®. Another possibility is that
the clinical manifestations observed in individuals with PEE oc-
cur due to alterations in later transcription stages, such as protein
synthesis, which was not evaluated in this study.

The results from this study collectively suggest that prenatal ex-
posure to ethanol in rats reduces body length at birth and that this
parameter is equal between groups at weaning, despite remain-
ing postnatal exposure to ethanol. Pre- and postnatal exposures
to ethanol decrease the proliferation of femoral epiphyseal plate
chondrocytes compared to that in the control.
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