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ABSTRACT
Purpose: Folic acid (FA) is an essential nutrient for normal embryonic development. FA deficiency (FAD)

10 in maternal diet increases the risk of several defects among the progeny, especially, neural tube defects.
The eye begins its development from the neural tube; however, the relationship between FAD and
ocular development in the offspring has been little explored and it isn’t known how the FAD affects the
formation of the eye. Our objective was to analyze the effect of maternal FAD on mouse embryos ocular
biometry.

15 Methods: Female mice C57/BL/6J were distributed into three different groups, according to the
assigned diet: control group fed a standard FA diet (2 mg FA/kg), FAD group for short term fed (0 mg
FA/kg + 1% succinylsulfathiazole) from the day after mating until day 14.5 of gestation, and FAD group
for long term fed the same FA-deficient diet for 6 weeks prior mating and continued with this diet
during gestation. A total of 57 embryos (19 embryos of each dietary group) at 14.5 gestational days were

20 evaluated. As indicators of changes in ocular biometry, we analyze two parameters: area and circularity
of the lens and whole eye, and the area of the retina. The program used in the treatment and selection
of the areas of interest was ImageJ. The statistical analysis was performed by IBM SPSS Statistics 19.
Results: Regarding the measures of the area, FA-deficient lenses and eyes were smaller than that of
controls. We have also observed increase in the size of the neural retina, spatially, in embryos from

25 females fed FAD diet during long term. On the other hand, as regard to circularity measures, we have
seen that eyes and lenses were more circular than control.
Conclusion: Maternal FAD diet for a very short term generates morphological changes in ocular
structures to the offspring.

ARTICLE HISTORY
Received 21 May 2018
Revised 26 October 2018
Accepted 1 November 2018

KEYWORDS
Folic acid deficiency; ocular
biometry; eye abnormalities;
development; statistical
analysis

Introduction

30 Eye morphogenesis in vertebrates begins in the early stages of
development. The first appearance of the optic primordium in
the human embryo begins forming on about day 22 as bilateral
evaginations of the neuroectoderm of the forebrain (prosencepha-
lon)which still remains open.1 In themouse it appears at about the

35 9th day of gestation.2 These evaginations, optic vesicles, continue
to proliferate laterally and gradually approach the surface ecto-
derm as the forebrain closes. Finally, the distal portion of the
vesicle makes contact with the overlying surface which induces
the formation of lens primordia, the lens placodes. In a next step,

40 coordinated invagination of the optic vesicle and the lens placode
and results in the formation of a double-layered optic cup and the
lens vesicle and provide the first indication of the final shape of the
eyeQ3 . The inner layer of the optic cup forms the neural retina, while
the outer layer of the optic cup gives rise to the retinal pigment

45 epithelium.3

The eye structure is derived from different embryological ori-
gins. Ocular surface tissues involve the differentiation of ectoderm

cells to form corneal and conjunctival epithelium, lens, lacrimal,
and tarsal glands. Migration and differentiation of periocular

50mesenchymal cells, which predominately originate from the
neural crest, give rise to sclera, choroid, corneal endothelium,
vitreous, and the stroma of the cornea, iris, and ciliary body.
Nonetheless, neuroectodermal cells form the retina, the iris, and
the ciliary body epithelium.2,3

55Folates are essential vitamins for the development of the
nervous system and craniofacial structures.4,5 Low maternal
folic acid (FA) status has been associated with increased risk
of neural tube defects as a result of incomplete development
of the central nervous system.6,7 This tube closes around the

6028th day of gestation,8 often before a woman knows she is
pregnant. Since deficiency of FA causes different alterations in
the neural tube and it is known that the eye develops around
the time of closure of the neural tube,2 it is reasonable that eye
malformations are likely in situations of folate deficiency.

65Even knowing the importance of this vitamin there have
been few studies related to ocular development and FA defi-
ciency, nevertheless, how FA interferes in the development of
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ocular structures has not been much explored and it seems
that the appearance of severe ocular malformations is linked

70 to a drastic reduction of FA in mother’s diet.9,10 On the other
hand, it has not been able to establish whether congenital eye
defects such as anophthalmia and microphthalmia could be
reduced by the effect of FA in pregnant women.11,12

In a previous study,13 we have found that FA deficiency
75 alters the expression of two extracellular matrix molecules,

collagen IV and laminia-1, in embryonic mouse lens. Because
of the fundamental role of the extracellular matrix in embryo-
nic development,14 we suspect that abnormal basement mem-
branes could alter the morphology of some eye elements.

80 Ocular biometric changes are not visualized macroscopically
neither microscopically in short-time period of FA deficiency.
In this research, we performed these experiments to identify if
some ocular biometric parameters are affected basing us in
microscopic images of immunohistochemical staining that

85 delimits the structures to be measured
Q4

. For this, we are
going to study the biometry of the lens, retina, and entire
eye, studying the area and circularity of the previous eye
structures. In order to assess changes in the area and circu-
larity of some structures due to deficiency of FA, we carried

90 out this experiment by means of image processing techniques
using ImageJ and Matlab®.15,16

Materials and methods

The animal facilities and the experimental protocol used in
the studies were reviewed and ethically approved by the

95 Animal Experimentation Committee of the Universidad
Complutense of Madrid. Mice were kept in the animal
house of the School of Medicine at the Universidad
Complutense of Madrid.

Animals and diets

100 Eight-week-old C57/BL/6J female mice (Harlan Laboratories,
Barcelona, Spain) were housed at a constant temperature of
22 ± 2°C and 12/12 h light/dark cycles. They had free access to
diet and water.

Female mice were distributed into three different groups
105 according to the diet assigned:

Control group, 10 females fed standard diet containing
2 mg FA/kg. Deficit group D2, 12 females fed for 2 weeks
(short term) FA deficiency (FAD) diet (0 mg/kg diet + 1%
succinylsulfathiazole) from the day after mating until day 14.5

110 of gestation. Deficit group D8, 10 females fed for 8 weeks
(long term) FAD diet: 6 weeks prior pregnancy and continued
with this diet during 2 weeks of gestation. Both diets were
purchased from Harlan Laboratories, Inc., Indianapolis,
IN, USA.

115 Diets administrates were based on the experimental dietary
findings17 and in accordance with the nutritional requirements
for mice,18 modifying only the FA content, 2 mg FA/kg diet
(control diet) or 0 mg FA/kg diet (FAD diet)Q5 . The addition of
1% succinylsulfathiazole in FAD diet inhibits the bacterial

120 synthesis of folate in the intestine and causes a severe FA
deficiency.19,20 This diet is usual in folate deficiency studies.
We have previously found that FAD diet administered to

female mice modifies liver folate levels and is also time-
dependent. Folate levels in livers were halved after 2 weeks on

125the FAD and reduced about 6-fold after 8 weeks.21

Immunohistochemistry staining protocol

Females were anesthetized with carbon monoxide and sacri-
ficed by cervical dislocation at day 14.5 (E14.5) equivalent to
~7weeks of human gestation.22 The embryos were removed by

130cesarean section and decapitated. A total of 57 embryos (19
embryos of each dietary group) were collected. Embryos
placed in cold sterile phosphate-buffered saline and fixed for
48 h in buffered formaldehyde. After fixing, heads were cov-
ered in paraffin. Frontal sections were made with a thickness

135of 5 μm and placed on slides.
Sections were incubated for 2 h at room temperature with

either 1:200 polyclonal rabbit IgG anti-mouse laminin (Sigma-
Aldrich) or 1:200 polyclonal rabbit IgG anti-human type IV
collagen (ICN Biomedical Inc., Aurora, OH, USA).

140Labeling was developed using the Rabbit/Mouse
EnVisionTM Peroxidase System, a peroxidase-conjugated dex-
tran polymer (Dako Corp., Carpinteria, CA, USA), and 3,30-
diaminobenzidine (DAB kit) as the chromogen (Dako
Corp.).23 All slides were analyzed with a Leica DMRB micro-

145scope and subsequently photographed using a Leica DFC 320
digital camera with ×10 magnification and a pixel size of 3.45
× 3.45 μm2.

Performing biometric measures

As detailed earlier, the images that we discuss were photo-
150graphed with a Leica camera attached to a Leica DMRB

microscope with magnification of ×10. The program used in
the treatment of these images was ImageJ: it enabled us to
select a particular area of the image directly, so we could select
areas of interest, which are irregular or cannot be easily

155captured by automatic procedures.
Once these areas were selected, the program calculated

various parameters. These included the area, measured in
units of pixels (area), and circularity (Circ.) (see Figure 1).
Area is defined by ImageJ as the number of pixels inside the

160selected region of interest (ROI). Circularity of the ROI is
defined as

Circ ¼ 4π:
Area

ðPerimeterÞ2
 !

(1)

And ranges from 0 (infinitely elongated polygon) to 1 (perfect
circle).

165Since the ROI is selected by the observer, there may be
doubt about whether the error made by the observer in the
selection is larger or smaller than the dispersion among mice
of the same sample group (control, D2, D8). A test was
performed with the lens in the control group because it is

170the structure that apparently shows less variability between
mice. To perform the test, the measurements of area and
circularity of the lens were repeated N-times for each of the
mice in our control group (n = 19). Then, the standard
deviation of the results for each mouse was calculated. This

2 O. SIJILMASSI ET AL.



175 value was taken as an uncertainty of the measurements asso-
ciated with the observer selection of the ROI. After that, the
standard deviation of the mean values for each mouse in the
control group was calculated. This last value was taken as the
uncertainty for the whole group. Mean area of the lens, its

180 standard deviation, and the mean observer error (for the
control group) were 285 653, 45 562, and 1340 pixels,
respectively.

It was observed that the standard deviation for the whole
group of the mean area of the lens (45 563 pixels) was higher

185 than the average error made by the observer (1340 pixels).
From these data, we ruled out the observer error in the other
groups, D2 and D8. Only a single measure was then taken for
each mouse, because the variability between mice was much
greater than the observer error. In the case of measures of

190 circularity, the error of the observer cannot be ignored and is
added to these measures.

A first analysis was performed using IBM SPSS Statistics 19
(SPSS 19)24 which calculated a series of statistical parameters
(mean, standard deviation, etc.). To have a finer analysis of

195 the results, we will study the standard deviation of the data,
but also higher-order statistics such as skewness and kurtosis.
A second analysis was carried out using MATLAB to estimate
the previous parameters (mean, standard deviation, skewness,
and kurtosis) using bootstrap techniques.25 Bootstrap is

200 a resampling technique used to estimate the probability dis-
tribution of various estimates of a population as well as its
confidence interval. In our case, we apply them to obtain the
probability distribution of the estimator of the mean, standard
deviation, skewness, and kurtosis. A total of 100 bootstrap

205 replicas have been used. Normally this number is sufficient to
obtain adequate confidence intervals.26 Subsequently, we used
the Kruskal–Wallis statistical test to test the hypothesis that
the probability distributions of the mean, standard deviation,
skewness, and kurtosis are different between the control and

210 D2 and D8 groups. The level of significance chosen is
p < 0.05. With this method we can compare if the differences
in these estimators are significant or not using the population
of each group (control, D2, and D8).

In order to further explore the changes in these para-
215 meters, we make use of the Generalized Extreme Value dis-

tribution (GEV) as a fitting family to fit the data of each
group to a probability distribution. The GEV distribution is
a family of continuous probability distributions established
within the extreme value (EV) theory, which is a branch of

220statistics that studies the deviations of the mean of the prob-
ability distributions. The GEV distribution unites three
families of distributions: the Gumbel, Fréchet, and Weibull
distributions into a unique family to permit a continuous
range of possible shapes. It is often used as an approximation

225to model the maxima of long sequences of random variables.
We used this distribution because it is applicable to ‘abnor-
mal’ data (malformations as in our case). The class of GEV
distributions is very flexible with the tail shape parameter ξ
controlling the shape and size of the tails of the three different

230families of distributions subsumed under it. These three
families of distributions can be nested into a single parametric
representation.27–29 This representation is known as the GEV
distribution and is given by Equation (2):

GðzÞ ¼ exp � 1þ ξ
z � μ

σ

� �h i�1
ξ

� �
(2)

where µ is the location parameter, σ is a scale parameter, and
235ξ is the tail shape parameter.

We modeled our circularity data with the distribution of
extreme values (Equation (2)) using MATLAB®,
a programming language for technical computing from the
MathWorks, Natick, MA, USA. This program has library

240functions to fit the data to a GEV probability distribution
function (pdf) using a Maximum Likelihood Estimation pro-
cess (mle). The result of the fit is a vector of estimated
parameters θ̂ ¼ ξ; σ; μð ÞT and a covariance matrix Sθ̂ for
these parameters.

245In order to test the significance of the difference between
pdf’s, the following analysis was performed (the procedure is
explained in two steps in order to describe it clearly):

(1) The Maximum Likelihood Estimation method pro-
duces estimators that are asymptotically unbiased

250following a multivariate Gaussian distribution given
by Equation (3) defined as30,31

f ðθÞ ¼ 1

2πð Þ3 S
θ
_

��� ���h i1=2 exp � 1
2

θ� θ̂
� �T

S�1
θ̂

θ� θ̂
� �� �

(3)
This equation describes a three-variate probability distribu-
tion for the reason that the vector of estimated parameters

θ̂ ¼ ξ; σ; μð ÞT has three components. It is possible to calculate

Figure 1. Region of interest (ROI) of area and circularity measurements: a) lens, b) entire eye, and c) retina are selected. Frontal section of E14.5 mouse embryo with
×10 magnification labeled with anti-type IV collagen.
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the term inside the exponential, θ � θ̂
� �T

S�1
θ̂

θ� θ̂
� �

¼ D2 in

255 the case in which the covariance matrix Sθ̂ is diagonal.
Because of the normality of the data, the result is the sum of
three independent normal variables with unit variance.
Therefore, D2 follows a χ2-pdf with N = 3 degrees of
freedom.32 This distance, D, can be considered as

260 a deviation of the values of θ from θ̂, measured in units of

the directional standard deviation in the direction of ðθ� θ̂Þ.

(2) The previous fitting procedure was performed for the
control group. The result was a vector of distribution
fitted parameters and a covariance matrix for those

265 parameters: θ̂C ¼ ξC; σC; μC
� �T

, Sθ̂;C.

Then, it was possible to calculate a distance value for deficit
groups as:

D2
C;D2 ¼ θ̂D2 � θ̂C

� �T
S�1
θ̂;C

θ̂D2 � θ̂C
� �

D2
C;D8 ¼ θ̂D8 � θ̂C

� �T
S�1
θ̂;C

θ̂D8 � θ̂C
� � ; (4)

and, at the same time, the cumulative probability of the value
D2 in both expressions of Equation (4) knowing that they
follow a χ2 pdf distribution with 3 degrees of freedom. This

270 probability can be interpreted as a degree of difference among
GEV probability distributions of deficit groups and GEV-
control, that is, how far the probability distribution of deficit
groups was from the control group.

Results

275 The biometric measurement for the control, D2 and D8
groups consisted of 19 measurements each. Once the zones
were selected and the calculations performed, we started the
statistical analysis of the results.

The results are shown in Tables 1 and 2. The data tables
280 show statistics about the distribution of the variables in the

lens (area and circularity), the eye (area and circularity), and
retina (area). Table 1 shows that the average of the estimated
area of these structures, except the retina, became smaller with
increasing FA deficiency. This also increased the dispersion

285 (standard deviation) among individuals. This is in agreement
with the malformations observed in the D2 and D8 groups,
with higher severity in D8. Notably, even with 2 weeks of
deficit, variability between individuals increased for eye and
lens parameters. In the case of the retina, these variations were

290 not as significant. In fact, the area of the retina suffered no

major changes. Increasing the deficit days did not increase the
size of the retina.

In the case of circularity parameter, differences in mean
values between individuals were not very high, especially in

295the case of lens circularity (Table 1). This is the reason we
calculated higher order statistics (Table 2). The results of the
Kruskal–Wallis contrast on the bootstrap estimators of the
parameters of Tables 1, 2, and 4 appear in them using the
asterisk Q6. This symbol indicates the estimators whose distribu-

300tion is significantly different from those of the control group.
As indicated in the methods section, these cases are those in
which the p value is greater than 0.05.

The role of statistical Skewness (3rd order moment of
probability distribution) is to describe the symmetry around

305the mean. If it is zero, the pdf is symmetric, if not it is
asymmetric. The Kurtosis (4th order moment of pdf) mea-
sures the degree of sharpness of the pdf peak when reference
to a Gaussian distribution,33 which is related to the behavior
of that distribution in the tails and the existence of outliers.34

310Lens area skewness showed that the asymmetry value
obtained in the control group was negative, indicating that
there was some asymmetry between control individuals. In
both groups, D2 and D8, different behaviors are observed
compared to the control group. The same was observed

315when analyzing the Kurtosis: the control, D2 and D8 groups
appeared clearly different. In case of lens circularity, the
skewness changes from negative (control) to positive (D2
and D8). This indicates an increase of asymmetry toward
higher values. Since the lens circularity has a maximum of

320one, this indicates that lens in D2 and D8 increases the
circularity respect to control group. The kurtosis changes
from negative (control) to positive (D2 and D8). This indi-
cates extended tails of the distribution in case of D2 and D8
revealing the presence of outliers (increase of the probability

325of large deviation respect to mean and median of the distribu-
tion respect to control group, probably due to malforma-
tions). The same can be said about eye circularity and area
although in this last case, the change to positive kurtosis

Table 1. Area and circularity (circ) mean values for mean and standard deviation bootstrap estimators of the lens, the eye,
and retina from sample groups. C: control group. D2 and D8: FA deficient groups. All the differences in distribution of mean
and standard deviation are significant (p < 0.05).

Mean and Standard Deviation (pixels)

Parameter C D2 D8

Lens Area 285 653 ± 46 811 271 500 ± 52 489 237 862 ± 97 979
Circ. 0.969 ± 0.016 0.968 ± 0.035 0.973 ± 0.019

Eye Area 1 175 368 ± 159 071 1 072 368 ± 201 419 1 010 537 ± 200 348
Circ. 0.960 ± 0.020 0.971 ± 0.020 0.966 ± 0.018

Retina Area 548 126 ± 72 675 512 521 ± 115 492 520 332 ± 66 423

Table 2. Area and circularity (circ) mean values for the skewness and kurtosis
estimators of the lens, the eye, and retina from sample groups. C: control group.
D2 and D8: FA deficient groups. The symbol (*) marks the no significant
differences.

Skewness Kurtosis

Parameter C D2 D8 C D2 D8

Lens Area −1.11 0.64 1.03 0.92 −0.17 1.38*
Circ. −0.66 −2.23 −1.75 −0.62 4.31 3.06

Eye Area −0.02 0.13 0.73 −1.11 −1.42 1.37
Circ. −0.59 −1.60 −0.98 −0.37 3.50 2.23

Retina Area 1.45 −0.17 −0.13 3.50 −1.26 −0.68

4 O. SIJILMASSI ET AL.



respect to control group only occurs for D8 groupQ7 . In the case
330 of the retina, the skewness changes from positive (control) to

negative (D2, D8), showing a change in the asymmetry of the
distribution. At this point, it is interesting to note that while
the mean value of the retina area changes little (Table 1), the
change between the control group and D2, D8 is more notice-

335 able in the asymmetry of the distribution. Regarding kurtosis,
the change between positive (control) and negative (D2, D8)
shows a concentration of the data around the mean and
median value in groups D2 and D8 with respect to the control
group.

340 The results of the previous explained fitting procedure to
GEV functions (see Section ‘Materials and methods’) and
analysis are presented in Figure 2; we observed that in the
D2 and D8 groups, lens and eye circularity pdfs were different
from the control pdf. The distance D between the fitted

345 parameters and the control fitted parameters was very large
and the probability of their being different distributions was
very high (nearly one), according to the co-variance in the
control fitted parameters. In general, the eye and the lens with
FA deficiency were more circular. Comparing Tables 1 and 2,

350 it is possible to say that the mean differences between groups
when talking about circularity were in the higher order sta-
tistics, producing different GEV pdfs.

In this study, we observed that eyes developed in FA
deficiency conditions were smaller than those in the control

355 group. So, we calculated the relative decrease (Δ) compared to
the control area with the following formula (Equation (5)).
The results are shown in Table 3:

Δ ¼ Control Group mean Area� Deficient Group mean Area
Control Group mean AreaþDeficient Group mean Area

2

� �
� 100

(5)

Table 3 shows that when there was a deficit of FA, the eye
360 became smaller; its size was reduced 9.16% in the case of D2

and 15.08% in the case of D8. This reduction was accompa-
nied by a reduction in the size of the lens by 5.05% in the case
of D2 and 18.26% in the case of D8. Nevertheless, in the case
of the retina, the reduction was 6.71% in D2, and in the case

365of D8, reduction was only 5.20%. Both values are comparable
and within the error margins of variability among control
group individuals. The data in Table 3 are a rearrangement
of those in Table 1, since they express the percentage of
variation in the size of the eye, retina, and lens.

370With increasing FA deficiency, the eye became increasingly
smaller, while the retina did not change its area. For that
reason, we hypothesize that the retina must change its geo-
metry in order to fit into a smaller eye. To test this hypothesis,
we statistically analyzed the height and the width of the retina

375(see Figure 3) of the three sample groups and compared them
to the results for the control group. The results are shown
below, see Table 4.

The height of the retina decreases in groups D2 and D8
relative to the control while its width increases. The disper-

380sion of the height and width of the retina increases in groups
D2 and D8 with respect to the control (greater standard
deviation). The degree of asymmetry of the distributions
tends to decrease with respect to the control group. In the
case of kurtosis, as in the general case of the area of the retina,

385the width of the retina changes from positive to negative
kurtosis, concentrating the values around the mean value.

As shown in Table 4, the height of the retina became smaller
when FA deficiency increased. This coincides with the decrease in
size of the eye caused by the deficit. Butwhenwe analyzed the data,

390we observed that the retina was wider in the D8 group.

Discussion

Lack of FA produces defects in cell growth, mainly in infants
whose mothers lacked FA.35 FA is required for DNA, RNA, and
protein synthesis and uses two different transport mechanisms to

395enter mammalian cells: the folate receptor and reduced-folate
transporter.36–38 Many studies have confirmed the distribution

Figure 2. Lens and eye circularity probability distribution for the three sample groups.

Table 3. Values of the relative decrease in ocular structures with FA deficiency,
compared to the control group.

Structure D2 (%) D8 (%)

Lens 5.08 18.26
Eye 9.16 15.08
Retina 6.71 5.20

CURRENT EYE RESEARCH 5



of these two proteins in ocular structures during embryological
development.39–42

In this study, we are the first to perform ocular biometric
400 measurements in mice embryos from females with FAD diet.

For this, in the present article we realize a more comprehensive
statistical study to detect significant changes in the biometry of
some eye structures. We have shown changes in whole eye and
lens sizes even in the group whose mothers were only deprived of

405 FA during the first gestational days. It is known that FA is neces-
sary for normal embryonic cell proliferation processes; deficiency
interferes with growth of the embryo.43 In fact, low folate intake
was associated with a twofold increase in the risk of low infant
birth weights.44 Certainly, in our deficient embryos, the size of the

410 whole eye and lens was always smaller than that of controls
possibly due to reduced cell proliferation. Some studies have
demonstrated that FA deficiency decreased cell proliferation.21,45

Strangely enough, comparing neural retinas, we have shown
that despite of the deficit, the area size did not change, not even

415 when the deficit was very severe as in D8. To confirm this, we
measured height andwidth of the retina,which revealed that in the
D8 group, the neural retina was thicker than control embryos.
Likewise, the increase in the size of the neural retina has been seen
in various studies.46,47 Experimental studies48,49 have revealed that

420 reduced central nervous system apoptosis results in multiple
hyperplasias, ectopic cell masses, disorganized cellular structures,
and excessive numbers of neurons in the cortex, cerebellum, and
retina. It has been known for a long time that the removal of cells
by programmed cell death is a mechanism of development.

425 Apoptosis is fundamental during development because excess
cells are generated during the development of a number of

systems, such as the central nervous system50 including the
retina.51 Changes in the amount and composition of extracellular
matrix components inducemodifications in the apoptosis/survival

430cellular.52,53 Moreover, it has been shown that maternal dietary
choline deficiency alters the retinal development and structural
organization in the offspring of mouse dams.54 Previously, it has
been reported that folate and choline metabolism are interrelated,
and low levels of FA produce a decrease in choline status55–57

435affecting the development of the nervous system58 and possibly
ocular development.

Regarding circularity measures, we have observed that eyes
and lenses of embryos from maternal FAD diet were more
circular than control. In brief, our results show an association

440between maternal FAD diet and variations in ocular biometric
parameters: area and circularity.

On the other hand, type IV collagen forms an integrated net-
work within the laminin scaffold providing strength and
stability.59 These proteins are important as structural components

445of the native basement membranes and subsequently as matrices
supporting cell adhesion,migration, and proliferation.14,60 It is not
surprising that any disruption in basement membrane proteins
such as type IV collagen and/or laminin-1 would result in changes
or alterations in tissue morphology. In our previous work,13 we

450have shown that FAD diet produces changes in the expression of
both proteins in the lens tissue, this is probably one of the causes of
lens shape alteration and its decrease in size. It also seems logical to
assume that changes observed in the eye and retina could be due to
the alteration of extracellular matrix proteins.

455An adequate contribution of FA in the diet is not only essential
during embryonic development for the correct formation of the
nervous system but also required for the growth, maturation, and
correct functioning of the nervous system in children and the
elderly.61 In elderly, FAD maybe due not only to low intake of

460FA but also to other circumstances (bad absorption, alcoholism,
medication, etc.). Optic neuropathy62–64 and macular
degeneration65,66 are related to FAD.

Most pregnancies in humans are unplanned. On average, the
first antenatal visit is 9 weeks.67 However, the human eye begins to

465develop by 7 weeks of fetal life. So, pregnancy can begin with
maternal FAD. Due to the great susceptibility of ocular develop-
ment in the absence of FA, as we have shown in our results, babies
with poor visual function and without other alteration, it could be
suspected that it was due to a small maternal deficit of FA at the

470beginning of pregnancy.

Conclusions

According to our results, it is clear that FA deficiency produces
morphological changes in lens, retina, and entire eye. These
changes were also noticeable in embryos obtained from mothers

Table 4. Statistical bootstrap estimator mean values of the height and width of the retina for sample groups. C: control group. D2 and D8: FA deficient groups.
Estimators: mean, std. deviation, skewness, kurtosis. All the differences from the control group are significant (p < 0.05).

Height of the retina (pixels) Width of the retina (pixels)

Control D2 D8 Control D2 D8

Mean 1150.58 1097.11 1041.47 321.32 301.58 337.00
Std. Deviation 98.340 139.616 136.708 20.502 35.367 35.873
Skewness 0.208 0.093 −0.053 0.775 −0.481 −0.107
Kurtosis −0.720 −1.213 0.082 0.403 −0.257 −0.436

Figure 3. Retinal measurements: Height (arrow 1) and width (arrow 2). Frontal
section of E14.5 mouse embryo with ×10 magnification labeled with anti-type IV
collagen.
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475 subjected to FA-deficient diet only 2 weeks from mating
(~ equivalent to 7 weeks in humans). In summary, the severe
changes in eye structures biometry observed in our FA-deficient
mice embryos revealed the important role of FA during embryo-
nic development. It is evident that FA plays a significant role in

480 extracellular matrix protein synthesis and FA deficiency contri-
butes to many kinds of ocular disorders. Changes introduced by
FA deficiency were visible in the short term (2 weeks) and
clearly evident in the long term (8 weeks) in mice. As a final
conclusion, perhaps some visual anomalies are related to defi-

485 cient states of FA during the first gestational weeks in women.
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