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Intrauterine growth restriction (IUGR) refers to poor growth of a fetus during pregnancy due to deficient maternal

nutrition or oxygen supply. Supplementation of a mother’s diet with antioxidants, such as hydroxytyrosol (HTX), has

been proposed to ameliorate the adverse phenotypes of IUGR. 
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1. Introduction

The effect of intrauterine growth restriction (IUGR, also known as fetal growth restriction, FGR) is characterized by

a deficit in growth and weight of the individual due to a lack of nutrients or oxygen or an alteration in the placenta

that can lead to a lack of these essential components for development . In IUGR, the “brain-sparing” effect

occurs, in which blood flow to the brain increases to ensure its development. That is, there is an asymmetric growth

of the individual in such a way that brain development is prioritized to ensure the maintenance of the critical

physiological functions of the newborn, such as breathing, suckling, and other autonomic functions, which improve

the chances of vitality and survival. This effect has been described in different species of mammals, including pigs,

sheep, humans, and guinea pigs .

However, “brain-sparing” does not completely guarantee the normal development of the brain or its function, since

it has been described that the offspring affected by IUGR (low body weight, LBW) can suffer from behavioral

disorders related to mobility and cognitive, memory, and neurophysiological dysfunctions . The animal models

studied have shown that individuals affected by IUGR presented alterations in the hippocampus with

consequences in normal neurological development . IUGR is also associated with excessive production of

reactive oxygen species (ROS), which may occur at specific windows of placental development and, for these

reasons, supplementation of maternal diets with antioxidants (e.g., antioxidant vitamins and melatonin) has been

investigated as a potential way to ameliorate adverse phenotypes . Hydroxytyrosol (HTX) is a potent

antioxidant, present in olive fruits and virgin olive oil, that presents regulatory properties in metabolism,

inflammation, and immunomodulation and also acts as neuroprotector in human pathologies and animal models 

. The beneficial effects of HTX are mainly attributed to its potent antioxidant and ROS scavenger activities,

which are able to counteract the pernicious consequences of oxidative stress in the organism. Furthermore, other

potential mechanisms with a direct effect on regulatory enzymes such as p38 and JNK have been proposed .
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Caloric restriction in sows during the third trimester of gestation affects fetal development and induces lower birth

weight in newborns, being a well-known animal model of IUGR widely used by our groups in previous studies 

. In this model, the NBW and LBW animals are born from the same mothers, thus avoiding the effect of the

mother in the statistical evaluation of the results.

In previous studies from our laboratories, maternal HTX supplementation in this porcine model was associated with

higher mean birth weight and lower incidence of low-birth-weight piglets. The positive effects of HTX administration

were sustained during lactation, leading to increased body weight at weaning . It also resulted in deviations in

body composition and metabolic indices, suggesting increased potential for growth and viability that was confirmed

in a later study . Later, the effects of HTX on fetal antioxidant status, placental gene expression, and fat

metabolism were demonstrated . Nonetheless, maternal supplementation with HTX during pregnancy also

influenced brain parameters since it affected the neurotransmitter (NT) profile in a brain-area-dependent mode and

it modified the process of neuron differentiation in the hippocampal Cornu Ammonis subfield 1 (CA1) and Dentate

Gyrus (DG) areas, indicating that cell differentiation occurred more rapidly in the HTX group than in the control

group . These effects were specific to the fetal period, concomitantly with HTX maternal supplementation, since

no major differences were detected in 1-month- and 6-month-old pigs.

Since the effects of maternal HTX supplementation on neurotransmission and hippocampal morphology were

observed only in 100-day fetuses , we decided to evaluate whether the effects of HTX were influenced by the

body weight of the offspring. Thus, the specific goals of the present work were to study whether the body weight of

the fetuses (NBW or LBW) could differentially influence the morphological analysis of the hippocampus and the NT

levels in various areas of the brain, and if HTX supplementation of the maternal diet could partially or totally

reverse the effects of IUGR.

2. Effects of Maternal Supplementation with HTX on
Immunohistochemical Markers in the Hippocampus of NBW
and LBW Fetuses

Antibodies against NeuN, DCX, and NFT, markers of mature neurons, immature neurons, and neurofilaments,

respectively, were used to analyze the effects of IUGR and HTX on the morphology and development of the

hippocampus.

NeuN is a marker of neuronal bodies and nuclei in mature neurons and, thus, NeuN staining was used to analyze

the number and distribution of mature neurons in CA1 and DG areas in the hippocampus of 100-day fetuses and to

assess the effects of IUGR and HTX (Figure 1). Higher positivity was observed in the NBW fetuses than in the

LBW fetuses, thus indicating that the NBW animals had a higher number of mature neurons. The quantitative

results obtained after image analysis are presented in Table 1. Quantitatively, the effect of weight was significant

only in CA1, but not in DG, indicating that IUGR affected mainly this region. The cell count was lower in LBW

fetuses, with a higher mean cell nuclei size and area percentage.
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Figure 1. Effect of Intrauterine growth restriction (IUGR) on NeuN immunostaining on the hippocampus of fetuses

whose mothers were not HTX-supplemented (A,B) or were HTX-supplemented (C,D). Representative images

show the mature neurons immunostained with the NeuN antibody. Panels are magnifications of the CA1 (a1–d1)

and GD (a2–d2) areas shown using black boxes. Scale bars: 500 µm (A–D), and 100 µm (a1–d1, a2–d2).

Table 1. Effect of body weight and supplementation of the maternal diet with hydroxytyrosol (HTX) on NeuN

immunostaining in the CA1 and DG areas of the hippocampus of 100-day-old fetuses.

The results are presented as the mean ± SE. The superscripts and p-values in bold show the significant

differences. Different capital letters (Aa = Ab ≠ Ba = Bb) represent significant differences between treatments for

the same group of body weight (p < 0.05). Different lowercase letters (Aa = Ba ≠ Ab = Bb) represent significant

differences between groups of body weight for the same treatment (p < 0.05). Statistical significance was

determined by UNIANOVA with Tukey’s adjustment.

In the pairwise comparison, it is interesting to note that the differences between NBW and LBW in CA1 were only

observed in fetuses whose mothers were supplemented with the control (cell count, p < 0.001; mean size, p <

0.001; and area, p = 0.001), while they were not observed when the mothers were supplemented with HTX (cell

count, p = 0.580; mean size, p = 0.971; and area, p = 0.679).

Regarding the effects of maternal supplementation, HTX treatment increased the cell number and decreased the

mean nuclei size in CA1, especially in LBW fetuses (cell count, p < 0.001; mean size, p < 0.001; and area, p <

0.001), while this effect was much less significant in the NBW fetuses (cell count, p = 0.027; mean size, p = 0.139;

and area, p = 0.069).

 
NBW LBW p-Values

  Treatment Body
Weight Interaction

CA1

Cell Count
CTRL 143.06 ± 9.02 87.25 ± 11.40 

<0.001 0.004 0.035
HTX 170.86 ± 9.69 162.00 ± 6.04 

Mean size
(µm )

CTRL
1352.44 ±
247.19 

2961.48 ±
676.06 

<0.001 0.013 0.015

HTX
817.85 ±
61.87 

834.88 ±
44.94 

Area (%)
CTRL 33.48 ± 1.29 41.63 ± 2.76 

<0.001 0.007 0.033
HTX 30.07 ± 0.99 31.07 ± 1.14 

DG

Cell Count
CTRL 79.91 ± 2.25 79.33 ± 4.55 

0.045 0.831 0.719
HTX 86.50 ± 3.64 88.75 ± 6.03 

Mean size
(µm )

CTRL
1449.37 ±
51.72 

1620.75 ±
116.92 

<0.001 0.677 0.014

HTX
1248.78 ±
62.85 

1009.78 ±
48.95 

Area (%)
CTRL 26.34 ± 0.55 28.76 ± 0.61 

<0.001 0.282 <0.001
HTX 24.49 ± 0.49 20.52 ± 0.76 

Aa Ab

Ba Ba

2

Aa Ab

Aa Ba

Aa Ab

Aa Ba

Aa Aa

Aa Aa

2

Aa Aa

Ba Ba

Aa Ab

Ba Bb
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In DG, there were no differences due to body weight and the effects of HTX were the same as in CA1, i.e., there

was an increase in the cell number and a decrease in the mean nuclei size in both NBW and LBW fetuses. In the

pairwise comparison, it can be observed that the effects on LBW fetuses were in general more significant than in

NBW animals (LBW fetuses: cell count, p = 0.152; mean size, p < 0.001; and area, p < 0.001 and NBW fetuses:

cell count, p = 0.135; mean size, p = 0.030; and area, p = 0.025). Thus, the neuronal characteristics of the HTX-

treated LBW group became more like those of the NBW animals, especially the HTX-treated NBW group, and the

differences between NBW and LBW observed in control animals disappeared or were less relevant in HTX-treated

animals.

Precursor neuronal cells (neuroblasts) were visualized during their migration and differentiation with doublecortin

protein staining (DCX), which is associated with microtubules. As can be observed in Figure 2, LBW fetuses

presented more intense staining in the CA1 area than the NBW fetuses, thus indicating that there was a greater

number of immature neurons. It has to be noted that the excessive staining background did not allow for the

quantification of DCX-positive neurons. These results were inverse to the results obtained with NeuN staining,

indicating that these regions in the hippocampus of LBW individuals contained fewer mature neurons concomitantly

with a higher number of immature cells. Similar results were observed in DG. Treatment of the mothers with HTX

produced LBW individuals who presented weaker DCX immunostaining in CA1 as well as in DG areas, leading to a

situation more similar to that of NBW control individuals.
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Figure 2. Effect of IUGR on DCX immunostaining on the hippocampus of fetuses whose mothers were not HTX-

supplemented (A,B) or were HTX-supplemented (C,D). Representative images show the immature neurons

immunostained with the DCX antibody. Panels are magnifications of the CA1 (a1–d1) and DG (a2–d2) areas

shown using black boxes. Scale bars: 500 µm (A–D), and 100 µm (a1–d1, a2–d2). The thickness of the DG area is

indicated by a black bar.

In addition, the thickness of the DG area was measured to confirm the qualitative results. DCX-positive neurons

formed a narrower band in NBW than in LBW (38.3 ± 2.1 µm versus 46.2 ± 3.5 µm, p = 0.024), suggesting that the

NBW animals had fewer immature neurons because they were already migrating to the other areas. When

differentiating the animals according to whether their mothers had received HTX or not, it was observed that the

thickness of LBW animals whose mothers received HTX had a tendency to be lower than that of animals from the

CTRL group (38.9 ± 2.6 µm versus 53.5 ± 1.2 µm, p = 0.063, panels d2 and b2). The same occurred in NBW

animals; those that received HTX presented a narrower band compared with the control group (29.8 ± 1.3 µm

versus 43.0 ± 2.6 µm, p = 0.001, panels c2 and a2).
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Neurofilament protein immunostaining (NFT) provided specific immunostaining of axons in mature neurons.

Positive staining is observed as a mesh of filaments, preventing the quantification of the experiment. Results were

similar to those of NeuN in CA1 and DG, with a more intense labeling in the NBW fetuses compared with LBW

(Figure 3), only in the control group. In LBW animals whose mothers had received HTX supplementation, a more

intense staining was observed, thus suggesting again that HTX was able to reverse the effects produced by IUGR.

Similarly, more connectivity through the granular cell layer was observed in NBW than in LBW individuals in the

control groups, whereas there were no differences between the HTX groups.

Figure 3. Effect of IUGR on neurofilaments (NFT) immunostaining on the hippocampus of fetuses whose mothers

were not HTX-supplemented (A,B) or were HTX-supplemented (C,D). Panels are magnifications of the CA1 (a1–

d1) and DG (a2–d2) areas shown using black boxes. Scale bars: 500 µm (A–D), 100 µm (a1–d1), and 50 µm (a2–

d2).

3. Effects of Maternal Supplementation with HTX on the
Neurotransmitter Profile in Several Brain Areas of NBW and
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LBW Fetuses

The effect of weight and maternal supplementation with HTX on the NT profile of the hippocampus was analyzed

and it is shown in Table 2. No differences were seen between NBW and LBW animals, but an effect of HTX on

several NTs, especially from the dopaminergic pathway, was observed as described in our previous work .

Nevertheless, an interaction between HTX treatment and body weight was observed in 5-HT, a tendency in 5-

HIAA, and consequently an effect in total indoleamines (INDtotal), indicating that maternal supplementation with

HTX differentially affected NBW and LBW offspring. When analyzing in detail this interaction, higher values of 5-HT

and, therefore, of INDtotal were found in LBW fetuses than in NBW fetuses of the control group (p = 0.015 and p =

0.016, respectively, in the pairwise comparison). Differences due to body weight disappeared in the HTX-treated

group (p = 0.285 and p = 0.305, respectively), indicating that the effect caused by IUGR on indoleamines was not

observed in the case of maternal supplementation with HTX.

Table 2. Concentration of neurotransmitters and their metabolites in the hippocampus of 100-day-old fetuses as a

function of maternal supplementation with HTX according to their body weight.

[22]

 NBW LBW p-Values
Treatment Body Weight Interaction

NA
CTRL 57.82 ± 3.13 73.47 ± 10.71 

<0.001 0.383 0.235
HTX 81.20 ± 4.07 81.53 ± 13.24 

DA
CTRL 95.86 ± 10.99 106.74 ± 13.06 

0.788 0.414 0.374
HTX 88.85 ± 5.18 85.58 ± 9.92 

DOPAC
CTRL 53.72 ± 7.22 57.24 ± 16.99 

<0.001 0.703 0.824
HTX 76.71 ± 8.73 97.42 ± 32.47 

HVA
CTRL 197.59 ± 14.50 259.56 ± 31.19 

<0.001 0.076 0.404
HTX 270.10 ± 14.04 306.08 ± 46.88 

DOPtotal
CTRL 347.17 ± 24.87 423.54 ± 49.48 

0.001 0.140 0.480
HTX 435.66 ± 19.97 489.08 ± 78.44 

CATtotal
CTRL 404.99 ± 26.96 497.00 ± 59.46 

<0.001 0.151 0.433
HTX 516.86 ± 22.09 570.61 ± 88.46 

5-HT
CTRL 167.74 ± 8.29 221.61 ± 17.48 

0.017 0.482 0.019
HTX 216.95 ± 11.75 195.07 ± 31.84 

Aa Aa

Ba Aa

Aa Aa

Aa Aa

Aa Aa

Ba Aa

Aa Ab

Ba Aa

Aa Aa

Ba Aa

Aa Aa

Ba Aa

Aa Ab

Ba Aa
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Concentrations are presented as the mean ± SE. Units are ng/g tissue. The rows divide fetuses as a function of

their body weight (NBW or LBW). The columns show the neurotransmitters and metabolites as a function of the

treatment (CTRL or HTX). The superscripts and p-values in bold indicate significant differences. Different capital

letters (Aa = Ab ≠ Ba) represent significant differences between treatments for the same group of body weight (p <

0.05). Different lowercase letters (Aa = Ba ≠ Ab) represent significant differences between groups of body weight

for the same treatment (p < 0.05). NA, noradrenalin; DA, dopamine; DOPAC, 3,4-dihydroxyphenyl acetic acid;

HVA, homovanillic acid; 5-HT, serotonin/5-hydroxytryptamine; 5-HIAA, 5-hydroxyindoleacetic acid; DOP total, total

dopaminergic neurotransmitters; CAT total, total catecholaminergic neurotransmitters; IND total, total

serotoninergic neurotransmitters. Statistical significance was determined by UNIANOVA with Tukey’s adjustment.

Finally, interactions between the body weight and sex of fetuses were analyzed but not found to be significant for

any variable (Table 3).

Table 3. Concentration of neurotransmitters and their metabolites in the hippocampus of 100-day-old fetuses as a

function of body weight and sex.

Concentrations are presented as the mean ± SE. Units ng/g tissue. The rows divide fetuses as a function of their

sex (females or males). The columns show the neurotransmitters and metabolites as a function of their body

weight (NBW or LBW). NA, noradrenalin; DA, dopamine; DOPAC, 3,4-dihydroxyphenyl acetic acid; HVA,

Neurotransmitters were also quantified in amygdalae and the prefrontal cortex. Differences between control and

HTX groups were observed as described before , but no effect of body weight was seen on any of the NTs or

brain area. Similarly, no effect of sex or interaction between sex and body weight was observed in these two brain

areas, except for sex and NA in the amygdalae.

4. Discussion

 NBW LBW p-Values
Treatment Body Weight Interaction

5-HIAA
CTRL 85.51 ± 4.57 102.58 ± 8.98 

0.155 0.461 0.096
HTX 94.76 ± 3.07 90.99 ± 12.18 

INDtotal
CTRL 253.25 ± 11.84 324.19 ± 23.37 

0.026 0.468 0.021
HTX 311.71 ± 13.64 286.05 ± 43.64 

Aa Aa

Ba Aa

Aa Ab

Ba Aa

 Females Males p-Values
Body Weight Sex Interaction

NA
NBW 68.58 ± 3.56 68.76 ± 4.65

0.421 0.915 0.990
LBW 75.95 ± 10.79 77.03 ± 12.90

DA
NBW 93.89 ± 9.38 90.81 ± 7.82

0.316 0.546 0.656
LBW 91.75 ± 12.57 105.85 ± 13.58

DOPAC
NBW 65.19 ± 7.76 63.23 ± 8.49

0.928 0.413 0.534
LBW 81.90 ± 25.69 62.72 ± 21.23

HVA
NBW 228.31 ± 13.48 235.27 ± 18.19

0.107 0.715 0.619
LBW 293.77 ± 39.25 260.24 ± 35.56

DOPtotal
NBW 387.38 ± 21.60 389.30 ± 27.33

0.170 0.735 0.700
LBW 467.42 ± 60.54 428.80 ± 61.21

CATtotal
NBW 455.96 ± 23.58 458.07 ± 30.75

0.185 0.747 0.753
LBW 543.38 ± 70.25 505.83 ± 72.12

5-HT
NBW 188.55 ± 10.20 193.35 ± 11.11

0.316 0.819 0.576
LBW 214.33 ± 21.08 208.98 ± 25.20

5-HIAA
NBW 88.64 ± 3.18 91.43 ± 5.30

0.314 0.427 0.371
LBW 103.44 ± 8.53 93.03 ± 11.72

INDtotal
NBW 277.19 ± 12.29 284.79 ± 15.06

0.300 0.693 0.514
LBW 317.76 ± 28.64 302.01 ± 34.02

[22]
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homovanillic acid; 5-HT, serotonin/5-hydroxytryptamine; 5-HIAA, 5-hydroxyindoleacetic acid; DOP total, total

dopaminergic neurotransmitters; CAT total, total catecholaminergic neurotransmitters; IND total, total

serotoninergic neurotransmitters. Statistical significance was determined by UNIANOVA with Tukey’s adjustment.

4.1. Effects on Hippocampal Development

The hippocampus is related to memory processes, cognitive functions, learning capacities, and motor skills, which

are essential for normal neurological development . Several studies indicate that the hippocampus is very

vulnerable to hypoxia, malnutrition, and altered micronutrient supply, which are present in IUGR . In the

hippocampus, pyramidal neurons from CA originate in the second half of the embryonic life. The multiplying

neuroblasts migrate from the ventricular zone to their final target region and the route of migration is short because

the hippocampus closely follows the curve of the ventricle. Future CA1 neurons form cell rows perpendicular to the

ventricular germinal layer. At birth, the pyramidal layer is thick but it becomes thinner postnatally. On the other side,

the generation of the granule cells in the DG starts at the middle of gestation but continues long into the postnatal

period and, at a reduced level, into adulthood .

In the present work, labeling with NeuN and NFT antibodies, both markers of mature neurons, indicated that there

is a neuronal deficit in the CA1 and DG areas of the hippocampi of LBW fetuses (affected by IUGR). Inversely,

DCX labeling suggested that LBW fetuses had a higher number of immature and disorganized neurons than NBW

fetuses. Neuron precursor cells express the DCX protein and, once they receive a synaptic signal, they extend

dendrites and axons and express a series of markers from mature neurons (e.g., NeuN) . Thus, our results

indicate that cell differentiation proceeds more slowly in LBW than in NBW animals. The changes observed in LBW

fetuses are especially relevant in DG, an area where new neurons are generated continuously throughout the

individual’s life .

These results confirm those previously described in the literature. Thus, MRI studies in humans confirm that the

hippocampus is susceptible to IUGR, showing a reduced volume in neonatal periods . In laboratory animals, it

has been shown that IUGR affects the total number of pyramidal neurons in CA1  and that the surviving neurons

present an abnormal axonal and dendritic morphology as well as impaired connectivity between them .

Furthermore, it has been described that IUGR can affect the volume and number of neurons  as well as

neurotransmission , thus altering the development of the hippocampus. Taken together, our results indicate that

the hippocampal maturation process is slower in LBW fetuses, which present a greater number of immature

neurons. Due to the relevance of the correct development of the hippocampus and its important role in various

functions , our results support other research findings indicating that the morphological changes observed in

individuals affected by IUGR may be associated with defects in cognitive function, such as memory and learning, in

humans or animal models . In a porcine model similar to ours, it was found that the IUGR newborn piglet

brain displays less NeuN-positive cells in the parietal cortex, together with other alterations affecting glial

morphology, neuronal damage, white matter disruption, and inflammation .

Our results indicate that HTX may counteract the deleterious effect of growth restriction. Importantly, maternal

treatment with HTX caused an increase in the number of NeuN-positive neurons and a decrease in the number of

DCX-positive neurons in LBW fetuses, thus appearing more similar to NBW individuals. In NBW fetuses, HTX

caused milder effects, which were observed only as a significant decrease in cell nuclei size in NeuN-stained

samples. That is, the effects of maternal supplementation with HTX affect NBW and LBW fetuses in the same way,

[23]
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but the effects are more significant in LBW fetuses. Therefore, treatment of the mothers with HTX reversed the

effects of IUGR in the hippocampus of the LBW fetuses. As a consequence, the differences observed between

NBW and LBW individuals in the control groups disappear or are weaker when comparing HTX-NBW and HTX-

LBW groups. This would be in agreement with reports indicating that maternal HTX administration improves

neurogenesis and cognitive function in the offspring of prenatally stressed rats . It is widely accepted that the

protective role of a Mediterranean diet during pregnancy for the health of the mother and child is mainly due to the

antioxidants supplied by components of this diet, such as olive oil , and it is important to note that HTX is able

to cross the blood–brain barrier (BBB), thus reaching the brain at physiologically relevant concentrations .

4.2. Effects on the Neurotransmitter Profile in the Hippocampus

The effect of IUGR in relation to HTX supplementation of the mother’s diet primarily altered the serotonergic

pathway in the hippocampus. There is a growing body of evidence indicating that indoleamines, especially

serotonin, are crucial for the modulation of neurodevelopmental processes, and therefore in the development of the

fetal brain . Thus, it has been described that changes in the serotoninergic system during the prenatal stages

can contribute to an alteration in development through fetal programming mechanisms and an increased risk of

psychiatric diseases during childhood and adulthood . During postnatal life, indoleamines are involved in such

important aspects such as food intake, mood, and social interactions . Similar to our results, other authors have

also described that IUGR significantly increases the levels of 5-HT and its metabolite 5-HIAA, affecting the

serotonergic pathway in rodent animal models .

It is possible that the small differences observed in neurotransmitter levels between LBW and NBW fetuses are

related to asymmetric growth and prioritization of brain development during IUGR. However, alterations in the

concentration and metabolism of indoleamines in the limbic system (mainly in the hippocampus) can compromise

adequate neural function. Specifically, in humans, individuals with LBW have been found to have a higher

incidence of behavioural disorders related to mobility, cognition, memory, and neuropsychological functions .

Again, an interaction between body weight and maternal supplementation with HTX was observed since the effect

caused by IUGR on indoleamines was not observed in the treated group. In the pairwise comparison, LBW

individuals showed different indoleamine concentrations to NBW individuals in the control groups, but these

differences disappear between HTX-supplemented groups.

On the other hand, treatment of the mothers with HTX mainly affected the dopaminergic pathway in the

hippocampus and that could be related to the fact that DA metabolism is a major source of intracellular ROS

production . HTX has a potent ROS scavenger capacity and it can induce several antioxidant enzymatic

systems in the cell and maintain high levels of reduced glutathione . Other possibilities would be enzymatic

mechanisms by acting on Phase II enzymes, COMT, or other dopamine-related enzymes as discussed in our

previous work .
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