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Introduction: Uteroplacental Insufficiency (UPI) produces critical neurodevelopmental 
problems affecting the Intrauterine Growth Restricted (IUGR) in offspring. This study aimed 
to investigate the possible neuroprotective roles of Hesperidin (Hes) on the fetal cerebral cortex 
of the UPI rat model.

Methods: In this experimental study, 40 pregnant Wistar rats (age: ~40 days, Mean±SD 
weight: 180±10 g) were randomly divided into 5 groups (n= 8/group). The study groups 
included control (normal saline, orally), UPI+NS (uterine vessel ligation+normal saline, 
orally), UPI+HES25, UPI+HES50, and UPI+HES100 (uterine vessel ligation+25, 50 and 100 
mg/kg Hes, orally). After being anesthetized by ketamine and xylazine, UPI was induced by 
permanent bilateral closure of the uterine vessels on Gestation Day (GD) 18. From GD15, the 
Hes/NS-treated groups received Hes/normal saline until GD21. On GD21, the uterus, placenta, 
and fetus were dissected out and weighed. The oxidative stress parameters, including Catalase 
(CAT) activity, Malondialdehyde (MDA), and Total Antioxidant Capacity (TAC) were 
measured in the fetal cerebral cortex. The expression of Brain-Derived Neurotrophic Factor 
(BDNF) and Tropomyosin Receptor Kinase B (TrkB) was assessed by RT qPCR methods. 
The obtained data were analyzed by Analysis of Variance (ANOVA) and Tukey’s post hoc test.

Results: The present study findings identified a significant difference in the uterine and fetus 
weight in Hes-treated mothers (P< 0.05). In the fetus, Hes reduced MDA, and increased CAT 
activity and TAC (P˂0.001 in the UPI+Hes100 group, compared to the UPI+NS group). UPI 
reduced BDNF and TrkB mRNA expression, compared to the control group (P<0.05). Also, 
Significant increases in BDNF and TrkB mRNA expression were observed after administrating 
Hes in the fetal cerebral cortex of the UPI rat model, in a dose-dependent manner (P<0.05).

Conclusion: Hes, as a neuroprotective and antioxidant agent, accelerates BDNF-TrkB signaling 
pathway and suppresses oxidative stress parameters in the cerebral cortex of the UPI rat model.
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1. Introduction

ntrauterine Growth Restriction (IUGR) 
is generally determined as the remark-
able lessening in fetal growth rate, result-
ing in low birth weight. It affects 10% of 
all pregnancies. Besides, IUGR is a major 

contributor to perinatal mortality and morbidity (20%-
50% of perinatal deaths). IUGR is also related to aggra-
vated long- and short-term outcomes as the prevalence 
of intrapartum distress, suboptimal neurodevelopment, 
neonatal complications, and increased odds of car-
diovascular disease (Gumus et al., 2018). The chronic 
reduction of placental blood supply induced by contin-
ued exposure to under-nutrition and hypoxemia causes 
subsequent consequences on brain development (Illa et 
al., 2013). The association between neurodevelopmental 
dysfunctions and IUGR was widely described. During 
postpartum, the term IUGR presents worse cognitive 
performance and neurobehavioral, compared to control 
term infants. Furthermore, reports suggested that infants 
born with IUGR have learning difficulties in school 
concerning a characteristic pattern involving attention, 
short-term memory, and anxiety (Geva, Eshel, Leitner, 
Fattal-Valevski, & Harel, 2006). Uteroplacental Insuffi-

ciency (UPI) is a model of Intrauterine Growth Restric-
tion (IUGR) caused by characteristics, such as maternal 
smoking, preeclampsia, and the abnormalities of utero-
placental development (Pinney, 2016). UPI produces 
significant neurodevelopmental deficits affecting the ce-
rebral cortex of IUGR offspring. The structure, frequen-
cy, and shape of the various cerebral cortex cells vary in 
the offspring of IUGR; however, the precise mechanism 
of these events remains unclear (Fung et al., 2012). 

Hesperidin (Hes), a bioflavonoid, is the major flavanone 
present in citrus fruits, including orange. It is composed 
of Hes being conjugated to rutinose. In the intestine fol-
lowing Hes administration, this compound is absorbed 
through the paracellular pathway by conversion to Hes. 
The Hes that is part of the flavonoids acts in plants as 
antimicrobials, antioxidants, visual attractors, photore-
ceptors, feeding repellants, and is used for light screen-
ing (Estruel-Amades et al., 2019). Hes has different bio-
logical activities, e.g., this bioflavonoid is a potentially 
protective marker for neurodegenerative diseases; i.e., 
achieved by reducing neuroinflammation in experimental 
stroke (Kawser Hossain et al., 2016). The majority of the 
flavonoids found in citrus fruits are glycosides and only 
a small quantity of Hes is present. Numerous pharmaco-

Highlights 

● Hesperidin accelerates the BDNF-TrkB signaling pathway.

● Improved BDNF-TrkB signaling pathway can ameliorate neurodegenerative diseases.

● Hesperidin suppresses oxidative stress parameters in the fetal cerebral cortex of the UPI rat model.

● Hesperidin is effective in reducing cerebral cortex damage with its antioxidant role.

● Hesperidin can be effective in reducing UPI-induced cerebral cortex damage. 

Plain Language Summary 

The abnormal fetal growth etiology and its mechanism, i.e., Intrauterine Growth Restriction (IUGR), remain unclear. 
IUGR produces significant neurodevelopmental deficits affecting the IUGR offspring’s cerebral cortex. Furthermore, 
compounds, including Hesperidin (Hes) (of different antimicrobial & antioxidant properties) might present neuropro-
tective effects. In this study, initially, the UPI model was created by bilateral uterine vessel ligation, then the study rats 
were given oral Hes. Hes caused uterine and embryo weight gain in the UPI model. Analyzing antioxidant parameters 
suggested that the Catalase (CAT) activity and Total Antioxidant Capacity (TAC) increased, and Malondialdehyde 
(MDA) decreased after Hes administration in the fetal cerebral cortex. BDNF plays a crucial role in brain develop-
ment, including neural migration, neurogenesis, and synapse formation in the antenatal and postnatal. Hesperidin also 
increased BDNF and its receptor, TrkB, in the UPI model. In general, the collected results indicated that Hes could 
effectively reduce the IUGR-induced cerebral cortex damage. Additionally, Hes may provide the beneficial therapeutic 
potential to inhibit and treat the neurodegenerative disorders associated with intrauterine growth restriction.
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logical effects of Hes have been described. Hes prevents 
hepatic steatosis, lipid-droplet accumulation, and other 
disorders, including hypercholesterolemia, hypertension, 
osteoporosis, and cerebral thrombosis, among others 
(Estruel-Amades et al., 2019). The role of Hes was re-
ported in neuroprotective efficacy. The Hes-related neu-
roprotective efficacy is attributed to its inhibition ability 
of Reactive Oxygen Species (ROS) generation, including 
scavenging peroxynitrite radicals, hydroxyl radical, and 
inhibiting Fe2+-induced linoleate peroxidation, and cere-
bral membranes auto-oxidation. It protects the neurons 
against various assaults associated with multiple neuro-
degenerative diseases (Raza et al., 2011). 

Neurotrophins are a group of associated proteins, i.e., 
first recognized as survival markers for sympathetic and 
sensory neurons. They were reported to control various 
dimensions of development, survival, and function of 
neurons in both central and peripheral nervous systems. 
These proteins also control axon growth, cell fate deci-
sions, dendrite pruning, and growth, as well as protein 
expressions, such as transmitter biosynthetic enzymes, 
ion channels, and neuropeptide transmitters that play a 
vital role in healthy neuronal function. Neurotrophins 
also provide supplemental, subtler functions outside the 
nervous system (Reichardt, 2006). The Brain-Derived 
Neurotrophic Factor (BDNF) is a neurotrophin family 
member, one of the neurotrophic factors, and a secretion 
protein. It increases the differentiation speed of neuronal 
populations of central and peripheral nervous systems 
(Verma, Sharma, Sarma, Chetia, & Saikia, 2013). It plays 
a critical role in regulating neuronal survival, as well as 
maintenance, development, the regulation of the forma-
tion, storage, and cognition of memories. The extents 
of BDNF and its receptors are decreased in the cerebral 
cortex of normal aging animals and Alzheimer’s disease; 
this might contribute to cellular and synaptic loss and 
memory deficits (Miranda et al., 2018). The neurotrophic 
effects of BDNF are mainly facilitated through binding 
to its receptor, Tropomyosin Receptor Kinase B (TrkB). 
BDNF and its receptor, TrkB, are mostly expressed in 
the mammalian brain. BDNF/TrkB-stimulated signal-
ing is crucial for neuronal morphogenesis, plasticity, and 
survival (Dekeyster et al., 2015). Hes could effectively 
protect neurons from injuries induced by nitrosative or 
oxidative stress. Moreover, it enhances cognitive func-
tions through different mechanisms, including elevating 
BDNF (Hajialyani et al., 2019). 

It is important to characterize the potential for restoring 
normal neurodevelopment after chronic reductions in 
nutrient supply, which occur in the uterus, and to under-
stand the mechanisms that might lead to improved brain 

function. Therefore, this study aimed to determine the 
Hes inhibitory effects on brain damage in the Uteropla-
cental Insufficiency (UPI) model. Moreover, this study 
examined the inhibitory effects of Hes on BDNF and its 
receptor, TrkB in the cerebral cortex (neocortex) of the 
UPI rat model.

2. Methods

All protocols of the current study were approved by the 
Committee for Animal Research of Islamic Azad Univer-
sity, Shiraz branch. Animal experiments were performed 
as per the Guide for the Care and Use of Laboratory Ani-
mals. All study animals were housed at ~50% relative 
humidity and ambient temperature of 22±3 °C, with free 
access to water and food, and a 12:12 hour light/dark cy-
cle. In this laboratory study, 40 pregnant Wistar rats (age: 
~40 d, Mean±SD weight: 180±10 g at gestation day 1) 
were used. The examined rats were randomly divided 
into 5 groups (n= 8/group), including control, UPI+NS, 
UPI+HES25, UPI+HES50, and UPI+HES100. In the 
control group, the laparotomy surgery was performed 
except that uterine vessels were not ligated. Then, moth-
ers were treated with 0.5 ccs normal saline as HES sol-
vent. In the UPI groups, the uteroplacental insufficiency 
surgery was performed on GD18 (term ~22 days) as 
described previously by Wlodek et al. (2005). Briefly, 
on GD 18 and under deep anesthesia by intraperitoneal 
injection of ketamine (50 mg/kg) and xylazine (10 mg/
kg), laparotomy surgury was conducted. Then, bilateral 
uterine vessels (vein & artery) were ligated which re-
stricted nutrient and blood supply delivery to the fetuses. 

The explored animals were anesthetized on the 21st day 
of gestation. Then, the uterus, placenta, and fetus were 
dissected out and weighed using a digital scale (Kern, 
Germany). The live fetus was put fetus on an ice-cold 
surface, then the head was removed. The anterior brain 
was recognized under stereo microscopes (Olympus, To-
kyo, Japan). The anterior brain was rapidly isolated and 
washed by ice-cold isotonic saline. Next, the cerebral 
cortex was separated until the next steps, i.e., storage at 
-80°C. The frozen tissues were used to extract RNA or 
prepare tissue homogenates to evaluate oxidative stress 
parameters. Accordingly, cerebral cortex tissues were 
homogenized in a lysis buffer (Triton X-100, NaCl, Tris, 
EDTA, SDS, EGTA, HEPES, & PMSF) (all chemicals 
were purchased from Merck, Germany) using a homog-
enizer (T10Bhomogenizer; Germany), and were centri-
fuged for 45 min (13000 rpm at 4 °C). Then, the superna-
tant was used to measure the antioxidant activity.
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Catalase (CAT) is also known as hydrogen peroxide 
oxidoreductase. Briefly, the supernatant was diluted with 
0.05 M, pH 7.0 phosphate buffer, i.e., used and incubated 
at room temperature for 10 min. The supernatant was ad-
ministered to evaluate the CAT activity by a commercial 
kit (ZB-CAT ZellBio A 96, Germany) according to the 
manufacturer’s instructions and was read by a micro-
plate/ELISA reader (Micro Plate Reader, Germany). One 
unit corresponds to 1 nmol CAT per gram tissue (U/mL).

The MDA level was calculated by the reverse phase 
HPLC-MS method using the single ion monitoring tech-
nique. The chemicals used for spectrophotometric and 
HPLC-MS determination of MDA-TBA included Thio-
barbituric Acid (TBA) and Butylated Hydroxytoluene 
(BHT) (Sigma Aldrich, USA). Ammonium acetate, po-
tassium dihydrogen phosphate, and Trichloroacetic Acid 
(TCA) were obtained from Merck (Merck, Germany). 
From that stock, an aliquot of 500 µL was transferred 
into a 5mLNunc Cryotube, and 1mL TBA (0.375% in 
0.25MHCl) was added. Then, the mixture was heated at 
100°C for 15 minutes. After cooling, the solution was 
colorimetrically analyzed by spectrophotometry using 
a 1cm absorption cell (Hitachi, Japan) at 530-540 nm 
(Lunec, 1990). A standard curve was used to calculate 
the MDA concentration. MDA levels were expressed as 
µmol/L concentrations using the curves of calibrating. 
They were expressed as a decreased percentage in MDA 
level compared to the negative control.

The total antioxidant capacity of cerebral cortex ho-
mogenates was estimated by the TAC kit (ZB-TAC Zell-
Bio A 96, Germany) according to the manufacturer’s in-
structions. A certain amount of PBS (pH 7.4) was added. 
Next, the sample was thoroughly homogenized by a ho-
mogenizer. The absorbance of the supernatant was then 
determined at 490nm using an ELISA plate reader. The 
obtained results were evaluated from the standard curve 
and expressed as millimoles per gram protein.

Total RNA was isolated from the cerebral cortex using 
the RNA extraction kit (Cinnagen Inc., Iran). The opti-
cal density 260/280 was measured using a Nanodrop™ 
spectrophotometer (Nanodrop; Thermo Fisher Scien-
tific, Wilmington, DE, USA) for the concentration and 
purity of RNA. Complementary DNA (cDNA) was syn-
thesized from 1μg of RNA using the RevertAid™ first-
strand cDNA synthesis kit (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). Real-Time PCR was con-
ducted in the applied Biosystems StepOne™ instrument 
(ABI, Step One, USA) similar to the protocol of RealQ 
Plus 2x Master Mix Green (Amplicon A/S, Odense, 
Denmark). As per Table 1, real-time PCR for the expres-
sion analysis of the primer pairs for BDNF, TrkB, and 
beta-2 microglobulin (b2m) was designed by the Prim-
er3 software. The (b2m) reference gene was also used as 
the real-time PCR reactions internal control. The condi-
tions of real-time PCR were set for 10 minutes at 94°C, 
followed by 40 cycles of 15sec at 94°C; one minute at 
60°C in annealing and extension steps that continued 
with the melting curve step. The melting curve analy-
sis and gel electrophoresis were performed to confirm 
targets specific amplification after each run of real-time 
PCR. The different samples amplification signals were 
normalized to (b2m) Cycle Threshold (Ct). Subsequent-
ly, the delta-delta CT (2-∆∆CT) method was applied to 
compare the test mRNA levels to the control, which was 
demonstrated as a fold change in the data analysis.

Between-Group comparisons were performed using 
one-way Analysis of Variance (ANOVA). The nor-
mality of quantitative variables was analyzed by the 
Kolmogorov-Smirnov test and the normally distrib-
uted variables were compared to variance analyses and 
Tukey’s post hoc tests. Differences were considered 
significant at P<0.05. All statistical analyses were con-
ducted in SPSS. The collected results were expressed as 
Mean±Standard Deviation (SD) unless otherwise noted.

Table 1. Primers used in the present study

Genes Primer Sequences Sizes (bp)

β2m
Forward: 5’- CGTGCTTGCCATTCAGAAA -3’

244
Reverse: 5’-ATATACATCGGTCTCGGTGG -3’

Bdnf
Forward: 5’- GAACGGGAGGGGTAGATTTC -3’

120
Reverse: 5’- CAACCAGAATGGAGAGTGAAGA -3’

TRKB
Forward: 5’- CACACACAGGGCTCCTTA -3’

169
Reverse: 5’- AGTGGTGGTCTGAGGTTGG -3’
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3. Results

Figure 1 shows the Mean±SD values of uterine, fetus, 
and placenta weights. The Kolmogorov-Smirnov test 
results indicated that the distribution of the results is 
normal. The results of one-way ANOVA identified a sig-
nificant difference in the levels of uterine weight (F4,30= 
25.74, P˂0.001) and fetus weight (F4,30= 7.80, P˂0.001) 
between the research groups. However, there was no sig-
nificant difference in the weight of the placenta (F4,30= 
2.56, P= 0.051). 

The results of Tukey’s post hoc test indicated that UPI 
caused an increase in the weight of the uterine in the 

UPI+NS group, compared to the controls (M= -2.09, 
P˂0.001). Additionally, Tukey›s post hoc test data re-
vealed that the Hes-treated groups presnted no significant 
difference, compared to the UPI+NS group (UPI+Hes25 
vs. UPI+NS: M= -1.35, P= 0.068; UPI+Hes50 vs. 
UPI+NS: M= -0.46, P=0.65, & UPI+Hes100 vs. 
UPI+NS: M= -1.21, P= 0.58). There was no significant 
difference in the levels of uterine weight between the 
Hes-treated groups.

The results of Tukey’s post hoc test suggested that 
UPIsignificantly impacted fetal weight loss in rats 
(UPI+Ns vs. the controls: M= 2.50, P<0.001). Howev-
er, the UPI+Hes25 group (M= -0.89, P= 0.10) and the 
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Figure 1. The effect of Hesperidin (H) 

A: Weight of the uterus; B: The fets; and C: The placenta of the rat (gram). Data are presented as Mean±SD of ten animals. 

P<0.05 compared to the control group presented by (*), the P<0.05 compared to the UPI+NS group presented by (+); +P<0.05 
and **P<0.001.
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UPI+Hes50 group (M= -0.55, P= 0.55) presented no 
significant difference, compared to the UPI+NS group. 
However, the UPI+Hes100 group provided a significant 
effect on fetal weight gain, compared to the UPI+NS 
group (M= -1.32, P= 0.04). There was no significant dif-
ference between the UPI+Hes50 (M= -0.33, P= 0.81), 
UPI+Hes100 (M= -0.43, P= 0.84), and UPI+Hes25 
groups. Furthermore, there was no significant difference 
between the UPI+Hes50 and the UPI+Hes100 groups 
(M= -0.76, P= 0.37). Figure 2 presents the results for 
the antioxidant capacity of Hes. The collected results re-
vealed the normal distribution of the study data. The one-
way ANOVA data determined a significant difference 

in the CAT activity (F4,30 =14.95, P<0.001), the tissue 
level of MDA (F4,30= 26.12, P<0.001), and TAC (F4,30= 
32.49, P<0.001). The UPI significantly declined CAT 
activity in the cerebral cortex of UPI+NS, compared 
to the control group (M= 2.25, P<0.001). However, the 
UPI+Hes25 group presented no significant increase in 
the CAT activity, compared to the UPI+NS group (M= 
-1.15, P= 0.29); however, CAT activity was higher in 
the UPI+Hes50 (M= -2.38, P= 0.002) and UPI+Hes100 
(M= -4.17, P<0.001) groups, compared to the UPI+NS 
group. The results of Tukey’s post hoc test indicated that 
UPI significantly increased MDA levels in the cerebral 
cortex (UPI+NS group vs. the controls: M= -548.83, 
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Figure 2. The oxidative stress parameters in the cerebral cortex

The effect of Hes on A: Catalase (CAT, U/ml); B: Malondialdehyde (MDA, µmol/L); and C: Total antioxidant capacity (TAC, 
mM) levels. Data are presented as Mean±SD. P<0.05 compared to the control group presented by (*), the P<0.05 compared to 
the UPI+NS group presented by (+), the P<0.05 compared to the UPI+CA25 group presented by (#) and the P<0.05 compared 
to the UPI+CA50 group presented by ($). +, $P<0.05; **, ++, ##P<0.001.
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A

P<0.001). Furthermore, the tissue level of MDA sig-
nificantly decreased in the UPI+Hes25 (M= 209.63, 
P<0.01), UPI+Hes50 (M= 355.90, P<0.001), and the 
UPI+Hes100 (M= 518.83, P<0.001) groups, compared 
to the UPI+NS group. There was a significant decrease 
of MDA in the UPI+Hes100 group, compared to the 
UPI+Hes25 (M=309.19, P<0.001) and UPI+Hes50 (M= 
232.15, P<0.001) groups. Moreover, there was a signifi-
cant difference between the UPI+Hes25 and UPI+Hes50 
groups (M= 122.52, P= 0.002). The result of Tukey’s 
post hoc test for TAC addressed that UPI provided a sig-

nificant effect on TAC reduction in the examined rats’ 
cerebral cortex (UPI+NS group vs. the controls: M= 
293.76, P<0.001). However, there was no significant 
difference in the UPI+Hes25 group, compared to the 
UPI+NS group (M= -88.15, P= 0.052). The TAC level 
significantly increased in the UPI+Hes50 (M= -210.67, 
P<0.001) and UPI+Hes100 (M= -232.16, P<0.001) 
groups, compared to the UPI+NS group. 

The analysis of the real-time quantitative PCR aimed 
to compare the level of BDNF and TrkB genes expres-
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Figure 3. Gel electrophoresis and effect of hesperidin (Hes) on BDNF and TrkB genes expression in the cerebral cortex of the 
UPI rat model

A: Gel electrophoresis for β2m, BDNF and TrkB genes; B:The BDNF; and C: TrkB genes expression levels were estimated by 
the quantitative real-time PCR in Hes-treated groups (UPI+Hes25, UPI+Hes50 and UPI+Hes100). Expression data relative to 
those of the reference gene are presented as Mean±SEM. Statistical significance was tested using the one-way ANOVA. P<0.05 
compared to the control group presented by (*), the P<0.05 compared to the UPI+NS group presented by (+), the P<0.05 com-
pared to the UPI+CA100 group presented by (#); *,+P<0.05; **, ++, ##P< 0.01.
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sion, in response to Hes-treated different concentrations 
(UPI+Hes25, UPI+Hes50, & UPI+Hes100 groups). 
The expression analysis data indicated that the BDNF 
expression in the cerebral cortex of the study rats was 
significantly down-regulated after UPI (0.56 fold in 
the UPI+NS group, compared to the controls, P=0.01). 
The achieved results determined that the level of BDNF 
gene expression increased in a dose-dependent manner 
respecting Hes. The BDNF gene expression increased 
in the UPI+Hes50 and UPI+Hes100 groups (0.81 fold 
& 1.33 fold changes, respectively), compared to the 
UPI+NS group (P=0.04 & P<0.01, respectively). 

However, in the UPI rat model, TrkB gene expression 
was reduced in the UPI+NS group (0.63 folds), com-
pared to the control group, (P=0.016). As per the result 
of real-time quantitative PCR results, the highest levels 
of TrkB gene expression were found in the UPI+Hes100 
groups, followed by the UPI+Hes50 groups (2.08 fold 
& 0.92 fold changes, respectively), compared to the 
UPI+NS group (P<0.001 & P=0.010, respectively). 
There was no significant difference in the expression of 
TrkB between the UPI+Hes25 groups (0.68 folds) and 
the UPI+NS group. As per Figure 3, the collected data 
suggested that Hes, in different concentrations served, as 
an effective inducer of cell-protective through the activa-
tion of neuroprotective genes.

4. Discussion

This study demonstrated that UPI and the consump-
tion of Hes, as a potent antioxidant are associated with 
weight changes in the fetus, uterus, and placenta, the 
alteration of oxidative stress parameters in the fetal ce-
rebral cortex, and the expression increase of BDNF and 
TrkB gene expression in the Hes-treated groups. The 
main result of this study was that, in acute UPI-operated 
rats, hippocampal antioxidant capacity was decreased in 
the rat IUGR offspring. The present study observed the 
beneficial effects of Hes on the weight of the uterus and 
the fetus and the expression of neuroprotective genes 
(BDNF & TrkB) in the neocortex of the UPI rat model. 
Previous studies suggested that uteroplacental insuffi-
ciency was associated with neurological difficulties in 
the CNS (Deodati et al., 2018; Fung et al., 2012). In the 
IUGR model, rat offspring demonstrated a decrease in 
the number of hippocampal neurons at birth (Fung et al., 
2012; Tashima, Nakata, Anno, Sugino, & Kato, 2001). 
The present study data indicated that Hes played a role 
in fetal and uterine weight. Previous studies provided 
the first evidence for stimulatory effects of flavonoids on 
the development and growth of Porcine Trophectoderm 
(pTr) cells in vitro. Besides, these results suggested that 

flavonoids may affect the development of the porcine fe-
tus in vivo and increase reproductive performance con-
cerning successful outcomes of pregnancy, embryonic, 
and fetal survival (Lim & Song, 2016).

General food restriction is a trigger for IUGR. Evidence 
for environmental factors and maternal lifestyle that could 
impact neonatal BDNF is limited. For example, mothers 
who smoke during pregnancy have higher cord serum levels 
of BDNF, but only among girls (Spulber et al., 2010). Ma-
ternal mental disorders are related to lower BDNF levels in 
umbilical cord blood. Furthermore, the impacts of maternal 
weight and adiposity on children’s neurodevelopment were 
indicated (Ghassabian et al., 2017). BDNF was involved in 
some neuropsychiatric disorders, such as autism spectrum 
disorder, depression, schizophrenia, and epilepsy; thus, the 
association between neonatal BDNF levels and children’s 
neurodevelopmental outcomes was interesting (Molendijk 
et al., 2014). 

Investigations revealed that, by binding the BDNF to the 
TrkB receptor and dimerizing this receptor, as well as acti-
vating NMDA receptors, 3 types of intracellular cascade sig-
nals are generally triggered, as follows: the PLC-γ pathway 
activating the Protein Kinase C (PKC), the PI3K pathway 
activating the serine/trounine kinase AKT, and MAPK or 
ERK pathway activating several downstream factors. Each 
of these pathways produces a unique function of BDNF on 
the cells (Meng et al., 2019). Neonatal BDNF was used as a 
marker of plasticity to assess the influence of prenatal expo-
sures on fetal neurodevelopment in human and animal re-
search. Animal studies revealed that BDNF overexpression 
in the rat’s cerebral cortex can play a crucial role in a reac-
tive BDNF response and neuroprotective mechanism of the 
CNS (Boschen, Criss, Palamarchouk, Roth, & Klintsova, 
2015). The present study indicated that Hes could increase 
the expression of the BDNF gene in the neocortex. The 
cerebral cortex is among the brain areas with high BDNF 
gene expression. Moreover, factors affecting BDNF expres-
sion in the cerebral cortex may influence learning, memory, 
and cognitive information necessary to control food intake 
in pregnancy (Ghassabian et al., 2017). BDNF plays an 
important role in brain development, including neural mi-
gration, neurogenesis, and synapse formation in antenatal 
and postnatal stages. Various animal studies suggested that 
BDNF and other neurotrophins may involve the pathogen-
esis of neurodevelopmental delays (Janke, Cominski, Ku-
zhikandathil, Servatius, & Pang, 2015). 

The active components of medicinal plants have long 
been used to improve mental function. These com-
pounds, in addition to their unique properties, such as 
anti-neuroinflammatory and antioxidant activities, are 
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promising agents to treat neurodegenerative diseases 
(Furlan, Konc, & Bren, 2018). Several components were 
considered potential neuroprotective agents in the labo-
ratory. Hes is among the main flavones in citrus fruits. 
Citrus flavonoids have anti-inflammatory and antioxi-
dant bioactivities. In vivo and in vitro studies revealed 
that citrus flavonoids exert neuroprotection and can even 
promote cognition. The benefits of these compounds, es-
pecially Hes, on brain health include bioavailability and 
high safety, multiple neuroprotective mechanisms, and 
the transversion of the blood-brain barrier (Hwang, Shih, 
& Yen, 2012).

The physiological concentrations of Hes can initi-
ate several intracellular signaling pathways and induce 
proteins that prevent anti-oxidative stress, promote cog-
nition, or are resistant to Aβ-associated neurotoxicity 
(Tamilselvam et al., 2013). Owing to the neuroprotec-
tive effects of hesperidin, different results dedicated their 
effort to explore the molecular target and neuropharma-
cological mechanisms of hesperidin, among the citrus 
flavonoids. Hes can exert antioxidant effects by increas-
ing the expression of CAT, Glutathione (GSH) peroxide, 
Mn-SOD, and glutathione reductase (Tamilselvam et 
al., 2013). Researchers concluded that except for radical 
scavenging activity, increasing the defenses of the anti-
oxidant cellular via an ERK/Nrf2 signaling pathway was 
an additional mechanism essential for citrus flavonoids’ 
anti-oxidative effects, including Hes (Parhiz, Rooh-
bakhsh, Soltani, Rezaee, & Iranshahi, 2015).

A high dose of Hes protected Aβ-associated neuro-
toxicity, cortical neurons were against oxidative stress, 
glutamate-induced excitotoxicity, and decreased the oxi-
dation of lipids and proteins (Tamilselvam et al., 2013). 
The levels of antioxidant enzymes, including SODs, 
CAT, GSH peroxide, and reductase, were augmented. 
Additionally, a study reported that consuming Hes re-
stricts the rat brain damage via declining inflammation 
and free radicals following stroke (Raza et al., 2011). 
Furthermore, Hes inhibits NMDA toxicity. Based on 
the obtained findings, the NMDA receptor pathway may 
be the target site of Hes to exert neuroprotective action 
against excitotoxicity. The inhibition of excitotoxicity 
can be due to the high antioxidant capacity of Hes (Cho, 
2006). The present study revealed that Hes, in high con-
centrations, led to a significant increase in TrkB gene 
expression. Other studies signified that Hes can trigger 
Estrogen Receptors (ERs); in turn, estrogen via ER and 
Trks mediated signaling display neuroprotective effects. 
Furthermore, citrus flavonoids, including Hes activated 
MAPK/ERK, Akt/PKB, and cAMP, CREB, and induced 
BDNF, PGC-1α, and seladin-1 (selective Alzheimer’s 

disease indicator-1). These macromolecules can be in-
duced neuroprotective against oxidative injury, apopto-
sis, and Aβ-related neurotoxicity (Hwang et al., 2012; 
St-Pierre et al., 2006).

5. Conclusion

This study data indicated that the properties of Hesn 
could be important in the restoration of brain activity. 
Furthermore, Hes, as an active neuroprotectant and an-
tioxidant, increases BDNF and TrkB genes expression 
in the neocortex of UPI fetal rats. Treatment with Hes 
offers significant protection against cerebral cortex dam-
age in the UPI rat model. Finally, Hes may provide the 
beneficial therapeutic potential to treat and inhibit neuro-
degenerative disorders associated with oxidative stress-
induced intrauterine growth restriction.
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