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Neonatal hypoxic-ischemic encephalopathy (HIE) is a brain injury caused by perinatal asphyxia
and is the main cause of neonatal death and chronic neurological diseases. Protection of neuron
after hypoxic-ischemic (Hl) brain injury is considered as a potential therapeutic target of HI brain
injury. To date, there are no effective medicines for neonatal HI brain injury. Lycopene (Lyc), a
member of the carotenoids family, has been reported to have anti-oxidative and anti-
inflammatory effects. However, its effects and potential mechanisms in HI brain injury have
not yet to be systematically evaluated. In this study, we investigated whether Lyc could ameliorate
HI brain injury and explored the associated mechanism both in vivo and in vitro experiments. In
vivo study, Lyc significantly reduced infarct volume and ameliorated cerebral edema, decreased
inflammatory response, promoted the recovery of tissue structure, and improved prognosis
following HI brain injury. In vitro study, results showed that Lyc reduced expression of apoptosis
mediators in  oxygen-glucose deprivation (OGD)-induced primary cortical neurons.
Mechanistically, we found that Lyc-induced Nrf2/NF-«B pathway could partially reversed by
Brusatol (an Nrf2 inhibitor), indicated that the Nrf2/NF-«B pathway was involved in the therapy of
Lyc. In summary, our findings indicate that Lyc can attenuated HI brain injury in vivo and OGD-
induced apoptosis of primary cortical neurons in vitro through the Nrf2/NF-«B signaling pathway.

Keywords: poptosis, neuroprotection, lycopene, hypoxic-ischemic brain injury, Nrf2/NF-xB

INTRODUCTION

Hypoxic-ischemic (HI) brain injury is associated with high morbidity and mortality rate in neonates.
Therefore, HI brain injury is a problem that needs to be urgently prevented and treated (Hochwald et al,,
2014). It is reported that incidence of neonatal HI encephalopathy (HIE) is 1-8 of every 1,000 live births in
developed countries (Yildiz et al., 2017). The rate is higher in developing countries (Douglas-Escobar and
Weiss, 2015). Mild hypothermia is the most commonly used clinical treatment and has been demonstrated
to decrease the fatality rate of HI brain injury and sequelae of the nervous system (Lin et al., 2006).
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However, mild hypothermia is also accompanied by an
economic burden to patients and society (du Plessis and
Volpe, 2002). Therefore, effective and safe therapy for
neonatal HI brain injury is required. The mechanism of
neonatal HI brain injury is not completely revealed. In
previous studies, inflammation has been demonstrated to play
a pivotal role in HI brain injury (Perlman Similarly, 2006;
Hagberg et al., 2015). Some reports suggested that apoptotic
and inflammatory processes play a pivotal role in the
pathophysiology of ischemic brain injury (Lindsberg and Grau,
2003). Riljak et al. (2016) have found that inflammatory responses
occur in cases of perinatal HIE (Price et al., 2004). Furthermore,
many experiments have uncovered that the postischemic brain
inflammatory responses were principally characterized by rapid
activation of resident cells followed by the infiltration of
circulating inflammatory cells (Price et al., 2004). In addition,
apoptosis has been demonstrated to be essential across various
diseases of the central nervous system (Northington et al., 2011).
Several studies have confirmed that apoptosis leads to delayed
death of developing brain cells, causing massive cell loss and
neurodegeneration (Rocha-Ferreira and Hristova, 2016). Thus,
lessening apoptosis can serve as a useful therapeutic target
following hypoxic-ischemic.

In the development of neonatal HI brain injury, the NF-«B
signaling pathway regulation of inflammatory mediators has
been demonstrated as a pivotal pathway (Fang et al., 2018).
Prior studies have identified that the NF-«B pathway could be
inhibited by Nrf2 (Ahmed et al., 2017). When stimulated with
Oxidative Stress, Nrf2 separates from Keapl and translocates
into the nucleus. Then, Nrf2 will up-regulate the expression of
HO-1. Finally, HO-1 suppresses inflammation response by
inactivating P65, a unit of NF-«B (Jiang et al, 2015; Zhang
et al, 2006). Under basal conditions, P65 is inactive and
combines with the inhibitory protein IxkBa when localized in the
cytoplasm (Li et al, 2016). After oxygen-glucose deprivation
(OGD) stimulation, P65 becomes activated and translocates into
the nucleus (Jiang et al., 2015). Furthermore, phosphorylation of
P65 allows it to be translocated from the cytoplasm into the nucleus
where it upregulates expression of inflammatory factors such as
tumor necrosis factor « (TNF-a), Interleukin- 6 (IL-6) and
inducible nitric oxide synthase (iNOS) (Liang et al, 2017).
These inflammatory factors are considered to be the chief
contributors to ischemic brain injury (Williams et al, 2006).
Thus, strategies targeting multiple molecular pathways are
extensively useful for reducing HI-induced neuronal damage.

Lycopene (Lyc) is a member of the carotenoids family (Olson
and Krinsky, 1995; Condori et al., 2020), mainly exists in fruits
and vegetables including tomatoes, watermelon, and red pomelo
(Mangels et al., 1993). Lyc is especially high in the red variety of
tomatoes, and the structure remains in food processing. In recent
years, studies on the therapeutic effects of carotenoids in human
diseases have aroused much attention, especially in Lyc, owing to
its efficacy and safety. Studies have shown that carotenoids have
certain effects on human health and diseases, including
cardiovascular protection and inhibiting the proliferation of
malignant tumors like prostate cancer and breast, etc (Frei,
1995; Giovannucci et al., 1995). It had also been reported that
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Lyc could play an anti-inflammatory role in mouse airway
inflammation and has an anti-inflammatory effect on
intestinal inflammation in the rat (Lee et al., 2008). Some
studies demonstrated that the mechanism of Lyc protects
Leydig cell from damage may be that the Nrf2 pathway was
regulated to exert anti-inflammation and antioxidant effect (Zhao
Y. et al., 2020). In addition, some studies have pointed out that
Lyc could down-regulate TNF- a and IL-6, thus inhibiting the
phosphorylation of P65, and enhancing expression of Nrf2 (Zhao
Q. et al,, 2020). Moreover, previous studies suggest that Lyc has
anti-inflammatory and immunomodulatory abilities in H,O,-
induced SH-SY5Y cells (Zhao et al., 2017).

However, there have only been a few studies on Lyc in HIE.
Therefore, we conducted a study to investigate the
neuroprotective effect of Lyc in neonatal brain damage
induced by HI injury, and determined whether the Nrf2/NF-
kB signaling pathway is involved in this process.

MATERIALS AND METHODS

Reagents
Lyc (purity >98%) was purchased from Solarbio (Wuhan, China).

Dimethylsulfoxide (DMSO), and poly-D-lysine were obtained
from Sigma Chemical Co. (St. Louis, MO, United States). Fetal
bovine serum, B27, neurobasal medium, 0.5 mM L-glutamine
and Dulbecco’s modified Eagle medium obtained from Gibco
(Grand Island, NY, United States). Primary antibodies: TNF-a
(ab66579; Abcam, Cambridge, United Kingdom), Bcl-2
(ab196495; Abcam, Cambridge, United Kingdom), Bax
(ab32503; Abcam, Cambridge, United Kingdom), Cleaved
caspase-3 (ab49822; Abcam, Cambridge, United Kingdom),
GAPDH (10494-1-AP; Proteintech, Wuhan, China), Lamin B
(12987-1-AP; Proteintech, Wuhan, China), IkBa (#9242; Cell
Signaling Technology, MA, United States), P65 (#8242; Cell
Signaling Technology, MA, United States), Nrf2 (#12721; Cell
Signaling Technology, MA, United States), HO-1 (#43966; Cell
Signaling Technology, MA, United States). The secondary
antibodies of Goat Anti-Rabbit IgG and Alexa Fluor®488
labeled were obtained from Bioworld (OH, United States).
Cell-Counting Kit-8 (CCK-8) was purchased from Dojindo
(Kumano, Japan). The stain  4',6-diamidino-2-
phenylindole (DAPI) was purchased from Beyotime (Shanghai,
China). Bovine serum albumin (BSA) was procured from
Beyotime Biotechnology (ShangHai, China).

nuclear

Neonatal Hypoxic-Ischemic Brain Injury

Model and Drug Administration

Sprague Dawley (SD) rats (200-250 g) were obtained from the
Animal Center of the Chinese Academy of Sciences Shanghai,
China. The protocols of animal use and care and the experimental
procedures were performed in accordance with the Animal Care
and Use Committee of Wenzhou Medical University. Adult SD
rats were allowed to freely mate, and postnatal day 7 (P 7) male
pups are used for experiments. According to prior reports, the
modified Rice-Vannucci model was used (Taniguchi and
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Andreasson, 2008). Isoflurane was used to completely anesthetize
and maintain the P 7 pups. Then, the left common carotid artery
of P 7 pup was separated, ligated and cut within 5 min. The pups
then recovered in the dam for 2 h post-surgery. After getting
enough rest, the pups were placed into a humid mixed gas
chamber composed of 92% N, and 8% O, and ventilated at a
flow rate of 3 L/min for 2 h. Place the above chamber in a constant
temperature water bath at 37.5°C. The pups in the sham surgery
group were not ligated with common carotid arteries and were
not hypoxic. After the end of hypoxic, all pups were returned to
their cages for subsequent experimental procedures. In the
following days, the rats were given daily administration of the
drugs. The Lyc treatment group received intragastric
administration of different concentrations of Lyc (5, 10, or
20 mg/kg) immediately after hypoxic at 24 h intervals until the
pups were euthanized in order to determine the most effective
concentration. The Brusatol + Lyc group were administered Lyc
(10 mg/kg) and Brusatol (0.4 mg/kg).

Infarct Volume Measurement
We used the 2,3,5-triphenyl tetrazolium chloride (TTC)

staining to measure the infarct volume, as the previous study
described (Wang et al, 2020). The rat brain tissues were
collected 24 h after HI brain injury, and stored at —20°C for
12 min and sectioned into 2-mm-thick coronal slices. Then, the
samples were incubated with a 1% TTC (Sigma, Unites States)
solution at 37°C in the dark for 30 min and then changed the
solution to 4% PFA for 24h. Image] software was used to
measure the cerebral infarct volume.

Morris Water Maze Test
We used the Morris Water Maze (MWM) test to evaluate the

learning and memorizing ability of experimental animals. The
MWM test is an experiment that compels animals to swim in
search of a platform hidden underwater. We conducted the
MWM test 21 days after the HI brain injury (Zhou et al,
2020). In short, rats were swimming in a black circular pool
with a diameter of 140 cm and a height of 50 cm. The depth of
water in the pool was 1 cm higher than the movable platform. We
dye the water black with non-toxic black ink. Next, we divided the
pool into four equal quadrants. The pool was located in a room
unaffected by noise and light. The MWM test lasted 6 days. The
experiment was conducted with the SLY-WMS Morris water
maze experiment system.

Quantitative Real-Time-PCR
After HI injury, the total RNA of brain tissues was obtained

using the TRIzol Reagent (Invitrogen). Quantitative real-time
PCR (qRT-PCR) was conducted using CFX96Real-TimePCR
System (Bio-Rad Laboratories, California, Unites States). The
experiment was carried out under the following conditions:
10 min 95°C, followed by 40 cycles of 15 s 95°C and 1 min 60°C.
The reaction was carried out in a total of 10 yl, containing 5 pl of
2 x SYBR Master Mix, 0.25 pl of each primer and 4.5 pl of
diluted ¢cDNA. Cycle threshold (Ct) values were collected and
normalized to the GAPDH levels. Relative mRNA levels of each
target gene were calculated using the 27** Ct method. TNF-a, IL-
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TABLE 1 | The primer sequences used for real-time PCR.

Gene Forward primers Reverse primers

TNF-a  TACTCCCAGGTTCTCTTCAAGG  GGAGGCTGACTTTCTCCTGGTA
INOS AGGCCACCTCGGATATCTCT GCTTGTCTCTGGGTCCTCTG
IL-18 AAACCCGCCTGTGTTCGA TCAGTCTGGTCTGGGATTCGT
IL-6 -GAGTTGTGCAATGGCAATTC ACTCCAGAAGACCAGAGCAG

18, IL-6 and iNOS primers were designed using the NCBI
Primer-Blast Tool. The forward and reverse primer sequences
are shown in Table 1.

Histopathological Analysis
The samples were collected 7 days after the HI injury. We

anesthetized the rats 7 days after HI injury, and conducted the
cardiac perfusion with 20 ml sterile saline and then perfused with
4% PFA. The samples were then immersed in 4% PFA and store
at 4°C for 24 h. The samples were then embedded in paraffin, and
cut into coronal sections for subsequent histological analysis,
which intuitively displays the hemispheric integrity of the
functional neurons between the cerebral cortex and the
hippocampus. The above brain slices were dewaxed, hydrated,
and stained using H&E or Nissl solution (Solarbio, Beijing,
China). Finally, we used an optical microscope to measure the
results of the histological staining and analyzed the results using
Image] software.

Isolation and Culture of Primary Cortical

Neurons

Adult rats were allowed to freely mate in order to produce
offspring for subsequent studies. In brief, the primary cortical
neurons were prepared from embryonal brains (E16-18 d) of SD
rats (Ye et al., 2019). First, we separated the cerebral cortices and
washed with PBS three times. Second, the samples were digested
using 0.25% trypsin-EDTA solution for 10 min at 37°C. Third, the
suspend samples were filtered using a cell strainer. Then, the
culture plates were coated with poly-D-lysine overnight, onto
which cells were seeded at 1 x 10 cells/mL in 24-well and 96-well
culture plates. The cells were then cultured in an environment
containing 5% CO, at 37°C. Next, cells were cultured in DMEM
medium with 10% FBS under an atmosphere containing 5% CO2
at 37°C for 6h. Finally, the cell medium was changed to
neurobasal medium containing 2% B27, 0.5 mM L-glutamine,
50 U/ml penicillin and 50 pg/ml streptomycin.

Oxygen-Glucose Deprivation Model

The primary cortical neurons were initially maintained under
an anoxic (95% N, and 5% CO,) condition to induce OGD
insult in serum/glucose-free DMEM medium at 37°C for 3 h.
After inducing OGD insult, the culture medium was replaced
by neurobasal medium. Next, the cells were divided into
separate groups including the OGD group without Lyc, the
OGD + Lyc group (addition of 2.5,5,10 uM Lyc), and the OGD
+ Lyc + Brusatol (an Nrf2 inhibitor) group (addition of 10 uM
Lyc and 100 nM Brusatol) (Fan et al., 2020). The plates were
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then transferred to a normoxic incubator with 95% air and 5%
COZ fOI' 24 h

Cell Viability

The cytotoxicity of Lyc on primary cortical neurons was
measured using the CCK-8 kit (CCK-8; Dojindo Co.,
Kumamoto, Japan) according to the protocol of the
manufacturer. First, the primary cortical neurons were
cultured in 96-well plates (8,000 cells/well). Then, the cells
incubated with a concentration gradient (0, 2.5, 5, 10, 20, 40
and 80uM) of Lyc for 24 h. Finally, we added 10 CCK-8
solution to each well and incubated 96-well plates at 37°C for
3 h. The absorbance of the wells was then detected at a wavelength
of 450nm using a microplate reader (Leica Microsystem,
Germany).

Immunofluorescence Staining
For cleaved caspase-3 staining, the plates were incubated with the

OGD injury for 3 h. The cells rinsed with PBS and treated with 4%
paraformaldehyde (PFA) fixation for 15 min, then the wells were
washed with PBS three times again. Then, we treated with 0.1%
Triton X-100 diluted in PBS for 15 min at indoor temperature. Next,
cortical neurons were blocked with 10% goat serum and incubation
with primary antibodies against Cleaved caspase-3 (1:300) for the
whole night at the temperature of 4°C. The next day, cells were
exposed to Alexa Fluor® 488-labeled conjugated secondary
antibodies (1:400) for 1.5h. Finally, the cells were exposed to
DAPI for 1 min. Ultimately, cell samples were visualized on the
Olympus fluorescence microscope (Tokyo, Japan). The fluorescence
intensity was determined using ImageJ software.

Western Blot

Protein expression in the brain tissues and neurons were
measured by Western blotting. The proteins were separated by
using RIPA lysis buffer (1 mM PMSF), sonicated on ice for
10 min and then centrifuged at 12,000 rpm at 4°C for 15 min.
Then, the protein concentration was evaluated via the BCA
protein assay kit (Beyotime). The protein (40 mg) was
separated using sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis, followed by transferring to a polyvinylidene
difluoride (PVDF) membrane (Millipore). After blocking with
5% nonfat milk for 3h, the acquired membranes were then
incubated with the primary antibodies: Bcl-2 (1:2,000), TNF-a
(1:2,000), p65 (1:2,000), Bax (1:2,000), Cleaved caspase-3 (I1:
2,000), GAPDH (1:2,000), IkBa (1:2,000), IL-18 (1:2,000),
Lamin B (1:2,000), Nrf2 (1:2,000) and HO-1 (1:2,000). The
following step included incubation with the secondary
antibodies at room temperature for 2.5h. The blots were
visualized through the Imaging System (Bio-Rad) followed by
washing with TBST 3 times.

Statistical Analysis
All experiments were performed from at least three independent

experiments. Data are presented as mean + SEM. Statistical analyses
were performed using GraphPad Prism version 7.0 software
(GraphPad Software, San Diego, CA, Unites States). When
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analyzing more than two groups, inter-group comparisons were
performed using one-way ANOVA followed by the Tukey test. The
student’s t-test was used for comparison of two groups. Probability
values of p < 0.05 were considered statistically significant.

RESULT

Lycopene Attenuated Hypoxic-lschemic

Brain Injury in Neonatal Rats

In this study, we used a range of Lyc concentrations (5, 10,
20 mg/kg) via intragastric injection to study its role in the
process of HI brain injury and determine the most effective
drug dose. As shown in Figures 1A,B, results and quantitative
analysis of TTC staining showed that all three doses of Lyc could
effectively reduce the volume of cerebral infarction. The effect of
10 mg/kg Lyc was similar to the 20 mg/kg dose, therefore, the
concentration of 10mg/kg was selected for subsequent
experiments. In addition, we observed the brain anatomy 7 days
after the HI injury. As shown in Figures 1C,D, we identified that
the injured hemisphere had severe brain atrophy and even
liquefaction. The extent of liquefaction and atrophy were
alleviated in the Lyc treatment group compared with the HI-
induced group. Compared to the sham group, brain atrophy in
the HI group was significantly higher. Therefore, the Lyc treatment
group can significantly improve brain atrophy.

Lycopene Protected Against
Hypoxic-Ischemic Brain Injury via
Down-Regulation of Expression of
Inflammatory and Apoptosis Factors

Next, we investigated the anti-inflammatory effect of Lyc on HI
brain injury through Western blot analysis and RT-PCR. The
mRNA expression of TNF-a, IL-18, IL-6 and iNOS in the Lyc
group were significantly down-regulated in comparison to the HI
group (Figure 2A). The protein expression of TNF-a was
consistent with the mRNA levels of TNF-a. Furthermore, we
found that Bax and cleaved caspase-3 levels were increased in the
HI group compared to the sham group, while Lyc suppressed
expression of apoptosis mediators and increased expression of
Bcl-2 (Figures 2B-F).

Lycopene Exerts Neuroprotection in
Hypoxic-Ischemic Brain Injury via the
Nrf2/NF-«B Signaling Pathway

Previous studies have revealed that Lyc can reduce the expression
of inflammatory mediators by activating the Nrf2/NF-xB
signaling pathway. Hence, we used Western Blot to evaluate
the effect of Lyc on the Nrf2/NF-«B signaling pathway. Results
indicated that levels of P65 increased in the HI group, while levels
of HO-1 and Nrf2 slowly increased compared to the sham group
(Figures 3A-E). However, the levels of HO-1 and Nrf2 were
significantly up-regulated in the Lyc treatment group. Moreover,
Lyc treatment suppressed the expression of P65. However,
Brusatol (an Nrf2 inhibitor) was able to significantly reduce
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group. All data are presented as mean + SEM, n = 6.

FIGURE 1 | Lycopene treatment attenuated hypoxic-ischemic (Hl) brain injury in neonatal rats. (A) Representative images of 2,3,5-tripheny! tetrazolium chloride
(TTC) staining of coronary brain one day after Hl injury. n = 5. (B) Analysis of infarct volume based on TTC staining. **o < 0.001 vs. the sham group, *p < 0.05 and #*#p <
0.01 vs. the HI group. All data are presented as mean + SEM, n = 5. (C) Representative images of the brain from each group 7 days after Hl injury. n = 6. Scale bar =
1 mm. (D) The ratio of the injured hemisphere to contralateral hemisphere is defined as residual brain volume. **p < 0.001 vs. the sham group. ##5<0.01 vs. the HI
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expression of HO-1 and Nrf2, and increase expression of P65 in
the nucleus. Furthermore, TNF-a and IL-18 were down-regulated
in the Lyc treatment group compared with the HI group, whereas
the protective effect of Lyc was partially reversed by Brusatol
(Figures 3F-H). These data indicate that Lyc can inhibit the
inflammation in HI brain injury via the Nrf2/NF-«B signaling
pathway.

Lycopene Preserves Brain Tissue Structure

After Hypoxic-Ischemic Brain Injury
We observed the anatomical structure 7 days after the HI injury.
Resemble to the HI group, we found a great extent of liquefaction
and atrophy in the HI + Lyc + Brusatol group, which indicated
that the neuroprotective effect of Lyc could be inhibited in
comparison to the HI + Lyc group (Figures 4A,B).
Furthermore, we conducted H&E staining and Nissl staining to
observe neuron-protective effects of Lyc. Histological staining of
these brain slices was performed and the HI damage was evaluated
by observing the number of cells in different areas. In the sham
surgery group, neurons in the cortex, Hippocampus CAl region,
CA3 region, and dentate gyrus (DG) region were oval or round in
shape with intact and clear nuclei, and were neatly arranged.
Moreover, we found that the Nissl bodies were large and
numerous around the nuclei in the sham group. However, in
the HI group, neurons suffered from fatal nuclear disorders, and
disordered neuronal arrangement, and even neurons were not
observed. As for Nissl bodies, they were hardly observed in the

brain regions after HI injury. Post-Lyc treatment, the extent of
degeneration and necrosis of neuron was markedly decreased, and
the numbers of Nissl bodies and neurons increased. Conversely, the
increase in neuronal density and morphological recovery after Lyc
treatment was partially suppressed by Brusatol. (Figures 4C-H).

Lycopene Improved the Bodyweight and

Learning and Memory Functions of Rats

Following Hypoxic-Ischemic Brain Injury

Additionally, we measured the bodyweight of the pups at 7, 14, and
28 days. The weights of all the four group were no significant
differences before the HI injury. However, at day 14 and 28, the
weights of the HI group were lower than the sham group.
Furthermore, the weights of the Lyc treatment group were
higher than the HI injury group. The HI + Lyc + Brusatol
group inhibited the protective effect of Lyc in HI injury (Figures
5A-C). To demonstrate the therapeutic effect of Lyc on learning
and memory function in rats after the HI brain injury, we
conducted the Morris Water Maze test. Data from the spatial
acquisition test suggested that the learning ability of the rats
declined after HI brain injury, resulting in prolonged mean
escape latency. However, rats in the HI + Lyc group spent less
time looking for the hidden platform than the rats in the HI group
(Figures 5D,E). As shown in Figures 5F,G, compared to the sham
group, rats in the HI group had a lower crossing frequency.
However, the Lyc treatment group were able to significantly
reverse this trend. While the trend of the HI + Lyc + Brusatol
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FIGURE 2 | Treatment with Lycopene (Lyc) down-regulated the inflammatory response and apoptosis factors expression after hypoxic-ischemic (HI) brain injury in
neonatal rats. (A) The mRNA expression of tumor necrosis factor a (TNF-a), interleukin (IL)-18, IL-6 and inducible nitric oxide synthase in brain tissues 24 h after Hl injury
normalized to those of GAPDH for each sample. (B) The protein levels of TNF-a, Bcl-2, Bax and Cleaved caspase-3 were evaluated by Western blot 24 h after HI injury.
(C-F) Quantitative analysis of the protein levels of TNF-a, Bcl-2, Bax and Cleaved caspase-3 based on Western blot resuilts. **o < 0.01 and ***p < 0.001 vs. the
sham group; *p < 0.05 and #p < 0.01 vs. the HI group. All data are presented as mean + SEM, n = 3.
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group was similar to the HI group. These data indicated that Lyc
ameliorates learning and memory functions in HI injury rats.

Lycopene Attenuates Oxygen-Glucose
Deprivation-Induced Apoptosis in Primary
Cortical Neurons

Apoptosis is thought to be one of the most important pathological
changes in the development and progression of HIE and OGD/
R-induced neuronal injury. We used the CCK-8 assay to measure
the Lyc cytotoxicity of primary cortical neurons. In brief, neurons
were treated with various concentrations of Lyc (0, 2.5,5, 10, 20,
40, 80 uM) for 24 h. As shown in Figure 6A, no cytotoxic effect of
Lyc was found at the doses of 0-10 uM. On the other hand, cell

viability significantly decreased at 20 pM after 24 h. Therefore,
10 uM was utilized for the following experiments. Western blot
results showed that the expression of anti-apoptotic proteins (Bcl-
2) decreased, while that of pro-apoptotic proteins (Bax, Cleaved
caspase-3) increased with OGD treatment. Treatment with Lyc
was able to significantly reverse this trend. However, the anti-
apoptotic effect of Lyc was inhibited by Brusatol (Figures 6B-E).
Furthermore, we performed immunofluorescence staining to
detect the anti-apoptotic effect of Lyc in OGD-induced
apoptosis in primary cortical neurons. As shown in Figure 6F,
the expression of cleaved caspase-3 in the OGD group was higher
than the control group, whereas Lyc down-regulated the
expression of cleaved caspase-3. However, Brusatol was able to
abolish the protective effect of Lyc. Collectively, these data suggest

Frontiers in Pharmacology | www.frontiersin.org

November 2020 | Volume 11 | Article 585898


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Fu et al.

Lycopene Attenuated Hypoxic-Ischemic Brain Injury

>
W

The ratio of IkBa/GAPDH
5

IkBa

Fed
o

HO-1

14
o

HI

Lycopene

GAPDH

Brusatol

D
VE |- - Y
'.EO
HI - + + + i
Lycopene
Lycopene - - + + —
Brusatol - - - +
F G
EA
z
IL-18 | M M - -
g
o
GAPDH ..'- o
ycopene
Brusatol
HI - + + +
Lycopene - - + +
Brusatol - - - +

FIGURE 3 | Treatment with Lycopene (Lyc) exerted neuroprotection via the Nrf2/NF-kB signaling pathway after hypoxic-ischemic brain injury in neonatal rats. (A)

The protein levels of IkBa, HO-1, P65, Nrf2, tumor necrosis factor a (TNF-a) and interleukin (IL)-18 were detected by Western blot 24 h after the HI injury. (B-H)
Quantitative analysis of kBa, HO-1, P65, Nrf2, TNF-a and IL-18. *p < 0.05, **p < 0.01 and **p < 0.001 vs. the sham group; *p < 0.05 and #p < 0.01 vs. the HI group;
&p < 0.05, ®¥p < 0.01 and **¥p < 0.001 vs. the HI + Lyc group. All data are presented as mean + SEM, n = 3.

C _;
a #
a
< 4 =
Q
g : = 88&
S 2
2
-]
€1
o
=
Fo
+ + + HI - + + +
- * L Lycopene - - +
= = i Brusatol = = = +
" s E .,
£
£
3
i £
— >
k]
k]
i
o
=
=
+ + + HI = +
- Lycopene - 2
= = & Brusatol = - = o
. & z 4
g fid 8&
<
o 3
# 3
=
_ E, 5 #
5 e
28
s 1
o
2
Fo
+ + HI = +
= + Lycopene = = +
- - + Brusatol = = = *

that Lyc exerted an anti-apoptotic effect in OGD-induced
primary cortical neurons.

DISCUSSION

HI is a severe condition of brain dysfunction that causes
neonatal mortality and morbidity (Zalewska et al., 2015).
Currently, there are no effective clinical therapies except for
therapeutic hypothermia, which has been regarded as the only
reliable standard therapy for infants with HIE (Silveira and
Procianoy, 2015). Induction of neuroprotection is a crucial
therapeutic strategy for the treatment of perinatal HIE
(Johnston et al, 2011). However, the neuroprotective

characteristics of these treatments are limited in their ability
of promote tissue repair. Therefore, there is a need to find new
synergistic therapies to improve neonatal HI brain injury.
Prior studies have shown that HIE is related to inflammation,
apoptosis, and oxidative stress (Northington et al., 2011).
Inflammatory cytokines are proven to play an important role
in the progression of HIE (Barks et al., 2007). Johnson et al. found
that inflammation can aggravate neurological outcomes in HIE
(Johnson et al., 2016). Additionally, studies have reported that
inflammatory cytokines were expressed in HI injury, including
TNF-a, IL-1p, IL-6, etc (Sumanovié-Glamuzina et al., 2017).
Girard et al. found that administration of the anti-IL-1
receptor can improve the neuroprotective effects in HI brain
injury. iNOS, one of the nitric oxide synthase (NOS) family of
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enzymes, which could promote the synthesis of NO (Girard et al.,
2012). In current years, apoptosis has been demonstrated to have
an important role in HI brain injury. Bcl-2, a member of the Bcl-2
family, protects neurons from apoptosis. To the best of our
knowledge, caspase-3 is one of the most representative
indicators of apoptosis, and cleaved caspase-3 is released at
high levels, specifically following HI (Feng et al., 2014; Liu
et al., 2018). A substantial number of studies have confirmed
that apoptosis causes brain damage after hypoxia-ischemia,
leading to massive cell loss and neurodegeneration (Rocha-

Ferreira and Hristova, 2016). Thus, inducing a decrease in
apoptosis has been considered a therapeutic strategy against
HI injury in newborns. It has been found that oxidative stress
is a contributor to ischemic brain injury (Warner et al., 2004).
Mitochondria membrane potential and integrity were altered
during the first hours after the HI and reactive oxygen species
(ROS) activity is increased 12 h after the injury in the brainstem
(Ferriero, 2001). Oxidative stress causing mitochondrial
dysfunction and ROS activity were remarkably increased
(Revuelta et al, 2015). After hypoxia-ischemia injury,
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generated free radicals which lead to oxidative stress and ultimate
causes neuronal damage (Burchell et al.,, 2013). Low levels of
antioxidants, along with a high metabolic rate and abundant lipid
levels, makes brain cells highly sensitive to lipid peroxidation and
oxidative damage (Chang et al., 2011).

In current years, some antioxidants have exerted a protective
effect on hypoxia-ischemia (Llano et al., 2019). Nrf2 is a redox-

sensitive transcription factor that is responsible for the antioxidant
defense system by regulating the expressions of various oxidant
stress-related enzymes, including superoxide dismutase (SOD) and
HO-1 (Thimmulappa et al., 2006). Current evidence indicates that
the Nrf2/NF-xB pathways can inhibit neuronal apoptosis after HI
brain injury (Liu et al, 2018). Nrf2 is essential in energy
metabolism and nerve cell development (Esteras et al., 2016).
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He et al. found that the Nrf2/NQO-1/HO-1/NF-B signaling
pathway was a critical in CI/R-induced oxidative stress, cell
injury, and apoptosis (He et al, 2020). Moreover, Long Yang
et al. uncovered that Astragaloside IV alleviates the brain damage
induced by subarachnoid hemorrhage via PI3K/Akt/NF-xB
signaling pathway (Yang et al., 2020).

Lyc, a kind of carotenoid, is a popular food ingredient drug at
present. Its anti-inflammatory, anticancer, and antioxidative effects
in vivo and in vitro have been reported in many articles (Olson and
Krinsky, 1995; Condori et al., 2020). In addition, in the daily diet, a
large part of Lyc comes from tomatoes, watermelons, pink
grapefruit, and other red vegetables or fruits (Islamian and
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Mehrali, 2015). Meanwhile, compared to fresh tomatoes, it has been
pointed out that food processing and cooking of tomatoes can
improve the bioavailability of Lyc (Poor et al, 1993). Previous
studies had shown that Lyc can inhibit the activation of the NF-
B signaling pathway by activating the Nrf2 pathway. Dong et al.
found that Lyc attenuates LPS-induced liver injury by inactivating
NF-«B/COX-2 and upregulating Nrf2/HO-1 activation (Dong et al,,
2019). Dai et al. revealed that Lyc could ameliorate colistin-induced
nephrotoxicity in mice via activation of the Nrf2/HO-1 pathway
(Dai et al,, 2015).

In vivo experiments of this study, we found that Lyc significantly
decreased the brain infarct volume, attenuated apoptosis, inhibited
inflammatory response, recovered histomorphology, increased body
weights and improved behavior disorders after HI injury.
Furthermore, Lyc exerts its neuroprotective effects after HI brain
injury in neonatal rats via the Nrf2/NF-«B signaling pathway, and
that the Lyc-mediated Nrf2/NF-«B signaling pathway can be
inhibited by Brusatol (an Nrf2 inhibitor). Moreover, we
investigated the protective of Lyc in OGD-induced cortical
neurons that the results were concordant with Lyc in vivo result.
We found that Lyc reduced the level of pro-apoptotic proteins (Bax,
Cleaved caspase-3) and increase the level of anti-apoptotic proteins
(Bcl-2).

In summary, theses data provide evidence that Lyc can attenuate
HI brain injury in neurons or the nervous system by down-
regulating apoptosis and inflammation through the Nrf2/NF-kB
signaling pathway using both in vivo and in vitro experiments. Due
to the complexity of the pathogenesis of HIE, accurate and effective
therapies have not yet been developed, Lyc may be an inexpensive
and effective alternative to other medicines.

CONCLUSION

In conclusion, we demonstrated that Lyc can decrease the infarct
volume, recovered tissue morphological, and improved learning

REFERENCES

Ahmed, S. M. U, Luo, L., Namani, A., Wang, X. J., and Tang, X. (2017). Nrf2
signaling pathway: pivotal roles in inflammation. Biochim. Biophys. Acta Mol.
Basis Dis. 1863 (2), 585-597. doi:10.1016/j.bbadis.2016.11.005

Barks, J. D. E,, Liu, Y.-Q,, Yu, S, Li, J., Pfau, J., and Faye Silversteinet, S. (2007).
Impact of indolent inammation on neonatal hypoxic-ischemic brain injury in
mice. Int. J. Dev. Neurosci. 26 (1), 57-65. doi:10.1016/j.ijdevneu.2007.08.005

Burchell, S. R, Brandon, J., Tang, J., and Zhang, J. H. (2013). Isoflurane provides
neuroprotection in neonatal hypoxic ischemic brain injury. J. Invest. Med. 61
(7), 1078-1083. doi:10.2310/JIM.0b013e3182a07921

Chang, C.-C., Wang, Y.-H., Chern, C.-C,, Liou, K.-T., Hou, Y.-C., Peng, Y.-T., et al.
(2011). Prodigiosin inhibits gp91(phox) and iNOS expression to protect mice
against the oxidative/nitrosative brain injury induced by hypoxia-ischemia.
Toxicol. Appl. Pharmacol. 257 (1), 137-147. doi:10.1016/j.taap.2011.08.027

Condori, M. A. V., GloriaPascual, J. C., Barriga-Sanchez, M., Vilchez, L. F. V.,
Ursetta, S., Pérez, A. G., et al. (2020). Effect of tomato (Solanum lycopersicum L.)
lycopene-rich extract on the kinetics of rancidity and shelf-life of linseed
(Linum usitatissimum L.) oil. Food Chem. 302, 125327. doi:10.1016/j.
foodchem.2019.125327

Dai, C, Tang, S., Deng, S., Zhang, S., Zhou, Y., Velkov, T., et al. (2015). Lycopene
attenuates colistin-induced nephrotoxicity in mice via activation of the Nrf2/

Lycopene Attenuated Hypoxic-Ischemic Brain Injury

and motor disabilities after the HI brain injury in neonatal rats.
Through both in vivo and in vitro experiments, we demonstrated
that Lyc can attenuate apoptosis and suppress the inflammatory
response via the Nrf2/NF-kB signaling pathway. Taken together,
our findings suggest that Lyc may be a potential therapeutic
strategy for treatment of HI brain injury.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
and Use Committee of Wenzhou Medical University.

AUTHOR CONTRIBUTIONS

CF, XF, PL and ZL designed the research study. YZ, BC, WL, and
KL found and read relevant literatures. CF, JZ, SC and ZL
designed the experiments. CF, YZ, JZ, BC and WL performed
experiments. CF, YZ, JZ and KL analyzed data to form graphs. CF
wrote the manuscript. XF, PL, and ZL helped to modified the
manuscript.

FUNDING

This study was funded by the National Natural Science
Foundation of China (No. 81771624), the Beijing Medical and
Health Foundation (No. B17137) and Wenzhou Municipal
Science and Technology Bureau (No. Y20190001).

HO-1 pathway. Int. J. Clin. Exp. Pathol. 12 (3), 579-585. doi:10.1128/AAC.
03925-14

Dong, J., Li, W., Cheng, L.-M., and Wang, G.-G. (2019). Lycopene attenuates LPS-
induced liver injury by inactivation of NF-kB/COX-2 signaling. Int. J. Clin. Exp.
Pathol. 12 (3), 817-825.

Douglas-Escobar, M., and Weiss, M. D. (2015). Hypoxic-ischemic encephalopathy:
a review for the clinician. JAMA Pediatr. 169 (4), 397-403. do0i:10.1001/
jamapediatrics.2014.3269

du Plessis, A. J., and Volpe, J. J. (2002). Perinatal brain injury in the preterm and
term newborn. Curr. Opin. Neurol. 15 (2), 151-157. doi:10.1097/00019052-
200204000-00005

Esteras, N., Dinkova-Kostova, T. A., and Abramov, A. Y. (2016). Nrf2 activation in
the treatment of neurodegenerative diseases: a focus on its role in mitochondrial
bioenergetics and function. Biol. Chem. 397 (5), 383-400. doi:10.1515/hsz-
2015-0295

Fan, Y., Cui, L., Peng, X,, Jiang, N., Hu, L., Gu, L., et al. (2020). Perillaldehyde
ameliorates Aspergillus fumigatus keratitis by activating the Nrf2/HO-1
signaling pathway and inhibiting dectin-1-mediated inflammation. Invest.
Ophthalmol. Vis. Sci. 61 (6), 51. doi:10.1167/i0vs.61.6.51.

Fang, C,, Xie, L., Liu, C,, Fu, C, Ye, W,, Liu, H., et al. (2018). Tanshinone ITA
improves hypoxic ischemic encephalopathy through TLR-4-mediated NF-
kB signal pathway. Mol. Med. Rep. 18 (2), 1899-1908. doi:10.3892/mmr.
2018.9227

Frontiers in Pharmacology | www.frontiersin.org

November 2020 | Volume 11 | Article 585898


https://doi.org/10.1016/j.bbadis.2016.11.005
https://doi.org/10.1016/j.ijdevneu.2007.08.005
https://doi.org/10.2310/JIM.0b013e3182a07921
https://doi.org/10.1016/j.taap.2011.08.027
https://doi.org/10.1016/j.foodchem.2019.125327
https://doi.org/10.1016/j.foodchem.2019.125327
https://doi.org/10.1128/AAC.03925-14
https://doi.org/10.1128/AAC.03925-14
https://doi.org/10.1001/jamapediatrics.2014.3269
https://doi.org/10.1001/jamapediatrics.2014.3269
https://doi.org/10.1097/00019052-200204000-00005
https://doi.org/10.1097/00019052-200204000-00005
https://doi.org/10.1515/hsz-2015-0295
https://doi.org/10.1515/hsz-2015-0295
https://doi.org/10.1167/iovs.61.6.51
https://doi.org/10.3892/mmr.2018.9227
https://doi.org/10.3892/mmr.2018.9227
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Fu et al.

Feng, Y., Lu, S, Wang, J., Kumar, P, Zhang, L., and Bhatt, J. A. (2014).
Dexamethasone-induced neuroprotection in hypoxic-ischemic brain injury
in newborn rats is partly mediated via Akt activation. Brain Res. 1589,
68-77. doi:10.1016/j.brainres.2014.09.073

Ferriero, D. M. (2001). Oxidant mechanisms in neonatal hypoxiaischemia. Dev.
Neurosci. 23 (3), 198-202. doi:10.1159/000046143

Frei, B. (1995). Cardiovascular disease and nutrient antioxidants: role of low-
density lipoprotein oxidation. Crit. Rev. Food Sci. Nutr. 35 (1-2), 83-98. doi:10.
1080/10408399509527689

Giovannucci, E., Ascherio, A., Rimm, E. B., Stampfer, M. J., Colditz, G. A., and
Willett, W. C. (1995). Intake of carotenoids and retinol in relation to risk of
prostate cancer. J. Natl. Cancer Inst. 87 (23), 1767-1776. doi:10.1093/jnci/87.23.
1767

Girard, S., Sébire, H., Brochu, M.-E., Briota, S., Sarret, P., and Guillaume, S. (2012).
Postnatal administration of IL-1Ra exerts neuroprotective effects following
perinatal inflammation and/or hypoxic-ischemic injuries. Brain Behav. Immun.
26 (8), 1331-1339. doi:10.1016/j.bbi.2012.09.001

Hagberg, H., Mallard, C, Ferriero, D. M., Vannucci, S. J., Levison, S. W., Vexler, Z.
S., et al. (2015). The role of inflammation in perinatal brain injury. Nat. Rev.
Neurol. 11 (4), 192-208. doi:10.1038/nrneurol.2015.13

He, J., Dong, Z., and Yan, B. (2020). Eriocitrin alleviates oxidative stress and
inflammatory response in cerebral ischemia reperfusion rats by regulating
phosphorylation levels of Nrf2/NQO-1/HO-1/NF-kB p65 proteins. Ann.
Transl. Med. 8 (12), 757. doi:10.21037/atm-20-4258

Hochwald, O., Jabr, M., Osiovich, H., Miller, S. P., McNamara, P. J., and Lavoie, P.
M. (2014). Preferential cephalic redistribution of left ventricular cardiac output
during  therapeutic  hypothermia  for  perinatal  hypoxic-ischemic
encephalopathy. J. Pediatr. 164 (5), 999-1004. doi:10.1016/j.jpeds.2014.01.028

Islamian, J. P., and Mehrali, H. (2015). Lycopene as a carotenoid provides
radioprotectant and antioxidant effects by quenching radiation-induced free
radical singlet oxygen: an overview. Cell . Winter 16 (4), 386-391. doi:10.
22074/cellj.2015.485

Jiang, Q., Li, R.-P., Tang, Y., Wang, Y.-Q,, Liu, C,, and Guo, M.-L. (2015).
Bakkenolide-IIla protects against cerebral damage via inhibiting NF-xB
activation. CNS Neurosci. Ther. 21 (12), 943-952. doi:10.1111/cns.12470

Johnson, C. T., Burd, I, Raghunathan, R., Northington, F. J., and Graham, E. M.
(2016). Perinatal inammation/infection and its association with correction of
metabolic acidosis in hypoxic-ischemic encephalopathy. J. Perinatol. 36 (6),
448-452. doi:10.1038/jp.2015.221

Johnston, M. V., Ali, F., Wilson, M. A,, and Northington, F. (2011). Treatment
advances in neonatal neuroprotection and neurointensive care. Lancet Neurol.
10 (4), 372-382. doi:10.1016/S1474-4422(11)70016-3

Lee, C.-M., Chang, J.-H., Moon, D.-O., Choi, Y. H., Choi, W., Park, Y.-M., et al.
(2008). Lycopene suppresses ovalbumin-induced airway inflammation in a
murine model of asthma. Biochem. Biophys. Res. Commun. 374 (2), 248-252.
doi:10.1016/j.bbrc.2008.07.032

Li, D, Song, T. Yang, L, Wang, X, Yang, C, Jiang, Y. et al. (2016).
Neuroprotective actions of pterostilbene on hypoxic-ischemic brain damage
in neonatal rats through upregulation of heme oxygenase-1. Int. J. Dev.
Neurosci. 54, 22-31. doi:10.1016/j.jjdevneu.2016.08.005

Liang, J.-L., Wu, J.-Z,, Liu, Y.-H., Zhang, Z.-B., Wu, Q.-D., Chen, H.-B,, et al.
(2017). Patchoulene epoxide isolated from patchouli oil suppresses acute
inflammation through inhibition of NF- k B and downregulation of COX-2/
iNOS. Mediators Inflamm 2017, 1089028. doi:10.1155/2017/1089028

Lin, Z.-L,, Yu, H.-M,, Lin, J., Chen, S.-Q., Liang, Z.-Q., and Zhang, Z.-Y. (2006).
Mild hypothermia via selective head cooling as neuroprotective therapy in term
neonates with perinatal asphyxia: an experience from a single neonatal intensive
care unit. J. Perinatol. 26 (3), 180-184. doi:10.1038/sj.jp.7211412

Lindsberg, P. J., and Grau, A. J. (2003). Inflammation and infections as risk factors
for ischemic stroke. Stroke 34 (10), 2518-2532. doi:10.1161/01.STR.
0000089015.51603.CC

Liu, T., Wang, Y., Chen, D., Xiang, P., Shen, J., Li, Y., et al. (2018). Protective effects
of notoginsenoside R1 via regulation of the PI3K-Akt-mTOR/JNK pathway in
neonatal cerebral hypoxic-ischemic brain injury. Neurochem. Res. 43 (6),
1210-1226. doi:10.1007/s11064-018-2538-3

Llano, S., Gémez, S., Londoiio, J., and Restrepo, A. (2019). Antioxidant activity of
curcuminoids. Phys. Chem. Chem. Phys. 21 (7), 3752-3760. do0i:10.1039/
c8cp06708b

Lycopene Attenuated Hypoxic-Ischemic Brain Injury

Mangels, A. R, Holden, J. M., Beecher, G. R., Forman, M. R,, and Lanza, E. (1993).
Carotenoid content of fruits and vegetables: an evaluation of analytic data.
J. Am. Diet Assoc. 93 (3), 284-296. doi:10.1016/0002-8223(93)91553-3

Northington, F. J., Chavez-Valdez, R., and Martin, L. J. (2011). Neuronal cell death
in neonatal hypoxia-ischemia. Ann. Neurol. 69 (5), 743-758. doi:10.1002/ana.
22419

Olson, J. A., and Krinsky, N. (1995). Introduction: the colorful, fascinating world of
the carotenoids: important physiologic modulators. FASEB J. 9 (15),
1547-1550. doi:10.1096/fasebj.9.15.8529833

Perlman, J. M. (2006). Intervention strategies for neonatal hypoxic-ischemic
cerebral injury. Clin. Therapeut. 28 (9), 1353-1365. doi:10.1016/j.clinthera.
2006.09.005

Poor, C. L., Bierer, T. L., Merchen, N. R,, Fahey, G. C,, Jr, and Erdman, J. W, Jr.
(1993). The accumulation of alpha- and beta-carotene in serum and tissues of
preruminant calves fed raw and steamed carrot slurries. J. Nutr. 123 (7),
1296-1304. doi:10.1093/jn/123.7.1296

Price, C.J. S., Menon, D. K,, Peters, A. M., Ballinger, J. R, Barber, R. W., Balan, K.
K., et al. (2004). Cerebral neutrophil recruitment, histology, and outcome in
acute ischemic stroke: an imaging-based study. Stroke 35 (7), 1659-1664.
doi:10.1161/01.STR.0000130592.71028.92

Revuelta, M., Arteaga, O., Montalvo, H., Alvarez, A., Hilario, E., and Martinez-
Ibargiien, A. (2015). Antioxidant treatments recover the alteration of auditory
evoked potentials and reduce morphological damage in the inferior colliculus
after perinatal asphyxia in rat. Brain Pathol. 26 (2), 186-198. doi:10.1111/bpa.
12272

Riljak, V., Kraf, J., and Daryanani, A. (2016). Pathophysiology of perinatal hypoxic-
ischemic encephalopathy - biomarkers, animal models and treatment
perspectives. Physiol. Res. 65 (Suppl. 5), $533-5545. doi:10.33549/physiolres.
933541

Rocha-Ferreira, E., and Hristova, M. (2016). Plasticity in the neonatal brain
following hypoxic-ischaemic injury. Neural Plast. 2016, 4901014. doi:10.
1155/2016/4901014

Silveira, R. C., and Procianoy, R. S. (2015). Hypothermia therapy for newborns
with hypoxic ischemic encephalopathy. J. Pediatr. 91 (6 Suppl. 1), S78-S83.
doi:10.1016/j.jped.2015.07.004

Sumanovié-Glamuzina, D., Culo, F., Culo, M. L, Konjevoda, P., and Jerkovi¢-
Raguz, M. (2017). A comparison of blood and cerebrospinal fluid cytokines (IL-
1B, IL-6, IL-18, TNF-a) in neonates with perinatal hypoxia. Bosn. J. Basic Med.
Sci. 17 (3), 203-210. doi:10.17305/bjbms.2017.1381

Taniguchi, H., and Andreasson, K. (2008). The hypoxic-ischemic encephalopathy
model of perinatal ischemia. J. Vis. Exp. 19 (21), 955. d0i:10.3791/955

Thimmulappa, K. R., Scollick, C., Traore, K., Yates, M., Trush, M. A., Karen Liby,
T., et al. (2006). Nrf2-dependent protection from LPS induced inflammatory
response and mortality by CDDO-Imidazolide. Biochem. Biophys. Res.
Commun. 351 (4), 883-889. doi:10.1016/j.bbrc.2006.10.102

Wang, F, Li, R, Tu, P, Chen, J., Zeng, K, Jiang, Y., et al. (2020). Total
glycosides of cistanche deserticola promote neurological function recovery
by inducing neurovascular regeneration via nrf-2/keap-1 pathway in
MCAO/R rats. Front. Pharmacol. 11, 236. doi:10.3389/fphar.2020.00236.
eCollection 2020

Warner, D. S., Sheng, H., and Batinic-Haberle, 1. (2004). Oxidants, antioxidants
and the ischemic brain. J. Exp. Biol. 207 (Pt 18), 3221-3231. doi:10.1242/jeb.
01022

Williams, A. J., Dave, J. R,, and Tortella, F. C. (2006). Neuroprotection with the
proteasome inhibitor MLN519 in focal ischemic brain injury: relation to
nuclear factor kappa B (NF-kappa B), inflammatory gene expression, and
leukocyte infiltration. Neurochem. Int. 49 (2), 106-112. doi:10.1016/j.neuint.
2006.03.018

Yang, L., Dong, X., and Zhang, W. (2020). Astragaloside IV alleviates the brain
damage induced by subarachnoid hemorrhage via PI3K/Akt signaling pathway.
Neurosci. Lett., 735, 135227. doi:10.1016/j.neulet.2020.135227

Ye, L., Wang, X,, Cai, C,, Zeng, S., Bai, J., Guo, K, et al. (2019). FGF21 promotes
functional recovery after hypoxic-ischemic brain injury in neonatal rats by
activating the PI3K/Akt signaling pathway via FGFR1/p-klotho. Exp. Neurol.
317, 34-50. doi:10.1016/j.expneurol.2019.02.013

Yildiz, E. B, Ekici, B, and Tath, B. (2017). Neonatal hypoxic ischemic
encephalopathy: an update on disease pathogenesis and treatment. Expert
Rev. Neurother. 17 (5), 449-459. doi:10.1080/14737175.2017.1259567

Frontiers in Pharmacology | www.frontiersin.org

12

November 2020 | Volume 11 | Article 585898


https://doi.org/10.1016/j.brainres.2014.09.073
https://doi.org/10.1159/000046143
https://doi.org/10.1080/10408399509527689
https://doi.org/10.1080/10408399509527689
https://doi.org/10.1093/jnci/87.23.1767
https://doi.org/10.1093/jnci/87.23.1767
https://doi.org/10.1016/j.bbi.2012.09.001
https://doi.org/10.1038/nrneurol.2015.13
https://doi.org/10.21037/atm-20-4258
https://doi.org/10.1016/j.jpeds.2014.01.028
https://doi.org/10.22074/cellj.2015.485
https://doi.org/10.22074/cellj.2015.485
https://doi.org/10.1111/cns.12470
https://doi.org/10.1038/jp.2015.221
https://doi.org/10.1016/S1474-4422(11)70016-3
https://doi.org/10.1016/j.bbrc.2008.07.032
https://doi.org/10.1016/j.ijdevneu.2016.08.005
https://doi.org/10.1155/2017/1089028
https://doi.org/10.1038/sj.jp.7211412
https://doi.org/10.1161/01.STR.0000089015.51603.CC
https://doi.org/10.1161/01.STR.0000089015.51603.CC
https://doi.org/10.1007/s11064-018-2538-3
https://doi.org/10.1039/c8cp06708b
https://doi.org/10.1039/c8cp06708b
https://doi.org/10.1016/0002-8223(93)91553-3
https://doi.org/10.1002/ana.22419
https://doi.org/10.1002/ana.22419
https://doi.org/10.1096/fasebj.9.15.8529833
https://doi.org/10.1016/j.clinthera.2006.09.005
https://doi.org/10.1016/j.clinthera.2006.09.005
https://doi.org/10.1093/jn/123.7.1296
https://doi.org/10.1161/01.STR.0000130592.71028.92
https://doi.org/10.1111/bpa.12272
https://doi.org/10.1111/bpa.12272
https://doi.org/10.33549/physiolres.933541
https://doi.org/10.33549/physiolres.933541
https://doi.org/10.1155/2016/4901014
https://doi.org/10.1155/2016/4901014
https://doi.org/10.1016/j.jped.2015.07.004
https://doi.org/10.17305/bjbms.2017.1381
https://doi.org/10.3791/955
https://doi.org/10.1016/j.bbrc.2006.10.102
https://doi.org/10.3389/fphar.2020.00236. eCollection 2020
https://doi.org/10.3389/fphar.2020.00236. eCollection 2020
https://doi.org/10.1242/jeb.01022
https://doi.org/10.1242/jeb.01022
https://doi.org/10.1016/j.neuint.2006.03.018
https://doi.org/10.1016/j.neuint.2006.03.018
https://doi.org/10.1016/j.neulet.2020.135227
https://doi.org/10.1016/j.expneurol.2019.02.013
https://doi.org/10.1080/14737175.2017.1259567
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Fu et al.

Zalewska, T., Jaworska, J., and Ziemka-Nalecz, M. (2015). Current and experimental
pharmacological approaches in neonatal hypoxic- ischemic encephalopathy. Curr.
Pharmaceut. Des. 21 (11), 1433-1439. doi:10.2174/1381612820999141029162457

Zhang, D. D. (2006). Mechanistic studies of the Nrf2-Keap1 signaling pathway.
Drug Metab. Rev. 38 (4), 769-789. doi:10.1080/03602530600971974

Zhao, B,, Ren, B,, Guo, R,, Zhang, W, Ma, S, Yao, Y., et al. (2017). Supplementation
of lycopene attenuates oxidative stress induced neuroinflammation and cognitive
impairment via Nrf2/NF-«B transcriptional pathway. Food Chem. Toxicol. 109 (Pt
1), 505-516. doi:10.1016/j.fct.2017.09.050

Zhao, Q., Yang, F., Meng, L., Chen, D., Wang, M., Lu, X,, et al. (2020). Lycopene
attenuates CP/CPPS by inhibiting oxidative stress and inflammation via the
interaction of NF-kB, MAPKs and Nrf2 signaling pathways in rats. Andrology 8
(3), 747-755. doi:10.1111/andr.12747

Zhao, Y., Li, M.-Z,, Shen, Y, Jia, L, Wang, H.-R,, Talukder, M,, et al. (2020). Lycopene
prevents DEHP-induced Leydig cell damage with the Nrf2 antioxidant signaling
pathway in mice. J. Agric. Food Chem. 68 (7), 2031-2040. doi:10.1021/acs.jafc.9b06882

Lycopene Attenuated Hypoxic-Ischemic Brain Injury

Zhou, R., Zhao, ], Li, D., Chen, Y., Xiao, Y., Fan, A,, et al. (2020). Combined
exposure of lead and cadmium leads to the aggravated neurotoxicity through
regulating the expression of histone deacetylase 2. Chemosphere 252, 126589.
doi:10.1016/j.chemosphere.2020.126589

Conflicts of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Fu, Zheng, Zhu, Chen, Lin, Lin, Zhu, Chen, Li, Fu and Lin. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

13

November 2020 | Volume 11 | Article 585898


https://doi.org/10.2174/1381612820999141029162457
https://doi.org/10.1080/03602530600971974
https://doi.org/10.1016/j.fct.2017.09.050
https://doi.org/10.1111/andr.12747
https://doi.org/10.1021/acs.jafc.9b06882
https://doi.org/10.1016/j.chemosphere.2020.126589
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Lycopene Exerts Neuroprotective Effects After Hypoxic–Ischemic Brain Injury in Neonatal Rats via the Nuclear Factor Erythro ...
	Introduction
	Materials and Methods
	Reagents
	Neonatal Hypoxic-Ischemic Brain Injury Model and Drug Administration
	Infarct Volume Measurement
	Morris Water Maze Test
	Quantitative Real-Time-PCR
	Histopathological Analysis
	Isolation and Culture of Primary Cortical Neurons
	Oxygen-Glucose Deprivation Model
	Cell Viability
	Immunofluorescence Staining
	Western Blot
	Statistical Analysis

	Result
	Lycopene Attenuated Hypoxic-Ischemic Brain Injury in Neonatal Rats
	Lycopene Protected Against Hypoxic-Ischemic Brain Injury via Down-Regulation of Expression of Inflammatory and Apoptosis Fa ...
	Lycopene Exerts Neuroprotection in Hypoxic-Ischemic Brain Injury via the Nrf2/NF-κB Signaling Pathway
	Lycopene Preserves Brain Tissue Structure After Hypoxic-Ischemic Brain Injury
	Lycopene Improved the Bodyweight and Learning and Memory Functions of Rats Following Hypoxic-Ischemic Brain Injury
	Lycopene Attenuates Oxygen-Glucose Deprivation-Induced Apoptosis in Primary Cortical Neurons

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


