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Introduction: Neonatal hypoxic-ischemic encephalopathy (HIE), caused by perinatal asphyxia, is characterized by high morbidity
and mortality, but there are still no effective therapeutic drugs. Mitochondrial biogenesis and apoptosis play key roles in the
pathogenesis of HIE. Protopine (Pro), an isoquinoline alkaloid, has anti-apoptotic and neuro-protective effects. However, the protective
roles of Pro on neonatal hypoxic-ischemic brain injury remain unclear.

Methods: In this study, we established a CoCl,-induced PC12 cell model in vitro and a neonatal rat hypoxic-ischemic (HI) brain
damage model in vivo to explore the neuro-protective effects of Pro and try to elucidate the potential mechanisms.

Results: Our results showed that Pro significantly reduced cerebral infarct volume, alleviated brain edema, inhibited glia activation,
improved mitochondrial biogenesis, relieved neuron cell loss, decreased cell apoptosis and reactive oxygen species (ROS) after HI
damage. In addition, Pro intervention upregulated the levels of p-AMPK/AMPK and PGCla as well as the downstream mitochondrial
biogenesis related factors, such as nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A (TFAM), but the
AMPK inhibitor compound ¢ (CC) could significantly reverse these effects of Pro.

Discussion: Pro may exert neuroprotective effects on neonatal hypoxic-ischemic brain damage via activation of the AMPK/PGCla
pathway, suggesting that Pro may be a promising therapeutic candidate for HIE, and our study firstly demonstrate the neuro-protective
roles of Pro in HIE models.
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Introduction
Neonatal hypoxic-ischemic encephalopathy (HIE) is an important cause of neonatal death or nervous system dysfunction
during pregnancy and delivery.' More than half of HIE neonates die in the neonatal period, and those who survive are at
a high risk of neurological sequelae such as, cerebral palsy and intellectual disability.” Hypothermia is the only clinically
approved treatment method, but the time window of hypothermia is very narrow, only 6 h.* In addition, a variety of
emerging treatment methods are currently being explored, such as stem cell therapy, growth factor therapy, anti-
inflammatory drugs, antioxidant therapy, etc.*> However, these treatments may carry risks such as unknown safety or
poor efficacy in clinical trials. Therefore, it is imperative to explore more effective drugs to improve the prognosis of
neonatal HIE.

The pathomechanism of neonatal HIE is a complex evolutionary process, including inflammation, oxidative stress,
excitotoxicity, and mitochondrial damage, leading to progressive neuronal cell death.*® When the brain undergoes
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ischemia and hypoxia, a series of destructive changes, such as insufficient energy supply, excessive reactive oxygen
species (ROS) generation, and neuronal apoptosis, can occur, which are the basis of neurological dysfunction.’
Mitochondria are not only the energy factories of ATP required for neuronal excitability and survival, but are also
involved in ROS and apoptosis, which are important inducements for neurodegenerative diseases.® The increasing studies
have also proven that excessive ROS from impaired mitochondrial biogenesis is closely related to neuronal death.’'
More studies have explored the correlation between HIE and mitochondrial biogenesis. Swimming has been found to
stabilize mitochondrial cristae and improve motor, memory, and learning-related activities.'' Yin et al first demonstrated
a rapid increase in mitochondrial biogenesis after 24 h of neonatal rat HIE and suggested that increasing mitochondrial
mass will significantly improve the overall oxidative function and energy status of the brain after HIE.'*> Therefore,
improving mitochondrial biogenesis may become a key therapeutic target.

Adenosine 5’monophosphate-activated protein kinase (AMPK) is a cellular energy sensor that restores ATP concen-
tration by reducing anabolism and energy consumption.'* Under low-oxygen environments, hypoxia impairs the ability
of mitochondria to efficiently conduct oxidative phosphorylation, thereby reducing ATP synthesis. This situation of
energy deficiency raises the AMP/ATP ratio, which activates AMPK.'* Activation of AMPK at Thr172 was found to up-
regulate peroxisome proliferator-activated receptor y (PPARY) coactivator lo (PGCla).® PGCla is abundant in the
brain.'> More importantly, PGC-1la enters the nucleus and combines with nuclear respiratory factor 1 (NRF1), up-
regulating the expression of mitochondrial DNA-binding protein mitochondrial transcription factor A (TFAM), promot-
ing mitochondrial synthesis, regulating mitochondrial homeostasis, and reducing the generation of ROS.'®'® Under low-
oxygen conditions, AMPK/PGCla regulation of mitochondrial biogenesis improves neuronal stress resistance, reduces
cell hypoxia damage, maintains metabolic homeostasis, and ensures survival and normal functions.® Therefore, identify-
ing exogenous compounds that can increase mitochondrial biogenesis is crucial for treating neonatal HIE.

Protopine (Pro) is an isoquinoline alkaloid extracted from a variety of plants.'® It is involved in numerous biological

processes, including antioxidation, anti-colon cancer, anti-inflammatory, antifungal, and anti-hepatotoxic properties.'® 2

It has also been shown to cross the blood-brain barrier and has anti-depressant effects in the neurological system.”*?’
A study using a cerebral ischemia model of male Sprague-Dawley (SD) rats showed that Pro could significantly reduce
cerebral infarction and increase the activity of superoxide dismutase (SOD) in serum.?® Furthermore, Pro could partially
alleviate H,O,-induced oxidative stress and apoptosis in PC12 cells through Ca (2+) antagonism and anti-oxidant
mechanisms.”® Although Pro is derived from natural plants and has a good safety profile, high concentrations
(>40 uM) of Pro can impair cardiac function and have toxic effects on normal cells.**°

So far, there is no report to explore the neuro-protective roles of Pro on neonatal HI brain damage. CoCl, that can
trigger ROS production and increase the expression level of hypoxia-inducible factor 1 (HIF-1), is widely used to induce
hypoxic-ischemic states.®' Neonatal rat hypoxic-ischemic brain damage (HIBD) models were established according to
the modified Vannucci model.** This model mimics ischemia and hypoxia to replicate a variety of cellular and molecular
characteristics of HIE, including neuronal necrosis, cerebral hemorrhage, neuronal apoptosis, and neuronal karyopykno-
sis and other brain histopathological changes. Considering the roles of mitochondrial biogenesis in oxidative stress and
apoptosis, we hypothesized that AMPK/PGCla may be involved in the pathogenesis of neonatal HIE by promoting
mitochondrial biogenesis. The objective of this study is to investigate Pro neuro-protective effects on HIE based on
CoCl,-induced PC12 cell model in vitro and the neonatal rat hypoxic-ischemic (HI) brain damage model in vivo as well

as try to illuminate the potential mechanism. This study may provide a new therapeutic drug for HIE.

Materials and Methods

Animal

Sprague-Dawley (SD) rats (200-250 g) were provided by the Laboratory Animal Center of the Wenzhou Medical
University. They were raised under a 12 h light/dark cycle at temperature of 23°C + 2°C and relative humidity of 60%
+10%. Water and food were provided ad libitum. This study was approved by the Wenzhou Medical University’s Animal
Care (wydw2024-0166) and Use Committee, and was performed in accordance with the Guide for the Care and Use of
Laboratory Animals.
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Establishment of HI Brain Damage Model and Pro Administration

To eliminate variations across pups, each litter was randomly divided into three groups, and the sample size was
calculated according to a power analysis approach: Sham (n = 12), HI (n = 13), and HI+ Pro (n = 13). At least three
independent replication experiments were performed. Using the standard = RAND () function generated random
numbers. Neonatal rat hypoxic-ischemic brain damage (HIBD) models were established according to the modified
Vannucci model.> Briefly, 7-day-old (P7) male pups were sedated with 100% ether and the left common carotid artery
was rapidly separated and ligated after an incision in the center of the neck. The arteries between the two lymph nodes
were cut, the tissues were reset, the skin incisions were sutured, and the wound was cleaned. After surgery, the pups were
returned to their mothers for 2 hours of rest. They were then immersed in a humid gas mixture of 8% oxygen and 92%
nitrogen at temperature of 37.5°C for 2.5 h at a gas flow rate of 3L/min. In the Sham group, the left common carotid
artery was not ligated or was hypoxic. The HI+ Pro group was intraperitoneally injected with Pro (4 mg/kg) after
1 h successful modeling, and the Sham operation and HI groups were injected with the same amount phosphate-buffered
saline (PBS). The treatment was continued for 7 days until the pups were euthanized. The route of administration and
dose selection of Pro were based on a previous study.”® Brain tissues were collected 24 h and 7 days after HI injury to
assess the neuroprotective effects of Pro in the acute and subacute phases.

Infarct Volume Measurement

The infarct volume was analyzed by 2,3,5-triphenyl tetrazolium chloride (TTC, Sigma-Aldrich, St, MO, USA) staining.
The brain tissues of rats in each group were collected 24 h after HIBD, frozen at —80°C for 5 min, and cut into 2 mm
coronal slices. The samples were incubated in 1% TTC solution at 37°C in the dark for 30 min and then were immersed
in 4% paraformaldehyde for 24 h. The infarct volume was calculated using Image] software (National Institutes of
Health, MD, USA).

Brain Water Content Evaluation

To measure the degree of cerebral edema, brain tissues were harvested 24 h after HIBD in each group, and then the left
(ie, wounded) hemispheres were separated and weighed to obtain the wet weight. The tissues were then dried for 72 h in
an electrothermal oven at 70°C and weighed to obtain their dry weight. The percentage of brain water content was
calculated using the following formula {(wet weight - dry weight)/wet weight] x 100%.

Hematoxylin and Eosin (HE) Staining and Nissl Staining

7 days after HIBD, the rats were severely sedated and 20 mL of sterile normal saline was injected into the heart, followed
by reperfusion with an equal volume of 4% paraformaldehyde. Subsequently, the Brain tissues were collected and
marinated in 4% paraformaldehyde at 4°C for 24 h. Paraffin-embedded sections were cut at a thickness of Sum. The
sections were dewaxed and stained with hematoxylin-eosin (H&E) (G1120, Solarbio, Beijing, China) or Nissl (G1432,
Solarbio, Beijing, China) before being permeabilized in xylene. The sections were then sealed with a neutral resin.
Finally, the tissue morphology was observed using an optical microscope (Nikon, Tokyo, Japan). The results were
analyzed using Image] software.

Immunofluorescence Staining

Paraffin sections of brain tissue were collected from rats 24 h after HIBD, dewaxed, dehydrated, and heated in citrate
buffer for antigen repair. For in vitro experiments, PC12 cells in each group were treated with CoCl, for 24 h on climbing
slides and fixed with 4% PFA solution for 1 h. Samples of cells or brain tissue sections were permeabilized with 0.3%
Triton X-100 (Sigma-Aldrich, MO, USA) for 30 min, rinsed with PBS, and blocked with 5% goat serum for 1 h at room
temperature. Then, theses samples were incubated with primary antibodies (listed in Table S1) overnight at 4°C. The
following day were incubated with fluorescently labeled secondary antibodies (1:200, Proteintech, CA, USA) for 1 h at
37°C and washed three times with PBS. The cells were stained with DAPI (S2110, Solarbio, Beijing, China) in the dark
for 6 min. Finally, samples were examined under an inverted fluorescence microscope (Nikon, Tokyo, Japan).
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TUNEL Assay

TUNEL labeling was performed on the brain tissues of each group using a TUNEL Apoptosis Detection Kit
(40307ES20, Yeasen Biotechnology, Shanghai, China) to examine apoptosis. Briefly, paraffin sections of brain tissues
24 h after HIBD were dewaxed and dehydrated with an alcohol gradient, and then permeabilized with 20 pug/mL
Proteinase K solution for 20 min. The cells were then incubated with TdT incubation buffer for 1 h at 37°C in a humid
dark environment. Finally, the nuclei were stained with DAPI (S2110, Solarbio, Beijing, China), and images were taken
using an inverted fluorescence microscope.

Cell Culture and Treatment

The Chinese Academy of Sciences Cell Bank (Shanghai, China) provided the differentiated PC12 cells. PC12 cells were
maintained in dulbecco’s modified Eagle’s medium (DMEM, Gibco, United States) containing 10% fetal bovine serum
(FBS, Gibco, NY, USA) at a 37°C, 5% CO, incubator. CoCl, (C8661, Sigma-Aldrich, St. Louis, MO, USA) was used to
induce simulated cell hypoxia, which is known to induce the production of 72 reactive oxygen species.** Pro and AMPK
inhibitor Compound C (CC, MCE, NJ, USA) were dissolved in DMSO to prepare the reserve solution. Based on our
preliminary concentration gradient experiments, 1 mm (Cell viability was closest to 50%) CoCl, and 20 uM (maximum
cell viability) Pro were selected as optimal working concentrations for the cells. We set up different groups such as
Control, CoCl,, CoCl,+Pro, CoCl,+ CC, CoCl,+Pro+CC. PC12 cells were treated with CoCl, or CC (2.5 uM) in advance
and then supplemented with Pro, CC, or a mixture of Pro and CC for 24 h. Finally, these cells were used for subsequent
experiments. Cells in the Control group were incubated in culture medium containing DMSO (0.1% v/v).

Cell Viability Assay

The cell viability of each group was determined using the CCK-8 Kit (Yeasen, Shanghai, China). PC12 cells at a density
of 1x10* cells/well were seeded in 96-well plates and cultured in media containing different concentrations of CoCl, or
Pro for 24 h at a 37°C, 5% CO, incubator. Subsequently, 10% volume of CCK-8 solution was added to each well, then
the plate was incubated at 37°C for 40 min in the dark. The optical density (OD) of the reaction solution was measured at
450 nm using a microplate reader (Thermo, MA, USA), and the results were compared with the control group to obtain
the cell survival rate.

Oxidative Stress Evaluation

Oxidative stress was evaluated by quantifying the levels of malondialdehyde (MDA) (Solarbio, Beijing, China) and
Catalase (CAT) (Solarbio, Beijing, China) using commercially available kits. Briefly, in vivo, equal weights of the left
cerebral hemispheres were collected from each group 24 h after HIBD, and for in vitro, the same number of cells was
collected from each group. Tissue homogenates were prepared by adding the extract liquid to the brain tissue or cells and
centrifuging at 8000xg for 10 min at 4°C to collect the supernatant. Finally, the activities and levels of various oxidative
stress markers were measured according to the manufacturer’s instructions.

Measurement of Reactive Oxygen Species (ROYS)

In living cells, ROS is produced under stimuli such as hypoxia, serum deprivation, or cytokine stimulation.> In vitro,
intracellular ROS levels were detected using a DCFH-DA probe (Beyotime, Shanghai, China). Briefly, cells were
incubated with 10 uM DCFH-DA at 37°C in the dark for 30 min, then washed three times with serum-free cell culture
medium. Subsequently, the cells were digested and harvested. Finally, the collected cells were examined for labeled cells
by flow cytometry (Beckman, CA, USA).

Mitochondrial ROS Detection

Mitochondria are the main intracellular organelles that produce ROS.® Therefore, we used the mitochondrial superoxide
anion fluorescent indicator MitoSOX Red Reagent Assay Kit (Yeasen, Shanghai, China) to detect mitochondrial ROS
levels. In brief, PC12 cells in each group were washed with Hank’s balanced salt solution (HBSS), and then 5 pM
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MitoSOX Red was added to each group to fully cover the growing cells. The cells were incubated at 37 ° C in the dark
for 30 min, washed 3 times with PBS, fixed with methanol for 10 min, and placed on slides. Finally, the nuclei were
stained with DAPI, and cell morphology was observed under a Ni-U fluorescence microscope.

Annexin V and Pl Assay

The Annexin V FITC/PI Apoptosis Detection Kit (BD, NJ, USA) was used to assess the early and late apoptotic activities
of the cells in each group. Briefly, cells were harvested by digestion with 0.25% ethylenediaminetetraacetic acid (EDTA)
trypsin (25200072, Gibco, Grand Island, NY, United States) and then resuspended in Binding Buffer after washing twice
with PBS. The cells were further stained with a mixture of SuL. of FITC Annexin V and 5uL of PI in the dark at room
temperature for 15 min. Finally, positive and negative controls were used to determine the flow cytometry (Beckman,
CA, USA) threshold for detecting cell apoptosis rates according to the kit instructions.

Western Blot Analysis

Proteins were prepared from homogenized brain proteins and PC12 cells in each group using RIPA buffer (Solarbio,
Beijing, China) containing phenylmethyl-sulfonyl fluoride (PMSF, Solarbio, China) and a phosphatase inhibitor (P1260,
Solarbio, Beijing, China), and centrifuged at 13,200xg and 4°C for 30 min to harvest supernatant. The protein
concentration was determined using a BCA Protein Assay Kit (Beyotime, Shanghai, China). Protein samples (40 pg
each) were separated by electrophoresis on sodium dodecyl sulfate (SDS)-polyacrylamide separation gels and then
transferred to PVDF membranes. Membranes were blocked with 5% non-fat milk for 2 h at room temperature and then
were incubated with primary antibodies (listed in Table S1) overnight at 4°C. Membranes were then incubated with
a 1:1000 dilution of rabbit or mouse secondary antibodies conjugated to horseradish peroxidase (Beyotime, Shanghai,
China) for 2h at room temperature and washed three times for 10 min each. Finally, the membranes were exposed to
enhanced chemiluminescence (ECL) reagents (Amersham, IL, USA) and the protein bands were visualized using
a ChemiDoc XRS Imaging System (Bio-Rad, CA, USA). Image J was used to quantify the signal intensity of each
protein band. The band intensities of target proteins in each group were compared according to the band intensity of
a reference protein within each group, to correct for differences in protein loading between samples.

Statistical Analysis

For all experiments, data were collected from at least three independent experiments, and quantitative data were
presented as mean + standard deviation (SD). GraphPad Prism 8.0.2 statistical software (GraphPad Software Inc., CA,
USA) was used for statistical analysis. The letter “n” in figure legends means the number of biological replicates, and “n”
in text means the analyzed sample size. Inter-group comparisons by one-way analysis of variance, followed by Tukey’s
post hoc test when analyzing more than two groups. The Student’s unpaired #-test was used for comparisons between two
groups. Results were considered statistically significant if p-value was < 0.05, and ns>0.05, which was not considered
statistically significant.

Results

Pro Attenuated Acute Brain Injury in Neonatal Hypoxia-Ischemia (HI) Rats

The chemical structure of the pro (Figure 1A) and timeline of the experimental design for the in vivo experiment
(Figure 1B) are shown in this study. To investigate whether Pro could reduce acute brain injury, TTC staining was used to
evaluate rat brain infarction in the Sham, HI, and HI + Pro groups (Figure 1C). The quantitative results of TTC staining
showed that there was no infarct in the Sham group, and compared with the HI group, Pro treatment significantly reduced
the volume of cerebral infarction (Figure 1D). In addition, edema was evident on the left side of rats in the HI group
compared to the Sham group, and Pro treatment significantly reduced HI-induced ipsilateral cerebral edema in rats
(Figure 1E). The quantitative results of brain water content showed the same trend (Figure 1F). These results suggest that
Pro intervention effectively alleviated acute brain injury in neonatal HI rats.
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Figure | Pro treatment attenuated acute hypoxia-ischemia (HI) brain injury in neonatal rats. (A) The chemical structure of protopine. (B) The timeline of in vitro
experiments. (C) The representative images of TTC staining of Coronal brain sections 24 h after HI brain injury (n = 4). Scale bar: 0.5 mm. (D) Calculation of the infarct
volume depicted by TTC staining. All data are presented as mean * SD. (n = 4). (E) Representative images of the brain from each group 24 h after HI brain injury (n = 4).
Scale bar: 0.5 mm. (F) The ratio of wet and dry in each group (n = 5). The data are presented as mean * SD.

Pro Treatment Inhibited White Matter Damage and Microglial Activation in
HI-Induced Rats

Microtubule-associated protein 2 (MAP2) functions as a somatic dendritic marker and is a key cytoskeletal regulator in
neuronal dendrites.*® Ischemia can disrupt cytoskeleton integrity of the cytoskeleton.*® Oligodendrocytes are mainly
found in the brain and spinal cord. The proper structure of oligodendrocyte myelin is dependent on several proteins,
including myelin basic protein (MBP).*” Western blot was performed to detect the expression of MAP-2 and MBP in the
brain to investigate the effect of Pro on myelin regeneration and axonal repair in HI rats (Figure 2A). Compared with the
Sham group, the levels of MAP-2 and MBP were significantly downregulated in the HI group, although Pro treatment
rescued this trend (Figure 2B). To further study the effect of Pro on microglial activity, we performed immunofluores-
cence staining for the molecular marker of microglia, ionized calcium-binding adapter molecule 1 (IBA-1) (Figure 2C).
The results showed that the expression of IBA-1 in the cerebral cortex or DG region of the hippocampus significantly
increased after HI injury, indicating that the microglia in these two regions were significantly enlarged and densely
distributed as the number of cell branches increased. Moreover, Pro intervention significantly reduced IBA-1 expression,
blocked microglial activation, and decreased the number of cell branches in the Hl-induced rats (Figure 2D). To further
explore the neuroprotective effects of Pro, the anatomy of the brain in each group was observed 7 days after HI
(Figure 2E). Quantitative results revealed a greater necrotic volume in the brain in the HI group than in the Sham group,
and Pro treatment reduced the cerebral infarction caused by hypoxia and ischemia (Figure 2F).
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Figure 2 Pro treatment inhibited white matter damage and microglial activation after hypoxic-ischemic (HI) brain injury in neonatal rats. (A) The protein levels of MAP and
MBP expression by Western blot 7 days after HI brain injury. (B) Analyses of MAP and MBP (n = 4). (C) Representative imnmunofluorescence staining images of IBA-| (green)
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Drug Design, Development and Therapy 2024:18 htps: 4981

Dove:


https://www.dovepress.com
https://www.dovepress.com

Lu et al Dove

Pro Alleviated the Brain Tissue Structural Damage Caused by Hi

The protective effect of Pro on neurons was evaluated using whole-brain Nissl and H&E staining. Compared with the
Sham group, Nissl bodies were almost absent in the cerebral cortex and hippocampal CA1, CA3, and DG regions in the
HI group, but more Nissl bodies appeared around the nucleus after Pro intervention (Figure 3A). HE staining revealed
that the HI group suffered significant damage in the cerebral cortex and hippocampal CA1, CA3, and DG regions as well
as disrupted neuronal organization, cell shrinkage, and nuclear chromatin condensation, while the HI group had fewer
normal neurons than the other groups (Figure 3B). The number of neurons in the hippocampal CAl, CA3, and DG
regions was counted, and it was discovered that HI damage caused a considerable reduction in the number of cells in the
CAl, CA3, and DG regions; however, Pro treatment increased the number of normal neurons and restored the cell
structure (Figure 3C).

Pro Reduced Apoptosis and Oxidative Stress and Further Activated AMPK/PGCla,
Pathway

To explore whether Pro could reduce neuronal apoptosis after HI brain damage in rats, TUNEL staining of the cortex and
hippocampal CA1 region was performed (Figure 4A). The results showed that compared with the Sham group, there was
a significant increase in TUNEL-positive cells in the cerebral cortex and hippocampal CAl area in the HI group,
although Pro intervention dramatically reduced the number of TUNEL-positive cells (Figure 4B). In addition, Western
blotting was used to identify the expression of the apoptosis protein BAX and anti-apoptotic protein BCL-2 in each group
(Figure 4E). Quantitative findings indicated that compared to the sham group, the expression of BAX was greatly
upregulated and the expression of BCL-2 was significantly downregulated in the HI group, and Pro treatment reversed
these trends in HI-induced rats (Figure 4F). To explore the effect of Pro on oxidative stress after HIBD, we assessed the
MDA (Figure 4C) and CAT levels (Figure 4D) in each group. The MDA content in the HI group was significantly higher
than that in the Sham group, and Pro significantly reduced MDA levels. The CAT level was observably decreased in the
HI group, but Pro treatment significantly reversed this trend in HI-induced rats. These findings suggest that Pro
ameliorates HI-induced brain damage by inhibiting apoptosis and oxidative stress. Western blotting was performed to
examine the protein expression of AMPK, PGCla, NRF1, and TFAM in the different groups (Figure 4G). The
quantitative results showed that the levels of p-AMPK and PGCla in the HI group were higher than those in the
Sham group, and Pro administration further upregulated these protein levels in Hl-induced rats. Pro treatment also
increased NRF1 and TFAM expression in HI-induced rats, which depended on activation of the AMPK/PGCla pathway
(Figure 4H). These findings indicated that Pro may play a neuroprotective role in HI rats by activating the AMPK/PGCla
pathway to regulate NRF1/TFAM in a positive feedback manner.

Pro Attenuated CoCl,-Induced ROS Production and Apoptosis in PCI12 Cells

We used CoCl,-induced PC12 cells were used to simulate HI in vitro. CoCl, competes with the oxygen in the medium to
reduce the oxygen partial pressure and simulate an anoxic environment. Based on the cell viability analysis using CCK-8,
the optimal concentration of CoCl, (1000 uM) was selected (Figure S1A). The harmful effects of the medicines were
eliminated (Figure S1B) and the optimal working concentration of Pro was determined to be 20 uM (Figure S1C).

In addition, MitoSOX fluorescent probe staining was conducted to analyze the mitochondrial ROS levels in each
group (Figure 5A). Quantitative results showed that ROS production in PC12 cells increased significantly after CoCl,
induction, whereas ROS production decreased significantly after Pro intervention (Figure 5B). In addition, Pro interven-
tion downregulated CAT content (Figure 5C) and decreased MDA levels (Figure 5D) in CoCl, induced PC12 cells.
Annexin V and PI co-staining were used to determine apoptosis in each group (Figure 5F). Annexin V-positive cells
indicate early apoptotic cells, whereas Annexin V and PI positivity indicate late apoptotic cells. Quantitative findings
revealed that there were essentially no Annexin V or PI positive cells in the Control group, but Pro was able to
considerably suppress the increase in Annexin V or PI positive cells generated by CoCl, (Figure 5E). These findings
indicated that Pro may reduce CoCl,-induced PC12 cell damage by decreasing mitochondrial ROS generation and
apoptosis.
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Figure 5 Pro attenuated CoCl,-induced oxidative stress damage and apoptosis in PC12 cell. (A) The mitochondrial ROS generation of PCI2 cell was detected by MitoSOX
(red) and DAPI (blue) staining (n = 3). Scale bar: 10 p m. (B) Mean fluorescence intensity of ROS in the mitochondria of PCI2 cells after CoCl, injury (n = 3). (C) The CAT
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CoCl, injury. Scale bar: 100 um.
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Inhibition of AMPK Reversed the Anti-Oxidative Stress and Anti-Apoptosis Effects of

Pro

To further explore the protective mechanism of Pro against CoCl,-induced PC12 cell injury, the AMPK inhibitor, CC,
was used to detect oxidative stress and apoptosis in each group. A MitoSOX fluorescent probe was used to stain ROS in
mitochondria (Figure 6A). The results showed that Pro significantly reduced ROS levels in CoCl,-induced PC12 cells,
but this effect was reversed by CC treatment (Figure 6B). The intracellular ROS levels in each group were detected by
flow cytometry using DCFH-DA fluorescence staining (Figure 6C). The quantitative results showed that Pro intervention
could significantly reduce the ROS level in CoCl,-induced PC12 cells, similarly, CC could reverse the effect of Pro on
CoCl,-induced PC12 (Figure 6D). In addition, the expression of BAX and BCL-2 apoptosis-related proteins in each
group was detected using Western blotting (Figure 6E). The quantitative results indicated that CoCl, considerably
increased the expression of BAX and decreased the expression of BCL-2, which could be significantly reversed by Pro
therapy. However, the effect of Pro combined with CC was relatively weakened (Figure 6F). Flow cytometry was
performed to detect apoptosis in each group using Annexin V and PI co-staining (Figure 6G). The percentage of early
apoptotic cells (Q3) and late apoptotic cells (Q2) was calculated. These quantitative results were consistent with the ROS
results (Figure 6H). These results further suggest that Pro might attenuate CoCl,-induced cellular oxidative stress and
apoptosis by activating the AMPK pathway.

Pro Alleviated CoCl,-Induced PCI2 Injury Through AMPK/PGCla Pathway to

Activating NRFI/TFAM

The effects of Pro on the AMPK/PGCla pathway expression were assessed by Western blotting in vitro (Figure 7A). The
results showed that compared with the Control group, the expression of p-AMPK, PGCla, NRF1, and TFAM were
upregulated in the CoCl, group. However, Pro treatment further enhanced the levels of p-AMPK, PGCla, NRF1, and
TFAM compared to those in the CoCl, group. In contrast, the Pro + CC group had significantly lower levels of p-AMPK,
PGCla, NRF1, and TFAM than the Pro group (Figure 7B). In addition, consistent with the Western blotting results,
similar changes in PGCla and TFAM expression in PC12 cells were confirmed by immunofluorescence staining
(Figure 7C—F). These data further demonstrated that Pro might alleviate CoCl,-induced PC12 injury through the
AMPK/PGClo pathway to activate NRF1/TFAM.

Based on the above results, we speculate that Pro may play a neuroprotective role by further activating the AMPK/
PGCla pathway to regulate the NRF1/TFAM transcription factor, thereby reducing oxidative stress and apoptosis.
A detailed diagram illustrating the potential mechanism by which Pro exerts neuroprotective effects against HI injury is
shown in Figure 8.

Discussion

HIE is caused by insufficient blood and oxygen supplies due to perinatal asphyxia. At present, hypothermia is a standard
treatment method for HIE, but it has limited effects on patients with moderate and severe injuries, and the treatment time
window is narrow.*®*° Therefore, there is an urgent need to search for more effective therapeutic drugs for HIE. The
previous study has confirmed oxidative stress and apoptosis are involved in HIE pathological injury.’ In this study, we
tried to investigate the neuroprotective effects of Pro on HI brain damage in vitro and in vivo and illuminate the potential
mechanism.

Pro is an alkaloid found in various plants that has been shown to have a variety of pharmacological effects. In the
nervous system, Pro plays an essential role in good permeability and can pass through the blood-brain barrier, effectively
promoting the degradation of neurofibrillary plaques formed by tau in the cells of patients with Alzheimer’s patients.*®
But the underlying molecular mechanisms of the neuroprotective effects of Pro are not fully understood. Alam et al found
that Pro inhibits neuroinflammation in lipopolysaccharide (LPS)-induced BV2 cells through the MAPK/NF-«xB
pathway.'® However, whether Pro exerts a neuroprotective effect on HI brain damage remains unclear.

In the present study, the Vannucci method was used to establish a neonatal rat model of HI brain damage to study the
neuroprotective effects of Pro in vivo. Our results showed that Pro effectively improved brain edema and
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Figure 6 CC reversed the neuro-protective effect of Pro after CoCl,-induced injury in PCI2 cell. (A) The generation of mitochondrial ROS in each group was detected by
MitoSOX (red) and DAPI (blue) staining of PCI12 cells after CoCl, injury (n = 3). (B) Mean fluorescence intensity of ROS in the mitochondria of each group (n = 4). (C)
Representative and pooled data showing ROS production using flow cytometry (n = 3). (D) Quantitative analysis of ROS generation in PCI2 cells using flow of ROS (n = 3).
(E) The protein levels of BCL-2 and BAX expression by Western blotting in PCI12 cells after CoCl, injury (n = 4). (F) Analysis of BCL-2 and BAX levels (normalized to -
actin) (n = 4). (G) Apoptosis in each group was analyzed and quantified using Annexin V FITC and PI staining flow cytometry (n = 3). (H) Quantitative analysis of Annexin
V FITC and Pl staining flow cytometry (n = 3). The data are presented as the mean * SD.
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Figure 8 Pro improves the mechanism of action of HIE by activating AMPK/PGC o pathway to activate NRFI/TFAM in positive feedback manner to inhibit oxidative stress
damage and apoptosis.

histomorphology in neonatal HIBD rats. Pro also promotes the recovery of oligodendrocyte myelin by inhibiting the
downregulation of MAP2 and MBP in HI-induced rats. Additionally, a CoCl,-induced PC12 model was established to
study the neuroprotective role of Pro in vitro. Our results showed that Pro promoted cell viability and reduced apoptosis
and ROS production in CoCl,-induced PC12.

HIE pathogenesis is complex. The neonatal brain is more susceptible to oxidative stress injury due to both high oxygen
consumption and weak antioxidant capacity, which cause lipid peroxidation, protein oxidation, DNA destruction, and
mitochondrial inhibition.***' In our study, MitoSOX fluorescence staining and ROS flow cytometry results showed that
both mitochondrial and total intracellular ROS levels were significantly increased after HI injury, whereas Pro intervention
inhibited HI-induced ROS production. Moreover, ROS-induced lipid peroxidation, a free radical chain reaction that spreads
rapidly, can affect a large number of lipid molecules and proteins and even cause loss of enzyme activity.* MDA, an
indicator of lipid peroxidation, in HI-induced brain and CoCl,-induced PC12 cells, but Pro treatment could significantly
prevent the occurrence of lipid peroxidation. CAT, a core enzyme of the eukaryotic antioxidant system, was significantly
decreased in HI in vivo and in vitro models; however, Pro intervention dramatically rescued this reduction. The excessive
oxidative stress can activate mitochondrial apoptosis process.** In this study, Pro could effectively alleviate cell apoptosis
induced by HI damage in vivo and in vitro through mitochondrial or total intracellular ROS.

Brain is a high energy-consuming organ that is very sensitive to ischemic stimuli, and energy stores can last only a few min
in the absence of energy influx.** A decrease in the AMP/ATP ratio at low energy induces phosphorylation of AMPK, an early
energy sensor, and phosphorylation of AMPK at Thr117 can bind and activate PGCla to initiate mitochondrial biogenesis.*
PGCla is expressed in many regions of the rodent brain, including the cortex, globus pallidus, hippocampus, and substantia
nigra.*® It was found that inhibition of PGC-1la expression in mice can aggravate the neurotoxicity of 1-methyl-4-phenyl-
1,2,3, 6-tetrahydropyridine (MPTP) and oxidative stress factors on substantia nigra and hippocampus.*’ In contrast, over-
expression of PGCla can significantly increase mitochondrial ATP levels, maintain the stability of mitochondrial membrane
potential, and protect nerve cells from oxidative stress-mediated death.*® Our finding showed that, in HI models, AMPK/
PGCla pathway was activated but did not prevent oxidative stress and apoptosis of nerve cells. The AMPK inhibitor, CC, was
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used to further investigate the possible mechanism. The protective effect of Pro was reversed by CC treatment. Therefore, we
speculated that Pro might reduce apoptosis and oxidative stress by activating the AMPK/PGCla pathway.

Mitochondria are necessary for energy production in the central nervous system (CNS) and participate in cell differentia-
tion, apoptosis, and ROS generation.** TFAM is responsible for the initiation of mitochondrial DNA (mtDNA) transcription
and is essential for mitochondrial biogenesis.>® As an effector of nucleo-mitochondrial interactions, NRF1 is also known to be
closely related to mitochondrial biogenesis.”' In addition, other drugs targeting mitochondrial function have been found, such
as menadione 4 and curcumin.’>>* In neuronal cells, PGCla has been shown to be involved in the maintenance of mtDNA
transcription and replication through transcriptional regulation of NRF1 and TFAM.**> However, it is not clear whether the
neuroprotective effects of Pro on HIE are related to mitochondrial biogenesis. The results of this study showed that PGCla
expression was increased in the HI model, and that TFAM and NRF1 were also increased when PGCla was upregulated by
Pro. In contrast, the AMPK inhibitor CC blocked the effects of Pro on these transcription factors, suggesting that the effects of
Pro on mitochondrial biogenesis may depend on PGCla.

This work provides a new therapeutic option for HI brain injury in neonates. However, the safety of Pro and the long-term
efficacy of Pro in improving learning, memory, movement and other behavioral aspects still need to be further explored.
Furthermore, the combined effects of Pro with hypothermia or other neuro-protective drugs offer avenues for further research.
In the absence of appropriate HIE treatment alternatives, Pro may be a viable choice for alleviate HIE’s negative effects.

Although this study validated Pro to mediate neuroprotection through activation of the AMPK/PGCla pathway in
mitochondria-related mechanisms in the HI model, there were still some limitations. First, although we are confident that
Pro can alleviate acute injury in HI brain damage, further studies on AMPK inhibition in vivo are needed. Although we
discovered that Pro had a therapeutic impact during the acute phase of HIE and for up to 7 days following HIE, we did
not investigate its long-term therapeutic and protective benefits after HIE. Second, oxygen-glucose deprivation experi-
ments using primary neurons can better simulate the HI conditions. Finally, although we demonstrated that Pro could
influence AMPK/PGCla to regulate oxidative stress and apoptosis, other molecular pathways such as NF-kB for anti-
inflammatory effects remain to be further explored.

Conclusion

In summary, the administration of Pro played a neuroprotective role in HI brain damage in rats, significantly reducing infarct
volume and improving neurological prognosis. Furthermore, Pro could further activate the AMPK/PGClo pathway to
regulate the NRF1/TFAM transcription factor, thereby inhibiting neuronal oxidative stress and apoptosis. Taken together,
our results suggest that Pro might serve as a potential neuroprotective agent against HI brain injury. However, long-term study
is needed to determine the safety of Pro, possible side effects, and the durability of treatment. In addition, whether Pro has
a therapeutic effect on other nervous system diseases characterized by mitochondrial dysfunction and oxidative stress,
including stroke, mitochondrial encephalomyopathy, Parkinson’s disease, etc., remains to be explored.
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