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Abstract
Background  Neonatal hyperoxic brain injury is caused by exposure to hyperphysiological oxygen content during 
the period of incomplete development of the oxidative stress defence system, resulting in a large number of reactive 
oxygen species (ROS) and causing damage to brain tissue. Mitochondrial biogenesis refers to the synthesis of new 
mitochondria from existing mitochondria, mostly through the PGC-1α/Nrfs/TFAM signalling pathway. Resveratrol 
(Res), a silencing information regulator 2-related enzyme 1 (Sirt1) agonist, has been shown to upregulate the level of 
Sirt1 and the expression of peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α). We speculate 
that Res has a protective effect on hyperoxia-induced brain injury through mitochondrial biogenesis.

Methods  Sprague-Dawley (SD) pups were randomly divided into the nonhyperoxia (NN) group, the nonhyperoxia 
with dimethyl sulfoxide (ND) group, the nonhyperoxia with Res (NR) group, the hyperoxia (HN) group, the hyperoxia 
with dimethyl sulfoxide (HD) group, and the hyperoxia with Res (HR) group within 12 h after birth. The HN, HD, and HR 
groups were placed in a high-oxygen environment (80‒85%), and the other three groups were placed in the standard 
atmosphere. The NR and HR groups were given 60 mg/kg Res every day, the ND and HD groups were given the 
same dose of dimethyl sulfoxide (DMSO) every day, and the NN and HN groups were given the same dose of normal 
saline every day. On postnatal day (PN) 1, PN7, and PN14, brain samples were acquired for HE staining to assess 
pathology, TUNEL to detect apoptosis, and real-time quantitative polymerase chain reaction and immunoblotting to 
detect the expression levels of Sirt1, PGC-1α, nuclear respiratory factor 1 (Nrf1), nuclear respiratory factor 2 (Nrf2) and 
mitochondrial transcription factor A (TFAM) in brain tissue.

Results  Hyperoxia induced brain tissue injury; increased brain tissue apoptosis; inhibited Sirt1, PGC-1α, Nrf1, Nrf2, 
TFAM mRNA expression in mitochondria; diminished the ND1 copy number and ND4/ND1 ratio; and decreased Sirt1, 
PGC-1α, Nrf1, Nrf2, and TFAM protein levels in the brain. In contrast, Res reduced brain injury and attenuated brain 
tissue apoptosis in neonatal pups and increased the levels of the corresponding indices.
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Introduction
Neonatal hyperoxic organ injury is caused by oxida-
tive stress damage to systemic organs through excessive 
exposure to oxygen during the neonatal period. At pres-
ent, studies have confirmed that hyperoxia can cause 
damage to the lungs, brain, kidneys, eyes, intestines, and 
other organs, especially in premature infants. An animal 
experiment using a hyperoxia model of neonatal mice 
confirmed that hyperoxia can lead to thymus damage, 
affect T-cell development and lead to adaptive immune 
system hypoplasia. [1] The prevention of and protection 
against hyperoxia-induced organ injury are particularly 
significant.

Among these organ injuries, brain injury has a great 
impact on newborns, and neurodevelopmental dam-
age will accompany them for a lifetime. In recent years, 
studies have shown that oxidative stress caused by 
hyperoxia can affect various brain tissues in many ways. 
Hyperoxia can lead to the activation of nod-like recep-
tor pyrin domain-containing-3 (NLRP3) inflammatory 
bodies in brain tissue, resulting in neuronal damage and 
cell death. [2] The increase in oxygen partial pressure 
in a hyperoxic environment will cause delayed develop-
ment of white matter and impaired axonal conduction 
in mice [3] In addition, hyperoxia can damage the cells 
in the hippocampus, destroy the development of hip-
pocampal neurons, affect the balance of excitatory and 
inhibitory nerve transmission in the hippocampus, and 
produce learning and cognitive impairment. [4] The cere-
bral vascular structure and function of mice with hyper-
oxia-induced experimental bronchopulmonary dysplasia 
(BPD) showed lifelong damage, with a long-term decline 
in motor and cognitive function. [5].

Oxidative stress attacks on newborns can be divided 
into two types, oxidative stress caused by the transfor-
mation of the intrauterine and extrauterine environment 
during delivery and oxidative stress caused by hyperoxia 
therapy. A large number of studies have confirmed that 
the damage source of oxidative stress damage, ROS, is 
a byproduct of incomplete reduction of mitochondrial 
respiratory chain complexes I and III in the process of 
molecular oxygen receiving electrons and being reduced 
to water. [6, 7] A large amount of ROS can destroy the 
structure and function of important molecules, such as 
mitochondrial DNA (mtDNA), the plasma membrane, 
and the respiratory chain complex in mitochondria, and 
cause cells to be in a state of oxidative stress. [8] There-
fore, maintaining mitochondrial homeostasis plays a key 
role in reducing oxidative stress damage.

Mitochondrial homeostasis is also known as mito-
chondrial quality control, which includes mitochondrial 
biogenesis, mitochondrial fusion division, and mitochon-
drial autophagy. Mitochondrial biogenesis is the process 
of synthesizing new mitochondria from existing mito-
chondria. By adjusting the expression of the pathway, 
the number of mitochondria is changed according to the 
needs of cells to maintain cell balance. The key factor in 
mitochondrial biogenesis is PGC-1α, which is expressed 
in tissues with high energy requirements. Studies have 
shown that in different cancer cells, the upregulation 
of PGC-1α can protect cells from the production of too 
much ROS and promote cell survival. [9] Mice lacking 
PGC-1α were more sensitive to oxidative damage. [10].

The activation of downstream Nrf1, Nrf2 and TFAM 
improves mtDNA replication and completes mitochon-
drial biogenesis. The PGC-1α/Nrf/TFAM/mtDNA sig-
nalling pathway has been confirmed in many disease 
models, such as peritoneal fibrosis associated with peri-
toneal dialysis, type 2 diabetes mellitus, and ulcerative 
colitis. [11–13].

At present, a number of targets have been confirmed 
to activate PGC-1α in the brain, including brain-derived 
neurotrophic factor (BDNF), insulin receptor substrate 
(IRS), oxalyl acetate (OAA), thyroid hormone (TH), 
melatonin, and Sirt1. [14–19] Among them, Sirt1 is the 
classical upstream molecule of PGC-1α. Sirt1 exists 
mainly in the nuclei of most cell types and is a member 
of the sirtuin protein family. It activates the expression of 
PGC-1α by deacetylating lysine residues. [20] Res is a stil-
bene natural polyphenol and one of the natural agonists 
of Sirt1. It has a variety of therapeutic effects, including 
anti-inflammation, antioxidation, antiplatelet, antihyper-
lipidaemia, immunomodulatory, anti-carcinogenicity, 
cardioprotective, vascular relaxant, and neuroprotective 
effects. [21] Because of its ability to cross the blood-brain 
barrier and play a role in neurons and glial cells, Res and 
its related polyphenols have been studied in a variety of 
nervous system disease models. For example, Res can 
regulate ROS and neurotransmitters in the hypothalamic 
paraventricular nucleus to reduce sympathetic activity 
and blood pressure, [22] inhibit the electrophysiological 
activity of acid ion channels in pain neurons to reduce 
peripheral pain, [23] and reverse the learning and mem-
ory impairment of neonatal rats caused by the inhaled 
anaesthetic sevoflurane. [24] Res and its derivatives have 
fewer clinical applications in nervous system diseases 
and more applications in mild coronaviruses, such as 

Conclusion  Res has a protective effect on hyperoxia-induced brain injury in neonatal SD pups by upregulating Sirt1 
and stimulating the PGC-1α/Nrfs/TFAM signalling pathway for mitochondrial biogenesis.
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COVID-19; type 2 diabetes nonalcoholic fatty liver dis-
ease; and other diseases. [25–27].

Our group has previously confirmed that Res has a pro-
tective effect on hyperoxia-induced brain injury in neo-
natal rats, but the pathway through which it acts has not 
been confirmed. [28, 29] Therefore, on the basis of pre-
vious research progress, we verified the changes in Sirt1, 
PGC-1α, Nrf1, Nrf2, and TFAM in the brain tissue of 
neonatal pups in a hyperoxia injury model and clarified 
that Res can activate the mitochondrial biogenetic path-
way through the Sirt1 site, which has a protective effect 
on hyperoxia-induced brain injury in neonatal pups.

Materials and methods
Animals and model establishment
The animals used for the following procedures were 
approved by the Laboratory Animal Ethics Commit-
tee of Southwestern Medical University, and SD rats 
were purchased from the Southwestern Medical Univer-
sity Laboratory Animal Center. Pregnant SD rats were 
housed individually in clear cages in the laboratory dur-
ing the week prior to delivery, and pups were delivered 
spontaneously at a gestational age of 21 to 23 days. All 
pups were randomly divided into 6 groups with 27 pups 
in each group within 12 h after birth.

Referring to our group’s previous modelling method, 
[30, 31] the HN, HD, and HR groups were placed in a 
closed oxygen tank, and oxygen was introduced at a flow 
rate of 1–2  L/min to maintain an oxygen concentration 
of 85%. The environmental conditions in these groups 
were the same as those in the NN, ND, and NR groups, 
except for the inhalation of room air. Using alkaline lime 
to absorb CO2, the concentration of CO2 was kept below 
0.5%, and the room temperature (25–27  °C), humidity 
(60–70%), and daily light and dark cycles were automati-
cally monitored and adjusted. Mothers exposed to hyper-
oxia were exchanged with those exposed to nonhyperoxia 
every 24  h to avoid hyperoxia toxicity and to equalize 
their differences in care capacity and nutritional status. 
The dam, food, and drinking water were renewed every 
24 h.

DMSO (Solarbio, Beijing) and saline were mixed in 
a 35:65 ratio to create a 35% DMSO solution, and Res 
(McLean, Shanghai) was prepared with 35% DMSO. 
60  mg/Kg was injected intraperitoneally into the NR 
group and the HR group according to weight. The ND 
group and the HD group were injected with 35% DMSO 
every day, and the NN group and the HN group were 
injected with saline every day using the same dose, mode 
of administration, and time of administration as in the 
Res groups. The body weight and status of the pups in 
each group were observed and recorded every day.

Sample preparation
On PN1, PN7, and PN14, three pups in each group were 
randomly selected for isoflurane anaesthesia (Raywald, 
China). Brain tissues were removed, frozen in liquid 
nitrogen and stored at -80℃. Another 6 pups were anaes-
thetized and exposed and inserted into the apex of the 
heart using a 0.4-gauge scalp needle into the aortic arch, 
and the right atrial appendage was cut and rinsed with 
saline, followed by perfusion with 4% paraformaldehyde 
for fixation. The brain tissues were removed and fixed 
overnight in paraformaldehyde (Biyuntian, Shanghai) 
before preparing paraffin sections and frozen sections.

Histopathology
Brain tissues fixed with paraformaldehyde overnight 
were washed with water, dehydrated in an ethanol gradi-
ent and embedded in paraffin. Microtomes (Leica Biosys-
tems, Germany) were used to prepare 4 μm thick tissue 
sections, which were dried for preservation. The sections 
were dewaxed and stained with haematoxylin and eosin 
(Solarbio, Beijing) and observed under a KF-PRO-002 
digital slice scanner (Jiangfeng, China).

Terminal-deoxynucleotidyl transferase-mediated nick end 
labelling (TUNEL) staining
Brain tissue fixed with paraformaldehyde overnight was 
washed with PBS, dehydrated with sucrose (BioFroxx, 
Germany) and OCT (SAKURA, Japan) in a gradient, and 
then frozen at -80 °C. Frozen sections with a thickness of 
8 μm were prepared by a Leica CM1950 cryomicrotome 
(Leica Biosystems, Germany) and stored at -20 °C. Triton 
X-100 (BioFroxx, Germany) and protease K (Novozen, 
Nanjing) were used to permeate the cells, which were 
incubated with FITC-12-dUTP (Novozen, Nanjing) at 
37  °C for 1  h for staining. DAPI (Biyuntian, Shanghai) 
was used to stain the cells in dark conditions, and glycerol 
(Solarbio, Beijing) was used to seal the slides. Under an 
inverted phase contrast fluorescence microscope (Olym-
pus, Japan), 460 nm blue fluorescence and 520 nm green 
fluorescence were used for photo observation. The num-
ber of TUNEL-positive cells was calculated by ImageJ, 
and the apoptosis index was expressed as the number of 
apoptotic cells in a visual field/the total number of cells in 
the visual field.

RNA isolation and real-time quantitative polymerase chain 
reaction (q-PCR)
RNA was extracted from fresh brain tissue by an RNA 
Easy Fast animal tissue/cell total RNA extraction kit 
(Tiangen, Beijing), and then the isolated RNA was sub-
jected to RT-PCR using a HiScript® III RT SuperMix for 
qPCR kit (Novozem, Nanjing) to generate cDNA. The 
ChamQ Universal SYBR qPCR Master Mix Kit (Novozen, 
Nanjing) was used to react on a QuantStudioTM 3 
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Real-Time PCR instrument (Thermo, USA). The q-PCR 
cycle included predenaturation at 95  °C for 30  s; cycle 
reaction at 95 °C for 10 s and 60 °C for 30 s for 40 cycles; 
and melting at 95 °C for 15 s, 60 °C for 60 s, and 95 °C for 
15 s. The primer sequences are shown in Table 1. The cir-
culation thresholds of Sirt1, PGC-1α, Nrf1, Nrf2, TFAM, 
ND1, and ND4 were normalized according to the circula-
tion threshold of GAPDH. The relative expression of the 
target gene was detected by 2−ΔΔCT, and the air group was 
used as the control group for data analysis.

Western blot analysis
Total protein in fresh brain tissue was extracted by a total 
protein extraction kit (Solarbio, Beijing) and determined 
by a BCA protein quantitative kit (Solarbio, Beijing). 
After adjustment to the same concentration, protein 
samples were separated by electrophoresis on a 10% SDS-
PAGE gel and transferred to an Immobilon-PSQ PVDF 
Transfer Membrane (Millipore, USA). Under the action 
of UltraSignal high-sensitivity ECL chemiluminescence 
substrate (Sizhengbai, Beijing), the protein was visualized 
by a chemiluminescence imager (VIBER LOURMAT, 
France). The antibodies used were as follows: GAPDH 
(1:10000 blue sky, Shanghai), Sirt1 (1:2000 Abcam, USA), 
PGC-1α (1:2000 Abcam, USA), Nrf1 (1:3000 CST, USA), 
and Nrf2 (1:2000 Abcam). ImageJ was used to measure 
the grey values of Sirt1, PGC-1α, Nrf1, Nrf2, and TFAM, 
which were normalized to the grey value of GAPDH. The 
data of the NN group were analysed as the control group.

Statistical analysis
ImageJ was used to process data, SPSS 26.0 was used for 
statistical analysis, and GraphPad Prism 9.0 was used for 
drawing. All the experimental data are expressed as the 
mean and standard deviation. Data conforming to a nor-
mal distribution were tested by ANOVA and LSD, and 
data conforming to a skewed distribution were tested by 
the nonparametric Kruskal-Wallis test. P < 0.05 indicates 
statistical significance.

Results
Differences in body weight and status of young rats among 
groups
Through the daily recording of the body weight and sta-
tus of the pups, it was found that on PN1, the skin of the 
pups in each group was ruddy, and there was no signifi-
cant difference in their states. At PN7, the body shape of 
the pups in the three groups in the hyperoxia environ-
ment was slightly smaller than that of the pups in the 
three groups in the air environment, and their movement 
was slow. On PN14, the pups in the HN group and the 
HD group were significantly smaller than those in the 
three groups in the air environment, with dull fur, wrin-
kled skin, low body temperature, cyanosis of the lips and 
limbs, head tremor and stumbling gait when placed on 
the plane. There was no significant difference in states 
between the pups in the HR group and those in the three 
groups in the air environment; they could crawl normally, 
and their bodies were slightly thinner (Fig.  1A). In the 
process of modelling, the mortality rate of pups in the 
HN group and the HD group was high. After removing 
the brains, the brains of the pups in these two groups 
were found to be smaller than those of the pups in the 
other four groups. The body weight analysis showed that 
there was no significant difference in body weight among 
the pups in all groups on PN1. On PN7, the body weights 
of the pups in the three groups in the hyperoxia environ-
ment were less than those of the pups in the air environ-
ment, and the data were significantly different, but there 
was no difference among the three groups in the shared 
environment. On PN14, the body weights of the pups in 
HN and HD groups were lower than those of the pups 
in the NN, ND, NR, and HR groups. The difference was 
statistically significant (p < 0.05). There was no significant 
difference in body weight between the pups in the HR 
group and the pups in the three air groups. In the hyper-
oxic environment, the weight gain of the pups in the HN 
and HD groups was slow, and the weight gain of the pups 
in the HR group was not significantly different from that 
of the pups in the air groups on PN7 (Fig. 1B, C).

Differences in apoptosis in brain tissue among groups
HE staining and TUNEL staining were used to record the 
apoptosis of brain tissue from pathological and immu-
nohistochemical aspects, respectively. According to the 
results of brain HE staining, the morphology of cells at 
the grey-white matter junction of pups was observed. 
On the first day after birth, different degrees of glial cell 
oedema and neuronal apoptosis were found in the brain 
sections of young pups in each group, which were mani-
fested by the clear cytoplasm of some cells and nuclear 
pyknosis and nuclear fragmentation in some cells. In the 
brain slices of pups on PN7 and PN14, the brain tissue 
of pups in the air environment was different from that of 

Table 1  Primer sequences for q-PCR
Genes Forward Primer(5’ → 3’) Reverse Primer(5’ → 3’)
GAPDH GAAGGTCGGTGTGAACGGAT CCCATTTGATGTTAGCGGGAT

Sirt1 ATGGTATTTATGCTCGCCTTGC GCTGAGTTGCTGGATTTTGTGT

PGC-1α GAGGGACGAATACCGCAGAG CTCTCAGTTCTGTCCGCGTT

Nrf1 GAGTGACCCAAACCGAACAC TGCCGTGGAGTTGAGTATGT

Nrf2 CTTCATCTGGCCGCACAGTA TCCACTTTGGTCCTGGCATC

TFAM GTTGTCATTGGGATTGGGCA CAAACGGCAGAACTCGTCAT

ND1 GCAGGACCATTCGCCCTATT AAAACGGGGGTAGGATGCTC

ND4 AACCTAGCACTACCACCCCT TCTCGTGTGTGGGAAGGTTG
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pups in a hyperoxic environment. In the pups from the 
air environment, the neuronal cells showed normal mor-
phology with large and round nuclei. In the HN group 
and the HD group, the cell bodies and nuclei of neurons 
were reduced, and the nuclei were dark ebony and pyk-
notic. The HR group had less damage (Fig.  2). Accord-
ing to the TUNEL staining results and apoptosis index, 
apoptotic cells were occasionally found in the brain tissue 
of pups on PN1, but there was no significant difference 
between the groups. On PN7, the HN and HD brains 
exhibited obvious apoptosis signals, and the apoptosis 
index of the pups in these two groups was higher than 
that of the pups in the NN, ND, NR, and HR groups, 
and the difference was statistically significant (p < 0.05). 
On PN14, the pups in the HN and HD groups had more 
apoptotic signals, and the apoptosis index was sig-
nificantly higher than that of the pups in the other four 
groups (p < 0.05) (Fig. 3A, B).

mRNA levels of PGC-1α, Sirt1, Nrf1, Nrf2, TFAM, and ND1 
and the ND4/ND1 ratio were different among the groups
Q-PCR showed that there was basically no difference 
in the mRNA expression of the target genes among the 
groups on PN1, and occasionally the mRNA expression 
of PGC-1α and Nrf1 showed irregular statistical signifi-
cance. On PN7  and PN14, the mRNA expression levels 
of PGC-1α, Sirt1, Nrf1, Nrf2, TFAM, ND1, and ND4 in 
the HN and HD groups were lower than those in the NN, 
ND, NR, and HR groups (p < 0.05). In mitochondrial DNA 
(mtDNA), the expression of the ND1 gene was positively 

correlated with that of mtDNA. The expression level of 
ND4/ND1 was negatively correlated with the degree of 
mtDNA damage. In conclusion, on PN7 and PN14, the 
expression of mtDNA in the HN and HD groups was 
lower and the degree of damage was higher than those in 
the NN, ND, NR, and HR groups (Fig. 4A-H).

Protein expression levels of PGC-1α, Sirt1, Nrf1, Nrf2 and 
TFAM were different among the groups
On PN7 and PN14, the expression levels of PGC-1α, 
Sirt1, Nrf1, Nrf2, and TFAM proteins in the HN and 
HD groups were downregulated compared with those 
in the air environment (p < 0.05). There was no differ-
ence between the target protein in the HR group and the 
three groups in the air environment, and the expression 
of the target protein in the HR group was upregulated 
compared with that in the HN and HD groups (p < 0.05). 
There was no difference in protein expression among the 
NN, ND, and NR groups (Fig. 5A-F).

Discussion
Compared with neonatal brain tissue, neonatal pups 
were almost equivalent to 24-week-old human newborns 
at birth, and pups on the seventh day after birth were 
almost equivalent to 40 weeks in humans. This period 
is an important period of myelin formation, dendritic 
development, synaptic formation, and synaptic modifica-
tion. [32] Because of the similarity of brain development, 
most neonatal neurological disease models are studied in 
rodents. [33] The method of constructing the hyperoxia 

Fig. 1  (A) photographs of SD pups. (B) weight bar chart of pups in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. *p < 0.05, **p < 0.001. (C) 
weight line chart of pups in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. NN, the nonhyperoxia group; ND, the nonhyperoxia with dimethyl 
sulfoxide group; NR, the nonhyperoxia with Res group; HN, the hyperoxia group; HD, the hyperoxia with dimethyl sulfoxide group; HR, the hyperoxia with 
Res group; PN1, postnatal day 1; PN7, postnatal day 7; PN14, postnatal day 14; Res, resveratrol.

 



Page 6 of 13Yang et al. BMC Neuroscience           (2023) 24:27 

Fig. 2  HE staining in NN, ND, NR, HN, HD, and HR groups brain tissues of SD pups on PN1, PN7, and PN14. NN, the nonhyperoxia group; ND, the nonhy-
peroxia with dimethyl sulfoxide group; NR, the nonhyperoxia with Res group; HN, the hyperoxia group; HD, the hyperoxia with dimethyl sulfoxide group; 
HR, the hyperoxia with Res group; PN1, postnatal day 1; PN7, postnatal day 7; PN14, postnatal day 14; Res, resveratrol.
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model used in this experiment has also been verified in 
many studies. [28, 29] In our study, pathological staining 
and TUNEL staining were used to verify the apoptosis of 
brain tissue, and the expression of various factors in the 

PGC-1α/Nrf/TFAM signalling pathway were observed by 
q-PCR and western blot at the mRNA and protein levels, 
thus showing how Res reduces hyperoxia-induced brain 
injury. According to the research results and previous 

Fig. 3  (A) TUNEL results in NN, ND, NR, HN, HD, and HR groups brain tissues of SD pups on PN1, PN7, and PN14. (B) Apoptosis index in NN, ND, NR, HN, 
HD, and HR groups on PN1, PN7, and PN14. *p < 0.05, **p < 0.001. NN, the nonhyperoxia group; ND, the nonhyperoxia with dimethyl sulfoxide group; NR, 
the nonhyperoxia with Res group; HN, the hyperoxia group; HD, the hyperoxia with dimethyl sulfoxide group; HR, the hyperoxia with Res group; PN1, 
postnatal day 1; PN7, postnatal day 7; PN14, postnatal day 14. DAPI, 4,6-diamino-2-phenyl indole. FITC, fluorescein isothiocyanate; Res, resveratrol.
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literature, it can be inferred that ROS caused by hyper-
oxia can destroy the structure and function of nerve cell 
mitochondria, leading to a state of oxidative stress in 
brain tissue and causing cell apoptosis. When the func-
tion of mitochondria is damaged, they are unable to carry 
out self-homeostasis repair, including the inability to 
complete normal mitochondrial biogenesis, which fur-
ther aggravates cell death.

On the other hand, Res increases the levels of cyclic 
adenosine monophosphate (cAMP) and nicotinamide 
adenine dinucleotide (NAD+) by competitively inhibit-
ing the degradation of phosphodiesterase by cAMP, [34] 
which is dependent on fluorescence-modified substrate 
and the N-segment domain of Sirt1 to stimulate Sirt1 
upregulation. [35] Sirt1 then deacetylates lysine resi-
dues to activate PGC-1α. [20] PGC-1α contains a tran-
scriptional activation domain at the amino-terminus, 
which is rich in leucine-rich LXXLL sequences, and 

an RNA binding sequence and host cytokine-1 (HCF) 
binding domain at the carboxyl-terminus. It can medi-
ate the interaction of transcription factors, including 
Nrf1, Nrf2, oestrogen-related receptor (ERR), and per-
oxisome proliferator-activated receptor γ (PPARγ), to 
enhance mitochondrial biogenesis and oxidation. [36] 
Nrf1, an endoplasmic reticulum anchor membrane pro-
tein, can be activated and phosphorylated upstream by 
PGC-1α. Phosphorylated Nrf1 undergoes nuclear trans-
location, binds to the TFAM promoter, and stimulates 
TFAM transcription. [37] In addition, Nrf1 can also be 
activated directly by ROS and Nrf2. Recent studies have 
shown that Nrf1 is a “quality control” factor in the mito-
chondrial stress response (UPRmt) mechanism. [38] Nrf2 
also has an upregulation effect on TFAM after receiving 
upstream PGC-1α stimulation. In addition, under normal 
conditions, Nrf2 binds to the inhibitor Kelch-like ECH-
associated protein 1 (Keap1) and exists in the cytoplasm 

Fig. 4  (A) The fold change of mRNA expression of PGC-1α in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. (B) The fold change of mRNA 
expression of Sirt1 in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. (C) The fold change of mRNA expression of Nrf1 in NN, ND, NR, HN, HD, 
and HR groups on PN1, PN7, and PN14. (D) The fold change of mRNA expression of Nrf2 in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. 
(E) The fold change of mRNA expression of TFAM in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. (F) The fold change of mRNA expression 
of ND1 in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. (G) The fold change of mRNA expression of ND4 in NN, ND, NR, HN, HD, and HR 
groups on PN1, PN7, and PN14. (H) The fold change of mRNA expression of ND4/ND1 in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. 
*p < 0.05, **p < 0.001. NN, the nonhyperoxia group; ND, the nonhyperoxia with dimethyl sulfoxide group; NR, the nonhyperoxia with Res group; HN, the 
hyperoxia group; HD, the hyperoxia with dimethyl sulfoxide group; HR, the hyperoxia with Res group; PN1, postnatal day 1; PN7, postnatal day 7; PN14, 
postnatal day 14; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1α; Sirt1, silencing information regulator 2-related enzyme 1; 
Nrf1, nuclear respiratory factor 1; Nrf2, nuclear respiratory factor2; TFAM, mitochondrial transcription factor A; ND1, NADH dehydrogenase 1; ND4, NADH 
dehydrogenase 4; Res, resveratrol.
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in an inactive state. After upstream stimulation, Nrf2 
is decoupled from Keap1 and enters the nucleus to 
stimulate the antioxidant response element (ARE). The 
PGC-1α promoter contains AREs. The Nrf2/ARE path-
way may participate in mitochondrial biogenesis by 
forming a feedback loop with PGC-1α. [39] TFAM is a 
nuclear coding protein of 25 kDa whose C-terminal end 
plays an important role in mtDNA replication. Under the 
coordination of mitochondrial RNA polymerase (POL-
RMT) and mitochondrial transcription factor B (TFBM), 
TFAM can enhance the transcription initiation of the 
mtDNA light chain promoter (LSP) and carry out D-loop 
replication. This improves mtDNA replication. [40, 41] 
In conclusion, Res can promote the expression of the 
PGC-1α/Nrf/TFAM signalling pathway by upregulating 
the expression of Sirt1, increasing the amount of mtDNA 
replication and carrying out mitochondrial biogenesis in 
cells, thus protecting brain tissue from oxidative stress 
damage (Fig. 6).

The protection of brain tissue by mitochondrial bio-
genesis is divided into several aspects, and the increase 
in mitochondria can better provide energy for a series of 
physiological activities of nerve cells. Mitochondria pro-
vide 90% of the energy needed by cells through oxidative 
phosphorylation, [42] while the brain consumes approx-
imately 20% of its energy at rest. [43] Thus, the normal 
function of the developing brain depends heavily on the 
synthesis of adenosine triphosphate (ATP), which can 
maintain neuronal excitability and synaptic function. [44] 
For example, chromatin remodelling factors that regu-
late neurogenesis in the cerebral cortex are highly ATP 
dependent. [45] In addition, the brain has a certain cor-
rection mechanism, that is, neural plasticity and synap-
tic plasticity. This means that after being damaged, the 
brain can mitigate the adverse effects of injury through 
a series of behaviours, such as neurogenesis, synaptic 
formation, and reorganization can regulate this plastic-
ity of cells. [46] Hyperoxia has been shown to interfere 
with the regulation of genes related to synaptic plasticity 

Fig. 5  (A) The protein blot bands from each group of pups on PN1, PN7, and PN14. All imprints were from the same gel and the PVDF membrane was cut 
and regenerated according to the molecular weight of the target protein. (B) The relative expression of PGC-1α in NN, ND, NR, HN, HD, and HR groups on 
PN1, PN7, and PN14. (C) The relative expression of Sirt1 in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. (D) The relative expression of Nrf1 
in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and PN14. (E) The relative expression of Nrf2 in NN, ND, NR, HN, HD, and HR groups on PN1, PN7, and 
PN14. (F) The relative expression of TFAM in NN, ND, NR, HN, HD, and HR groups at PN1, PN7, and PN14. *p < 0.05, **p < 0.001. NN, the nonhyperoxia group; 
ND, the nonhyperoxia with dimethyl sulfoxide group; NR, the nonhyperoxia with Res group; HN, the hyperoxia group; HD, the hyperoxia with dimethyl 
sulfoxide group; HR, the hyperoxia with Res group; PN1, postnatal day 1; PN7, postnatal day 7; PN14, postnatal day 14; PGC-1α, peroxisome proliferator-
activated receptor gamma coactivator-1α; Sirt1, silencing information regulator 2-related enzyme 1; Nrf1, nuclear respiratory factor 1; Nrf2, nuclear respi-
ratory factor2; TFAM, mitochondrial transcription factor A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Res, resveratrol.
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in rodents and destroy neuroplasticity and synaptic plas-
ticity in the brain. [47] Mitochondria maintain the nor-
mal operation of plasticity mainly through three aspects, 
including a large ATP energy supply, buffering calcium 
ions in synapses to reduce excessive excitotoxicity, [48, 
49] and producing physiological ROS to regulate syn-
aptic transmission. [50] Therefore, it is speculated that 
after mitochondrial biogenesis in brain tissue, mtDNA 
replication and the number of mitochondria increase, 
which improves the insufficient energy supply of nerve 
cells and alleviates brain injury and its long-term effects 
by improving synaptic plasticity and neuroplasticity 
efficiency.

However, our experiment failed to observe long-term 
behavioural changes in rats, and it is not clear whether 
Res can improve the neuroplasticity of neonatal rat 
brain tissue through mitochondrial biogenesis. In addi-
tion to activating TFAM, PGC-1α can also participate in 

neuroprotection by activating other downstream effec-
tors, such as uncoupling protein-1 (UCP-1) and b-cell 
lymphoma-2 (Bcl-2), to antagonize oxidative stress, alle-
viate mitochondrial dysfunction, relieve neuroinflamma-
tion, and reduce autophagy and apoptosis. [51] Here, we 
only discuss how TFAM protects the brain from hyper-
oxia-induced injury through mitochondrial biogenesis.

In addition, our group observed hyperoxia-induced 
injury of the lungs, brain, and kidneys in the same 
hyperoxic newborn SD pups model. After administer-
ing the same dose of Res, the damage to the three organs 
decreased to varying degrees. It is speculated that the 
protective effect of Res on hyperoxic organ injury is sys-
temic. [19] Unfortunately, we have not been able to con-
duct a horizontal study of multiple organs in the same 
mouse at the same time to verify this conjecture, and we 
are unable to further study the sequence or causality of 
organ damage.

Fig. 6  Illustration of how Res reduces hyperoxic brain injury through the PGC-1α/Nrf/TFAM/mtDNA signalling pathway. Res: resveratrol; Sirt1, silencing 
information regulator 2-related enzyme 1; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1α; Nrf1, nuclear respiratory factor 1; 
Nrf2, nuclear respiratory factor 2; Keap1, Kelch-like ECH associated protein 1; TFAM, mitochondrial transcription factor A; mtDNA, mitochondrial DNA.
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It is important to study the difference in injuries among 
organs after hyperoxia in the same experimental model. 
BPD and neurodysplasia are closely related to each other. 
At present, there are many hypotheses about the relation-
ship between them, including the release of extracellular 
vesicles (Evs) loaded with Gasdermin D protein by pul-
monary epithelial cells, which causes pyroptosis, [52] or 
the cessation of insulin-like growth factor-1 (IGF-1) sup-
plied by the placenta. [53] Observing the injury of vari-
ous tissues and organs at the same time may be helpful to 
determine the relationship between the two.

However, in the HE staining and TUNEL results of the 
hyperoxia-induced brain injury model, we found that 
there were different degrees of apoptosis in the brain tis-
sue of neonatal pups in the PN1 group but not in the lung 
and kidney. Generally, the duration of hyperoxia in lung 
injury in SD pups is 10–14 days, the duration of the brain 
injury model is 6–48  h, and the oxygen concentration 
used in the BPD experimental model is 85%, while that of 
the premature encephalopathy model is 80%. [54] Ranta-
kari et al. also demonstrated that some areas of the brain 
tissue of very premature infants are sensitive to hyperoxia 
by observing secondary cortical somatosensory process-
ing in magnetoencephalography (MEG-SII). [55] Among 
all hyperoxic organ injuries, brain tissue is the most sen-
sitive to oxidative stress and has selective vulnerability. 
For example, neurons in the hippocampal CA1 region 
are more vulnerable to oxidative stress. [56] Hyperoxia-
induced damage to the hippocampus of mice leads to 
learning cognitive impairment. [4].

Among 53  million children with developmental dis-
abilities under the age of 5, nearly 80% of disabilities 
are associated with perinatal brain injury. [57] Oxida-
tive stress caused by hyperoxia is an important cause of 
perinatal brain injury. Hyperoxia can damage neurons 
and microvessels in all regions of the brain, [58] disrupt-
ing normal neurological function and development. The 
effect of hyperoxia on neonatal neurodevelopment can be 
maintained in childhood and even in adulthood. Hyper-
oxia can damage memory function in newborn mice. [59] 
Scheuer et al. speculated that oxidative stress damage 
after preterm delivery may also lead to long-term autism, 
attention deficit disorder, and other conditions. [60] Con-
sequently, the study of the protective mechanism of Res 
on hyperoxic brain injury can provide a potential thera-
peutic target for perinatal brain injury and is of great 
significance to alleviate the familial and socioeconomic 
burden.

Conclusion
Neonatal pups with hyperoxia-induced injury showed 
gait stumbling, lethargy, weight loss, and nerve cell injury 
on PN7 and PN14, and the levels of Sirt1, PGC-1α, Nrf1, 
Nrf2, and TFAM decreased. Immediately after hyperoxia, 

Res reduced injury; increased the expression of Sirt1, 
PGC-1α, Nrf1, Nrf2, and TFAM; upregulated the expres-
sion of mtDNA; reduced mitochondrial damage; and 
improved the growth of neonatal rats.

In summary, we once again verified that our hyperoxia 
model can damage the brain tissue of neonatal pups. At 
the same time, Res can stimulate mitochondrial biogen-
esis through the PGC-1α/Nrf/TFAM/mtDNA signalling 
pathway, increase the number of mitochondria in nerve 
cells, and thus have a protective effect on hyperoxia-
induced brain injury in neonatal pups.
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