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ARTICLE INFO ABSTRACT

Keywords: Mitochondrial dysfunction and oxidative injury, which contribute to worsening of neurological deficits and poor
TBI clinical outcomes, are hallmarks of secondary brain injury after TBI. Adiponectin (APN), beyond its well-
APN established regulatory effects on metabolism, is also essential for maintaining normal brain functions by bind-
E)Ifizitive stress ing APN receptors that are ubiquitously expressed in the brain. Currently, the significance of the APN/APN
Mitochondria receptor (AdipoR) signaling pathway in secondary injury after TBI and the specific mechanisms have not been

conclusively determined. In this study, we found that APN knockout aggravated brain functional deficits,
increased brain edema and lesion volume, and exacerbated oxidative stress as well as apoptosis after TBI. These
effects were significantly alleviated after APN receptor agonist (AdipoRon) treatment. Moreover, we found that
AdipoR1, rather than AdipoR2, mediated the protective effects of APN/AdipoR signaling against oxidative stress
and brain injury after TBI. In neuron-specific AdipoR1 knockout mice, mitochondrial damage was more severe
after TBI, indicating a potential association between APN/AdipoR1 signaling inactivation and mitochondrial
damage. Mechanistically, neuron-specific knockout of SIRT3, the most important deacetylase in the mitochon-
dria, reversed the neuroprotective effects of AdipoRon after TBI. Then, PRDX3, a critical antioxidant enzyme in
the mitochondria, was identified as a vital downstream target of the APN/SIRT3 axis to alleviate oxidative injury
after TBI. Finally, we revealed that APN/AdipoR1 signaling promotes SIRT3 transcription by activating the
AMPK-PGC pathway. In conclusion, APN/AdipoR1 signaling plays a protective role in post-TBI oxidative damage
by restoring the SIRT3-mediated mitochondrial homeostasis and antioxidant system.

1. Introduction

Globally, traumatic brain injury (TBI), a leading cause of morbidity
and mortality [1-3], is associated with a heavy burden on patients and
society [4,5]. Moreover, an effective treatment option for TBI is lacking
[6]. Typically, mitochondrial injury and oxidative damage occur
following TBI [7,8], and they cause persistent damage to brain tissues.
Thus, clarifying its occurrence mechanism and establishing the targeted
intervention strategy are critical for encountering deleterious patho-
physiological insults after TBI

Adiponectin (APN), a 30 kDa cytokine solely produced by differen-
tiated adipocytes (i.e., adipocytokine), plays crucial roles in modulating
numerous physiological processes by binding to its specific receptors
[9-11]. APN has multiple biological effects, such as anti-oxidative stress,
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anti-inflammatory and anti-apoptotic properties [12-15]. The levels of
adiponectin are paradoxically decreased with increasing adiposity and
various of pathologies, including type 2 diabetes, metabolic syndrome,
and atherosclerosis [16,17]. Clinical and population-based studies sup-
port an association between APN and CNS diseases [18-20]. For
instance, low circulating adiponectin levels are associated with poor
functional outcomes following an ischemic stroke [19,20]. Furthermore,
supplementary of APN confers neuroprotective effects on intracerebral
hemorrhage (ICH), vascular dementia and Alzheimer’s disease [13,21,
22]. Biologically, APN exerts its central and peripheral effects by bind-
ing two different APN transmembrane receptors; adiponectin receptor
type 1 (AdipoR1), and adiponectin receptor type 2 (AdipoR2) [23,24].
AdipoR1 selectively activates the AMP-activated kinase (AMPK)
pathway, while AdipoR2 exerts its biological effects by activating the
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PPARa pathway [25]. AdipoRon, a small molecule agonist of APN re-
ceptors, can selectively activate both AdipoR1 and AdipoR2 [26,27],
which can readily penetrate the blood-brain barrier (BBB) and exert the
same effects as those of APN in the CNS [26,28]. This provides a
promising prospective towards clinical translation of the mechanism
involved in APN-associated anti-oxidative stress and opens up oppor-
tunities for clinical applications in CNS diseases. However, the effects of
APN on oxidative stress following TBI and its potential mechanisms have
not been explored.

It is acknowledged that APN shows promising therapeutical effects
on mitochondrial dysfunction which is a vital trigger of oxidative stress
[13,22,29,30], but the underlying mechanisms have not been fully
clarified. Sirtuin 3 (SIRT3), the major NAD"-dependent deacetylase, is
exclusively located in the mitochondria and is expressed in tissues with
high mitochondrial content, such as brain tissues [31]. It possesses
potent deacetylase activity toward a set of metabolic targets, including
electron transport chain complex subunits and enzymes involved in
redox balance, fatty acid oxidation and the tricarboxylic acid cycle
(TCA) [32]. Previous researches have indicated that multiple enzymes
central to mitochondrial antioxidative defense system are modified by
lysine acetylation, and many of them are hyperacetylated in the absence
of SIRT3. SIRT3 deficiency may lead to the dysfunction of antioxidant
protein, resulting in excess ROS generation and induction of oxidative
stress [33-39]. Hence, SIRT3 is considered as a vital regulator of mito-
chondrial functions, antioxidative defense systems and energy meta-
bolism [40-46]. Previous studies have indicated SIRT3 as a potential
therapeutic target of TBI [47,48], while the relevant molecular mecha-
nisms remain largely unexplored, restricting the establishment of
treatment strategies.

In this study, we for the first time explored the role of the APN/
AdipoR signaling in secondary brain injury after TBI and undercover a
novel mechanism that APN prevents mitochondrial dysfunction and
oxidative injury after traumatic brain injury in a SIRT3 dependent
manner.

2. Methods
2.1. Experimental animals

The Fourth Military Medical University’s ethical committee
approved this study. All experimental procedures were in accordance
with the National Institute of Health guidelines for the use of experi-
mental animals. Adult healthy, 8-week-old male C57BL/6J mice
weighing 20 g-25 g were purchased from the animal center of the Fourth
Military Medical University. The SIRT3%°*/1°% mice were purchased
from Jackson Laboratory (ME, USA), APN~/~, AdipoR11°/flox anq
MAP2-Cre ERT2 mice were generated in Shanghai Model Organisms
Center, Inc (Shanghai, China). Mice were placed in a pathogen-free SPF
animal room within an animal care facility, with constant temperature
(23 °C), humidity (60%), 12-h light/dark cycle and allowed free access
to food and water. Neuron-specific SIRT3 conditional knockout
(SIRT3CKO) and AdipoR1 conditional knockout (AdipoR1 CKO) mice were
generated via SIRT31°f1° mice or AdipoR171°f°% mice with MAP2-Cre
ERT2 mice. To induce conditional knockout of AdipoR1 and SIRT3 in the
neurons, tamoxifen (75 mg/kg; 10,540, Sigma) was intraperitoneally
administered daily for five days. Transgenic mice were identified by
polymerase chain reaction analysis of genomic DNA in the tail using the
following primers: for APN knockout: (5- GGCTCTCTGGGA-
GAGGCGAGT - 3'), (5- CCATCACGGCCTGGTGTGCC - 3') and (5'-
TTCGCCATTCAGGCTGCGCA - 3'); for AdipoR1 floxed: (5'- CGAGCC-
TACCTGGAGTTGAAGAGC - 3) and (5'- GGGAAACCGCACTGAAGA-
GAACCT - 3'); for SIRT3 floxed: (5'- CTGGCT TTGGGTTTAAGCAG - 3')
and (5- GGAGGCTGAGGCTAAAGAGC - 3); for Cre: (5- GCAT-
CACCCCGACGACTCAG - 3), (5'- GTATTGGATAGCCTTCAGGCAC - 3')
and (5- GGTGTTATAAGCAATCCCCAGAA - 3'). PCR results were visu-
alized on 1.2% agarose gel.
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2.2. Establishment of TBI mice models and drug treatment

Induction of TBI in mice was as described earlier [49,50]. Anesthesia
was induced in mice via intraperitoneal injection of pentobarbital so-
dium (60 mg/kg). Mice were subjected to moderate controlled cortical
impact (CCI) brain injuries with a unilateral of 1.6 mm depth at 2.5 m/s
and 300 ms dwell time using the microprocessor-controlled pneumatic
impacting device (RWD Life Science, Shenzhen China) with a 3.5 mm
diameter tip. The craniotomies were located midway between the
bregma and lambda suture on the right side of the brain. Mice were
rewarmed in a cage at an ambient temperature of 37 °C for 1 h. The
surgical site was cleaned using ethanol. The sham operation group was
only subjected to right parietal craniotomy. All operations were asep-
tically performed. AdipoRon (HY-15848, MedChemExpress, New Jer-
sey, USA) was dissolved in 1% DMSO/PBS after which animals were
randomly assigned to receive intraperitoneal injections of AdipoRon (5
mg/kg body weight) [28] or an equivalent volume of the vehicle at 0.5 h
after TBL

2.3. Measurement of the cerebral lesion volume

A 3T small animal MRI scanner (Bruker MRI GmbH, Germany) was
used to produce mice brain images. Mice were anesthetized using 10%
chloral hydrate and placed in dorsal recumbency over an MRI-
compatible holder as previously described [51]. Cerebral structural
data were acquired using the MRI scanner with a radiofrequency surface
and phased array mouse brain coil. To calculate the cerebral lesion
volume, MRI images were exported in a DICOM format and analyzed by
ImagelJ.

2.4. Determination of water content in brain tissues

Brain moisture contents were measured using the wet-dry weight
ratio method as previously described [52]. The ratio was as: Brain tissue
moisture content (%) = (wet weight-dry weight)/wet brain weight x
100%.

2.5. DHE staining

As mentioned previously [53], ROS levels were evaluated by DHE
(Yesen) and MitoSOX (Invitrogen) staining. After anesthesia, mice brain
tissues were collected and frozen at —80°Cfor 20 min. Then, they were
quickly sliced into coronal sections (15 pm thick), which were incubated
in DHE (10 pmol/L) for 30 min. Primary neurons were incubated in DHE
(10 pmol/L) for 30 min at room temperature. Finally, slices and cells
were examined and imaged by confocal laser scanning microscopy
(Nikon, A1Si, Japan). Relative fluorescence levels of ROS were quanti-
fied by ImagelJ.

2.6. TUNEL staining

TUNEL staining was performed to assess apoptosis levels, as
instructed by the kit manufacturer (Roche). Briefly, we treated samples
with 0.3% hydrogen peroxide for 30 min and incubated them for 45 min
in the presence of protease K. After that, samples were immersed in a
solution of TUNEL reaction for 60 min. Finally, DAPI (Invitrogen) was
used to label the samples, and the ratio of TUNEL-positive cells to DAPI-
stained cells was calculated to determine the degree of apoptosis.

2.7. Neurological function assessment

Twenty-four hours after CCI, the modified neurological severity
score (mNSS) test was blindly performed by a researcher in the experi-
mental group, as mentioned earlier [29]. The mNSS score was 0-18
(normal score was 0, highest defect score was 18). This test consists of
movement, sensation, balance and reflex tests. The higher the score, the
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more serious the injury.

In the corner turn test [49], mice approached the 30° corner after
which they could freely exit the corner either by turning to the right or
left. The percentage of a left turns in 10 trials was calculated.

In the wire hanging test [54], a metal wire (50 cm) was stretched
between two posts and suspended 50 cm above the ground. Mice were
guided to grasp the wire with their forelimbs. Medical adhesive tape was
applied to their hindlimbs to prevent them from using them. When mice
were properly suspended, they were allowed to hang by themselves.
Then, we measured the latency to fall, the time less than 10 s was
excluded from analysis.

2.8. Transmission electron microscopy

Sample preparation was performed as previously described [29].
Briefly, 24 h after TBI, mice were anesthetized and perfused as usual.
Their brains were removed and placed in ice-cold Hanks’ Balanced Salt
Solution. Each brain was sliced into 1 mm-thick sections in the coronal
position. The cortical sample (1 x 2 mm?) was selected and fixed
overnight in 4% glutaraldehyde at 4 °C. After 1 h of fixation in 1%
osmium tetroxide, by using graded ethanol series, the slices were
dehydrated, then resin-embedded. Embedded sample blocks were
trimmed and sliced by an ultra-thin slicer, after which slices were placed
on 200-slot grids coated with a pioloform membrane and imaged by
JEM-1400 electron microscopy (JEOL, Tokyo, Japan) and a charge
coupled device camera (OLYPUS, Tokyo, Japan).

2.9. Primary neuron cultures and adenovirus-mediated shRNA and Cre
treatment

Primary neurons were isolated from C57 mice embryos as previously
described [55]. Briefly, primary cortical brains were removed from C57
mice embryos and digested with a trypsin solution. Mixed cells were
plated in F12 medium supplemented with 1% r-glutamate, 10% fetal
bovine serum (Gibco), as well as 1% double antibiotics (Gibco) and
incubated in a 5% CO3/95% atmosphere for 4 h (37 °C). Then, the
neurobasal medium with 2% B27, 1% vr-glutamine and 1% double an-
tibiotics (Gibco) was used to replace the F12 medium. Half-replacement
of the medium was done every 3 days. At 3-4 days after plating, the
addition of cytosine arabinoside was conducted to inhibit glial prolif-
eration. To determine the effects of PRDX3, AdipoR1 and AdipoR2,
adenovirus vector U6/CMV-GFP shRNA (1 x 10° PFU/mL, GenePharma,
China) targeting PRDX3, AdipoR1 and AdipoR2 were generated and
administered to respectively knock down PRDX3, AdipoR1 and Adi-
poR2. Primary cortical neurons from SIRT3%°° mice were transfected
with Ad5CMVCre-eGFP (Ad-Cre-GFP) (1 x 10° PFU/mL, GenePharma,
China) to generate SIRT3CKO primary neurons [56].

2.10. Scratch injury model and AdipoRon treatment

A previously described scratch injury method was used to establish in
vitro TBI models [57]. Briefly, primary neurons were manually scratched
using sterile pipette tips (10 pl), which generated a linear injury across
the cell surface, after which they were treated with the vehicle or 50 pM
AdipoRon for 24 h. The space between each scratch was about 3 mm.
The culture was incubated without changing the culture medium. The
control group was not subjected to any intervention.

2.11. MitoSOX staining

Mitochondrial ROS levels were detected using MitoSOX™ Red
(Invitrogen). The MitoSOX Red reagent is oxidized by superoxide in the
mitochondria, exhibiting a red fluorescence [58]. Primary neurons were
incubated in MitoSOX (5 nmol/L) for 30 min and washed twice using
warm HBSS. Fluorescent images were imaged by confocal laser scanning
microscopy (Nikon, A1Si, Japan) and analyzed using ImageJ.
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2.12. Determination of ATP, MDA and activities of antioxidant enzymes

At 24 h after TBI, mice were sacrificed, their tissues obtained, lysed
using a lysis buffer (Beyotime, Jiangsu, China) and homogenized for 30
min on ice. Supernatants were obtained after centrifugation (12,000
rpm) of samples for 10 min at 4 °C. Malondialdehyde (MDA) (Beyotime,
Jiangsu, China), ATP (Beyotime, Jiangsu, China) levels and activities of
oxidative stress-related enzymes, MnSOD (Beyotime, Jiangsu, China)
and GSH-Px (Beyotime, Jiangsu, China) were assessed as instructed by
the manufacturers’ corresponding commercial kits.

2.13. Measurement of mitochondrial respiratory chain complex activities

A Mitochondria/Cytosol Fractioning Kit (Solarbio, Beijing, China)
was used to isolate the mitochondria and cytosol, as instructed by the
manufacturer. Briefly, samples were washed twice using ice-cold PBS
and thereafter resuspended in 500 pl of extraction buffer containing
protease inhibitors on ice for 10 min. Samples were homogenized using
a Dunce grinder and centrifuged at 800 g for 10 min at 4 °C. Pre-
cipitations were discarded and supernatants centrifuged at 12,000 g for
20 min at 4 °C. Resulting supernatants were collected as cytosolic
fractions after which pellets were dissolved in 50 pl lysis buffer to obtain
the mitochondrial fraction. Activities of mitochondrial respiratory chain
complexes L, I, III, IV and V were measured using the corresponding kits
(Solarbio, Beijing, China), as instructed by the manufacturer.

2.14. Quantitative real-time PCR

Total RNA from brain tissues and primary neuron samples from each
group were extracted using the Trizol RNA isolation kit (15,596-018,
Invitrogen, USA), as instructed by the manufacturer. Then, cDNA was
synthesized from total RNA for each sample using appropriate primers,
according to the Invitrogen protocol. The SIRT3 primers were (5'-
CCCAGTGGCATTCCAGACTT - 3) and (5-AAGGGCTTGGGGTTGT-
GAAA-3'). The B-actin primers were (5-CTGGCACCCAGCACAATG-3')
and (5'-GTTCATGAGGCACACCTAGCC-3'). RT-qPCR was performed in a
10 pL reaction system containing cDNA, forward/reverse primers, and
SYBR Green ReadyMix (Fisher Scientific, Atlanta, USA). Relative ex-
pressions of RNAs were computed by 2 AAC method.

2.15. Immunoprecipitation and Co-IP

Cell samples were harvested in a lysis buffer containing a proteinase
inhibitor mixture at 4 °C for 4 h. After centrifugation at 4 °C (13,000
rpm) for 10 min, the supernatant was obtained and incubated in the
presence of anti-SIRT3 (10,099, Proteintech) or anti-PRDX3 (ab264354,
Abcam) or non-specific IgG overnight at 4 °C. Then, 40 pl protein A/G
magnetic beads (MedchemExpress, NJ, USA) were added to the mixture
and incubated at room temperature for 4 h. A magnetic rack was used to
capture the beads, which were washed thrice using a Co-IP lysis buffer
and resolved in a loading buffer to be prepared for Western blotting.

2.16. Western blotting

Samples from brain tissues and cultured cells were lysed, homoge-
nized in an ice-cold lysis buffer containing protease inhibitors and
phosphatase for 20 min and sonicated. A SDS-PAGE was used to separate
proteins and the separated proteins were transferred onto PVDF mem-
branes (Millipore, USA). The membranes were immersed in 5% non-fat
milk for 2 h and incubated at 4 °C overnight in the presence of primary
rabbit polyclonal antibodies against Bcl-2 (12,789, Proteintech), Bax
(50,599, Proteintech), AMPK (66,536, Proteintech), p-AMPK (2537,
CST), PGC-la (66,369, Proteintech), SIRT3 (10,099, Proteintech),
PRDX3 (ab264354, Abcam), acetylated-Lysine (9441, CST), VDAC
(55,259, Proteintech), and p-actin (AC026, ABclonal). Then, membranes
were incubated for 2 h with corresponding HRP-conjugated secondary
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antibodies (AS003, AS014, ABclonal) at room temperature. Protein
bands were captured by a Bio-Rad Imaging System (Bio-Rad, USA) and
analyzed using the ImageJ software.

2.17. Statistical analysis

GraphPad Prism 8 (GraphPad Software Inc, USA) was used for sta-
tistical analyses. Unless otherwise stated, values are expressed as mean
+ standard deviation (SD). A two-tailed Student’s t-test was used to
assess differences in means between groups while one-way analysis of
variance (ANOVA) followed by the Tukey’s post hoc test was used to
assess differences among groups. p < 0.05 was the threshold for statis-
tical significance.

wWT APN-

B

WT APN™ T8I T8I

TBI+ApRon

TBI+ApRon

Leision volume (mm°)
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3. Results

3.1. APN deficiency exacerbated lesion volume, brain edema and
neurological functional deficits after TBI

First, APN knockout mice were used to evaluate the potential role of
APN/AdipoR signaling in brain injury after TBI. Validation of APN
knockout are presented in the identification results (Fig. 1A). By
measuring lesion volume, brain water contents, we found that APN
deficiency significantly increased TBI-induced cerebral lesion volumes
(Fig. 1B and C) and exacerbated brain edema (Fig. 1D). We also assessed
the neurological functions. The results showed that APN deficiency
significantly increased the mNSS score after TBI (Fig. 1E) and was also
associated with poor performance in the wire-hanging and corner turn
tests after TBI (Fig. 1F and G). The above results indicate that APN
deficiency exacerbates the organic and functional damage of brain after

Fig. 1. APN knockout exacerbated brain tissue dam-
age and neurological functional deficits after TBI,
however, these effects were reversed by the APN re-
ceptor agonist. (A) Identification results of the APN~/
~ mice. (B, C) Representative MRI images and statis-
tical analysis of lesion volume for mice brain 24 h
after TBI. (D) Statistical analysis of brain edema 24 h
after TBI. (E-G) Effects of APN knockout and Adi-
= poRon treatment on neurological functional deficit

scores 24 h after TBI. Data are presented as mean +

SD for n = 6. **p < 0.01 and ***p < 0.001 vs. sham
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TBL

3.2. AdipoRon treatment reversed lesion volume, brain edema and
neurological functional deficits after TBI

The APN receptor agonist (AdipoRon) was used to evaluate whether
activation of APN/AdipoR signaling attenuates TBI-induced organic and
functional damage of brain. The results showed that AdipoRon treat-
ment could reduce the lesion volume (Fig. 1B and C) and alleviated brain
edema (Fig. 1D) in both WT and APN /" mice after TBI For functional
damage of brain after TBI, AdipoRon treatment could also respectively
reversed the deteriorated evaluation of mNSS score, wire-hanging and
corner turn tests in both mouse lines (Fig. 1E-G). These results
demonstrate that APN has neuroprotective effects against TBI.

3.3. APN deficiency aggravated oxidative stress and neural apoptosis
after TBI

Oxidative stress is a major cause of secondary injuries after TBI [13],
thus we explored the effects of APN on oxidative stress. First, DHE
staining was performed to determine ROS levels. In WT or APN ™/~ mice,
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DHE fluorescence density in TBI groups was markedly increased
compared to sham groups, and a higher fluorescence density corre-
sponded to increased ROS levels (Fig. 2A and B). Compared to WT mice,
ROS levels were significantly higher in APN~/~ mice after TBI (Fig. 2A
and B). Moreover, the elevated MDA levels and suppressed MnSOD as
well as GSH-Px activities in the perilesional cortex after TBI in APN /"~
mice were more severe than those in WT mice (Fig. 2C-E). Excess ROS
production induces neural apoptosis and contributes to deterioration of
TBI [59,60]. Therefore, neural apoptosis was assessed by TUNEL stain-
ing. It was found that APN deletion increased the abundance of
TUNEL-positive cells, compared to WT mice after TBI (Fig. 2F and G).
Western blotting demonstrated that APN deficiency markedly aggra-
vated the increase in Bax levels and decreased Bcl-2 levels after TBI,
compared to WT mice (Fig. 2H-J). Therefore, the results indicate that
APN deficiency aggravates oxidative stress and neural apoptosis after
TBI.

3.4. AdipoRon treatment reversed the enhancement of oxidative stress
and neural apoptosis after TBI

The elevated ROS levels in both WT and APN /™ mice were reversed

Fig. 2. APN knockout aggravated neural apoptosis
and oxidative stress after TBI. APN receptor agonist
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by AdipoRon treatment (Fig. 2A and B). Moreover, AdipoRon treatment
could also reverse the elevated MDA levels and suppressed MnSOD as
well as GSH-Px activities in the perilesional cortex after TBI in both
mouse lines (Fig. 2C-E). Accordingly, AdipoRon treatment markedly
reduced the increase in TUNEL-positive cells after TBI in both WT mice
and APN~/~ mice (F ig. 2F and G). Western blotting demonstrated that
AdipoRon treatment could significantly reverse the increased Bax levels
and decreased Bcl-2 levels after TBI (Fig. 2H-J). The results demonstrate
that AdipoRon treatment could attenuate oxidative stress and neural
apoptosis after TBI.

3.5. AdipoR1, rather than AdipoR2, mediated the protective effects of
APN against TBI-induced oxidative stress and brain injury

To determine which APN receptor subtype mediates the protective
effects of APN/AdipoR signaling against oxidative stress and brain
injury after TBI, AdipoR1 and AdipoR2 in mouse cortical primary neu-
rons were respectively knocked down using adenovirus (AV)-mediated
shRNA. DHE fluorescence density results showed that AdipoRon acti-
vation effectively suppressed the ROS levels after scratching (Fig. 3A and
B). This protective effect was abolished upon AdipoR1 knockdown,
however, the protective effect remained after AdipoR2 knockdown
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(Fig. 3A and B). TUNEL staining revealed a reduced abundance of
apoptotic cells when AdipoRon was applied after scratching, and Adi-
poR1 knockdown markedly abolished this protective effect, whereas,
AdipoR2 knockdown could not exert the same effect (Fig. 3C and D).
Given these findings, we generated neuron-specific AdipoR1 conditional
knockout (AdipoR1%¥®) mice by crossing AdipoR11%1°% mice with
MAP2-creERT2 mice to further determine the protective effects of APN/
AdipoR1 signaling in vivo (Fig. 3E and F). In mice, tamoxifen adminis-
tration induced conditional knockout of AdipoR1 in neurons. Brain
water content and neurological function assays revealed that AdipoR1
knockout significantly exacerbated the increase in brain water content
and deteriorated neurological function after TBI (Fig. 3G-J). However,
AdipoRon treatment could only reversed these adverse outcomes in
AdipoR1719%/f%X mice (Fig. 3G-J). These findings show that the protec-
tive effects of APN/AdipoR signaling against oxidative stress and brain
injury are AdipoR1 dependent.

3.6. Neuron-specific AdipoR1 conditional knockout aggravated
mitochondrial damage after TBI

We then evaluated the effects of AdipoR1 knockout on mitochondrial
morphology and function after TBI. First, ultrastructural changes in

Fig. 3. AdipoR1 mediated the protective effects of
APN/AdipoR signaling against oxidative stress and
brain injury after TBI, while AdipoR2 could not. (A,
B) Representative DHE images and statistical analysis
of DHE fluorescence intensities for the effects of
AdipoR1 or AdipoR2 knockdown on primary neurons
24 h after scratch, which indicates ROS levels. Scale
bar: 50 pm. (C, D) Representative images and corre-
sponding statistical analysis of TUNEL staining for the
effects of AdipoR1 or AdipoR2 knockdown on pri-
mary neurons 24 h after scratch. Scale bar: 100 pm
#**p < 0.001 vs control group, *#p < 0.01 vs scratch
group, “*p < 0.01 vs scratch + AdipoRon + shNC
group, ns: no statistical significance. (E) Diagram for
construction of AdipoR1 conditional knockout mice.
(F) Identification results of the neuron-specific Adi-
poR1 conditional knockout mice. (G-J) Effects of
AdipoR1 knockout and AdipoRon treatment on brain
edema and neurological function deficit scores 24 h
after TBI. Data are presented as mean + SD for n = 6.
**p < 0.01 and ***p < 0.001 vs sham group in each
strain of mice, *p < 0.05 and *#p < 0.01 vs TBI group
in each strain of mice, &p < 0.05, ns: no statistical
significance.
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neurons in response to TBI were observed on transmission electron
micrographs, which revealed that mitochondrial damage was prominent
after TBI in both AdipoR171°* mice and AdipoR1%*° mice, however, it
was more severe in AdipoR1°C mice than in AdipoR1%°%f1% mice
(Fig. 4A). This was shown by mitochondrial swelling as well as the loss
and disruption of mitochondrial cristae and mitochondrial membrane
integrity. Therefore, we postulated that AdipoR1 is closely associated
with the mitochondria. Further, we evaluated the mitochondrial func-
tion indicators and found that AdipoR1 knockout enhanced the decrease
in ATP and mitochondrial respiratory chain complexes after TBI,
compared to AdipoR171°f9% mice (Fig. 4B-G). These results were
consistent with the observation of mitochondrial morphology. Collec-
tively, we found that AdipoR1 plays an important role in mitochondrial
damage after TBL.

3.7. Neuron-specific SIRT3 conditional knockout reversed the protective
effects of APN/AdipoR1 signaling activation on the mitochondria after TBI

The described results show that APN/AdipoR1 signaling has

AdipoR1™f

Redox Biology 54 (2022) 102390

protective effects on the mitochondria. Therefore, we evaluated the
specific mechanisms through which APN/AdipoR1 signaling regulates
the mitochondria. SIRT3, a critical deacetylase that is primarily
expressed in neurons, is exclusively located in the mitochondria [61]. It
is involved in regulation of mitochondrial functions, metabolism, anti-
oxidant defense systems and energy metabolism [61-63]. We found that
AdipoR1 knockout exacerbates TBI-mediated decrease in SIRT3 tran-
scription and expressions (Fig. 5A-C). AdipoRon treatment blocked the
TBI-induced downregulation of transcription as well as expression of
SIRT3 (Fig. 5D-F) and preserved its deacetylation activities in the
mitochondria, as confirmed by increased SIRT3 protein levels and sup-
pressed mitochondrial protein acetylation levels (Fig. 5G and H). To
determine the role of AdipoRon treatment in SIRT3 mediated mito-
chondrial functions, we generated neuron-specific SIRT3 conditional
knockout (SIRT3%¥C) mice by crossing SIRT3Mo%/flox  mice  with
MAP2-creERT2 mice (Fig. 5I). Identification experiments were also
performed (Fig. 5J). Transmission electron micrographs showed that the
mitochondria from both SIRT3M°%/°X mice and SIRT3¥C mice in the TBI
group had abnormal morphologies, characterized by mitochondrial
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Fig. 4. Mitochondrial damage were aggravated by neuron-specific AdipoR1 conditional knockout after TBI. (A) Representative ultrastructure of neurons and
enlarged mitochondrial ultrastructure in each group. Scale bar: 1 pm. (B-F) Effects of AdipoR1 knockout on levels of the mitochondrial respiratory chain complexes I,
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Fig. 5. APN/AdipoR1 signaling exerts mitochondrial protection effects after TBI by regulating SIRT3. (A, B) Western blot results and corresponding statistical
analysis of SIRT3 expressions. (C) PCR results for the effects of AdipoR1 knockout on SIRT3 transcription after TBL. *p < 0.05, **p < 0.01 and ***p < 0.001 vs sham
group in each strain of mice, &p < 0.05, &&p < 0.01. (D, E) Western blot and statistical analysis of SIRT3 levels. (F) PCR results for the effects of AdipoRon treatment

on SIRT3 transcription after TBI. (G, H) Western blot and statistical analysis of the acetylation levels of the mitochondrial protein. **p < 0.01 and ***p < 0.001 vs
sham group, **p < 0.01 vs TBI + vehicle group. (I) Construction of SIRT3 conditional knockout models. (J) Identification results of the neuron-specific SIRT3
conditional knockout mice. (K) Representative ultrastructure of neurons and enlarged mitochondrial ultrastructure in each group. Scale bar: 1 pm. (L-P) Effects of
SIRT3 knockout on the levels of mitochondrial respiratory chain complexes I, II, III, IV, and V. (Q) ATP levels in each group. Data are presented as mean + SD for n =
6. **p < 0.01 and ***p < 0.001 vs sham group in each strain of mice, p < 0.05 and *#p < 0.01 vs TBI group in each strain of mice, *p < 0.05, **p < 0.01, ns: no

statistical significance.

swelling and loss as well as disruption of the mitochondrial cristae and
mitochondrial membrane integrity (Fig. 5K). However, compared to
SIRT31¥/f1X mice, impairments of mitochondrial morphologies in
SIRT3%¥0 mice were exacerbated after TBI (Fig. 5K). Pathological
changes in mitochondria from SIRT3%/fX mice were partially reversed
by AdipoRon treatment after TBI (Fig. 5K). This beneficial effect was
undetectable in SIRT3XC mice (Fig. 5K). To elucidate if APN/AdipoR1
signaling exerts its effects on mitochondrial functions through SIRT3, we
analyzed mitochondrial respiratory chain complexes I, II, III, IV, and V
activities and ATP levels. It was found that SIRT3 deletion decreased the
activities of complexes I, II, IIL, IV, and V as well as ATP levels after TBI,
and AdipoRon treatment could only exert its protective effects in
SIRT31¥/floX mice (Fig. 5L—-Q). These results indicate that the protective
effect of APN/AdipoR1 signaling on neuronal mitochondrial
morphology and function after TBI are likely SIRT3-dependent.

3.8. APN/AdipoR1 signaling plays an anti-oxidant stress role after TBI
through the SIRT3/PRDX3 axis

We evaluated whether the protective effects of APN/AdipoR1
signaling on TBI-induced oxidative stress also rely on SIRT3. It was
found that TBI-induced increase in DHE fluorescence intensities and
MDA levels were exacerbated in SIRT3°° mice, compared to SIRT3flo¥/
flox mice (Fig. 6A-C). Although AdipoRon treatment rescued the increase
in DHE fluorescence intensity and MDA levels in SIRT31%1%X mice, it
did not reverse this trend in SIRT3¥° mice (Fig. 6A-C). Compared to

SIRT3o%/flox mice, SIRT3%C mice exhibited suppressed MnSOD and
GSH-Px levels after TBI (Fig. 6D and E). Meanwhile, the TBI-mediated
decrease in MnSOD and GSH-Px levels in SIRT371f* mice was
reversed by AdipoRon treatment, however, upon SIRT3 loss, these ef-
fects were not rescued by AdipoRon treatment (Fig. 6D and E). The
above-described results demonstrate that APN/AdipoR1 signaling pro-
tects against oxidative stress by modulating the functions of SIRT3, and
SIRT3 affects the functions of substrate proteins via deacetylation. To
further elucidate the antioxidant mechanism of APN/SIRT3 signaling
axis, we found Peroxiredoxin 3 (PRDX3), the most abundant and effi-
cient peroxidase in mitochondria, plays an important role in this pro-
cess. Both previous literature reports [35] and the results of our
experiment have been pointing to the important role of PRDX3 in
anti-oxidative stress correlated with SIRT3. By culturing primary
cortical neurons from SIRT31°f* mice, we generated an in vitro
cell-based model. Primary neurons were infected with Cre-recombinase
adenovirus (Ad-Cre-GFP) to genetically knock out SIRT3 (Fig. 6F).
Specifically, PRDX3 acetylation levels were elevated after scratch
treatment, which mimics in vitro TBI in both cell lines. AdipoRon could
only suppress PRDX3 acetylation levels in SIRT3/1*/f1% primary neurons
(Fig. 6G and H). And SIRT3 can directly interact with PRDX3 through
protein-protein interactions (Fig. 61 and J). Then, we investigated the
roles of PRDX3 in APN/AdipoR1 signaling-mediated anti-oxidative
stress effects. Both mitochondrial ROS and MDA levels were signifi-
cantly increased after scratch treatment, however, AdipoRon treatment
reversed these outcomes (Fig. 6K-M). Conversely, in PRDX3 knockdown
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group, protective effects of APN/AdipoR1 signaling were significantly
weakened, compared to the scratch + AdipoRon + shNC group
(Fig. 6K-M). Moreover, AdipoRon treatment remarkably restored
MnSOD activities after scratch, whereas this protective effect of
APN/AdipoR1 signaling was nullified in the PRDX3 knockdown group
(Fig. 6N). Collectively, these results reveal that the anti-oxidative stress
role of APN/AdipoR1 signaling is dependent on the SIRT3/PRDX3 axis.

3.9. Neuron-specific SIRT3 conditional knockout abolished the cerebral
protective effects of APN/AdipoR1 signaling after TBI

We evaluated the effects of SIRT3 on brain injury after TBI using

SIRT3“© mice. Upon SIRT3 knockout, TBI-induced cerebral lesion
volumes and neurological deficits were significantly exacerbated
(Fig. 7A-E). AdipoRon treatment could only mitigate these impairments
in SIRT3M¥X mijce (Fig. 7A-E). TBl-induced apoptotic cells in
SIRT3%*C mice increased compared with those in SIRT31°/!1°* mice and
activation of APN/AdipoR1 signaling could only reduce the apoptotic
cells in SIRT31°/f1X mice (Fig. 7F and G). Apoptosis biomarker levels in
SIRT3°%/f1°X mice showed that after TBI, the decrease in antiapoptotic
proteins (Bcl-2) and the increase in apoptotic cells and the proapoptotic
protein (Bax) were moderately alleviated by AdipoRon treatment; This
action was undetectable in SIRT3%° mice (Fig. 7H-J). Therefore, SIRT3
plays a prominent role in protective effects of APN/AdipoR1 signaling
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against TBI-induced brain damage.

3.10. Activated APN/AdipoR1 signaling restores SIRT3 transcription and
expressions via AMPK/PGC-1a pathway after TBI

Further, the internal mechanism by which APN/AdipoR1 signaling
regulates SIRT3 was investigated. Activation of APN/AdipoR1 signaling
significantly improved the transcription levels of SIRT3 after TBI. We
hypothesized that AdipoR1 affects SIRT3 transcription. However, Adi-
poR1 is a membrane receptor, therefore, how does AdipoR1 regulate
SIRTS3 transcription? The AMPK pathway is the classical downstream of
AdipoR1, which has been demonstrated to promote PGC-1a expressions,
a crucial upstream transcription factor of SIRT3. We postulate that
SIRT3 synthesis is affected by APN/AdipoR1 signaling via the AdipoR1/
AMPK/PGC-1a signaling pathway. First, this postulate was evaluated
using AdipoR1CKO mice. It was found that SIRT3 mRNA and AMPK
phosphorylation levels as well as PGC-1a and SIRT3 expressions were
significantly reduced in both AdipoR1flox/flox mice and AdipoR1CKO
mice after TBI (Fig. 8A-E). This reduction was more prominent in Adi-
poR1CKO mice and could only be reversed by AdipoRon treatment in
AdipoR1flox/flox mice (Fig. 8A-E). Upon AMPK phosphorylation inhi-
bition using compound C, AdipoRon could not restore SIRT3 mRNA and
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Fig. 7. Cerebral protective effects of APN/AdipoR1
signaling were offset by neuron-specific SIRT3 con-
ditional knockout after TBI. (A, B) Representative
MRI images and statistical analysis of lesion volumes
for mice brains 24 h after TBI. (C-E) Effects of APN
knockout and AdipoRon treatment on neurological
functional deficit scores 24 h after TBL. (F, G)
Representative images of TUNEL staining 24 h after

mNSS

R @VQ@ TBI and corresponding statistical analysis ha. Scale
& & bar: 100 pm. (H-J) Representative Western blot and
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AMPK phosphorylation levels as well as PGC-1a and SIRT3 expressions
after scratch (Fig. 8F-I). Based on the above findings, APN/AdipoR1
signaling exerts its protective effects on neurons by triggering the Adi-
poR1/AMPK/PGC-1a pathway, which activates SIRT3 transcription and
subsequently enriches SIRT3 within the mitochondria.

As the diagram illustrates in Fig. 8J, our findings suggest that APN/
AdipoR1 axis protects against the oxidative stress and relieves the
neuronal apoptosis under the conditions of TBI. This mechanism relies
on SIRT3-mediated mitochondrial homeostasis and antioxidant system.
Collectively, we demonstrate neuroprotective effects of activation of
APN/AdipoR1/SIRT3 signaling which make it as a promising target for
disease-modifying therapy for TBI.

4. Discussion

Death and disability rates from TBI remain very high [64]. Unfor-
tunately, there are no effective pharmacotherapies for TBI patients,
resulting in poor prognostic outcomes and high disability rates [65,66].
APN is a putative key modulator of CNS homeostasis [67-69]. However,
it has not been determined whether APN can protect the CNS from TBIL.
Our findings can be summarized as: i. Activation of APN/AdipoR1
signaling exerts protective effects in the TBI process. ii. Activation of
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Fig. 8. Transcription and expressions of SIRT3 were regulated by AdipoR1/AMPK/PGC-1a signaling pathway in TBI models. (A-D) Western blot and statistical
analysis of the phosphorylation of AMPK and expressions of SIRT3 and PGC-1a. (E) The transcription results of SIRT3 in AdipoR17°*/%°% and AdipoR1%° mice. **p <

0.01 and ***p < 0.001 vs sham group in each strain of mice, #p < 0.05 vs TBI group in each strain of mice, &p < 0.0

5, &&p < 0.01, ns: no statistical significance. (F-I)

Effects of AMPK phosphorylation inhibitor and AdipoRon treatment on AMPK phosphorylation and expressions of SIRT3 and PGC-1a after TBIL. (J) Mechanism
involved in protective effects of activated APN/AdipoR1 signaling after TBI. Data are presented as mean + SD for n = 6. **p < 0.01 vs sham group, *p < 0.05 vs TBI

group, $p < 0.05 vs TBI + AdipoRon group.

APN/AdipoR1 signaling can significantly mitigate TBI-induced mito-
chondrial injury and oxidative stress; ii. The neuroprotective effects of
APN/AdipoR signaling are exerted by modulation of SIRT3-mediated
protective effects on the mitochondria; iv. PRDX3 is a vital target of
the APN/SIRT3 axis in anti-oxidative stress; v. The
AdipoR1/AMPK/PGC-1a pathway is an intrinsic regulatory mechanism
of APN that is involved in promoting SIRT3 transcription.

Biologically, through its anti-inflammatory, anti-oxidative, and anti-
apoptotic properties, APN exerts neuroprotective effects in various dis-
eases, such as atherosclerosis, myocardial ischemia, myocardial infarc-
tion and in various CNS diseases [29,70-75]. But, the role of APN on TBI
has not been established. We found that APN deficiency exacerbates
TBI-induced lesion volume, brain edema, neurological functional defi-
cits, oxidative stress and apoptosis, indicating a correlation between
APN levels and the TBI process. We further investigated whether
APN/AdipoR signaling activation has protective functions against TBIL
Activated APN/AdipoR signaling significantly reduced brain tissue
damage, neurological function deficits, and alleviated oxidative stress as
well as neural apoptosis after TBI. These findings elucidate on the effects
of APN in CNS diseases. Several studies have shown that APN protects
against ischemic stroke, ICH and Alzheimer’s disease (AD) [29,70,74].
Further, APN/AdipoR signaling was found to play a protective role in
preventing TBI progression. This provides an experimental basis for APN
to be applied in treatment of TBI. Biologically, APN primarily acts
through two receptors: AdipoR1 and AdipoR2, which are ubiquitously
expressed in neural cells [26,27]. To identify which AdipoR is respon-
sible for the protective effects of APN/AdipoR signaling pathway,
adenoviral-mediated shRNAs were used to knock down AdipoR1 and
AdipoR2. AdipoR1 deficiency abolished the cerebroprotective effects of
APN/AdipoR signaling.

11

Transmission electron micrographs revealed that mitochondrial
damage was more severe in AdipoR1°%? mice than in AdipoR1flo%/flox
mice after TBI. Since the mitochondria is the main source of cellular ATP
and plays an essential role in cell survival, growth, metabolism, oxida-
tive injury, and apoptosis, mitochondrial dysfunction is a common
feature of many diseases [76-81]. Further, we investigated the potential
mechanisms of APN/AdipoR1 signaling on the mitochondria. Since
SIRT3 is exclusively located in the mitochondria [82], it plays an
important role in regulating mitochondrial functions, metabolism,
antioxidative defense systems as well as energy metabolism [40,41,43,
46]. SIRT3 is primarily expressed in neurons [31,82]. After TBI, we
found suppressed SIRT3 levels, which were restored upon APN/AdipoR1
signaling activation. We postulate that SIRT3 is key in the regulatory
role of APN/AdipoR1 signaling in mitochondrial morphology and
function. The protective effects of AdipoRon on mitochondrial
morphology and function were ameliorated by SIRT3 knockout. Corre-
spondingly, the effects of AdipoRon against oxidative stress and
apoptosis were SIRT3 dependent. Therefore, APN/AdipoR1 signaling
regulates mitochondrial morphology and functions through SIRT3
modulation. Given the important role of APN/AdipoR1 signaling and
SIRT3 in metabolic diseases and other organ diseases, elucidation of this
new mechanism may be generalized to other diseases.

To clarify the antioxidant mechanisms of the APN/SIRT3 signaling
axis, we found that PRDX3, the most abundant and efficient peroxidase
in the mitochondria [35], plays an important role in this process. PRDX3
has a major role in controlling mitochondrial ROS production and
ameliorating oxidative stress [35,83,84]. Acetylation levels of PRDX3
after TBI were markedly increased. Even though APN could not affect
PRDX3 expressions, it significantly suppressed PRDX3 acetylation
levels. This effect is dependent on normal deacetylation functions of
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SIRT3. We also demonstrated that PRDX3 deficiency ameliorated
anti-oxidative stress and anti-apoptosis actions of APN/AdipoR1
signaling. Our findings revealed that deacetylated PRDX3 by SIRT3 is
essential for anti-oxidative stress and anti-apoptosis effects of APN/A-
dipoR1 signaling.

Then, we explored the internal mechanisms through which APN/
AdipoR1 signaling regulates SIRT3. Activation of APN/AdipoR1
signaling significantly improved the transcription levels of SIRT3 after
TBI. We hypothesized that AdipoR1 affects SIRT3 transcriptions. How-
ever, AdipoR1 is a membrane receptor, therefore, how does it regulate
SIRTS3 transcription? The AMPK pathway is the classical downstream of
AdipoR1, which has been demonstrated to promote expressions of PGC-
la, a crucial upstream transcription factor of SIRT3. We postulate that
SIRT3 synthesis is affected by APN/AdipoR1 signaling via the AdipoR1/
AMPK/PGC-1a signaling pathway. This hypothesis was validated via a
series of experiments involving AdipoR1°*° mice and the AMPK inhib-
itor. Transcription and expressions of SIRT3 were found to be regulated
by the AdipoR1/AMPK/PGC-1a signaling pathway.

This study is associated with some limitations. First, we investigated
the protective mechanisms of APN/AdipoR1 signaling against early
brain damage after TBI, however, its role in advanced brain injury re-
mains unclear. Studies should assess the long-term effects of APN/Adi-
poR1 signaling. Second, there is a need to analyze correlations between
plasma APN levels in TBI patients and prognostic outcomes of TBI pa-
tients to substantiate the translational value of AdipoRon, which pro-
vides a basis for future clinical applications of AdipoRon in TBI
treatment.

In conclusion, the APN/AdipoR signaling pathway plays its roles by
activating AdipoR1, which subsequently helps to increase SIRT3
expression and promote the restoration of mitochondrial anti-oxidative
ability. Ultimately, the effects of APN/AdipoR1 signaling in anti-
oxidative stress, anti-apoptosis and preventing TBI are achieved.
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