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Cerebral edema (CE) exerts an important effect on brain injury after traumatic
brain injury (TBI). Upregulation of transient receptor potential melastatin 4
(TRPM4) in vascular endothelial cells (ECs) results in damage to capillaries and
the blood-brain barrier (BBB), which is critical for the development of CE. Many
studies have shown that 9-phenanthrol (9-PH) effectively inhibits TRPM4. The
current study aimed to investigate the effect of 9-PH on reducing CE after TBI. In
this experiment, we observed that 9-PH markedly reduced brain water content,
BBB disruption, proliferation of microglia and astrocytes, neutrophil infiltration,
neuronal apoptosis and neurobehavioral deficits. At the molecular level, 9-PH
significantly inhibited the protein expression of TRPM4 and MMP-9, alleviated the
expression of apoptosis-related molecules and inflammatory cytokines, such as
Bax, TNF-α and IL-6, near injured tissue, and diminished serum SUR1 and
TRPM4 levels. Mechanistically, treatment with 9-PH inhibited activation of the
PI3K/AKT/NF-kB signaling pathway, which was reported to be involved in the
expression of MMP-9. Taken together, the results of this study indicate that 9-PH
effectively reduces CE and alleviates secondary brain injury partly through the
following possiblemechanisms:①9-PH inhibits TRPM4-mediated Na + influx and
reduces cytotoxic CE; ②9-PH hinders the expression and activity of MMP-9 by
inhibiting the TRPM4 channel and decreases disruption of the BBB, thereby
preventing vasogenic cerebral edema. ③9-PH reduces further inflammatory
and apoptotic damage to tissues.
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Introduction

Cerebral edema (CE), characterized by excessive water accumulation in brain cells and
extracellular spaces, is one of the most important secondary pathologies that occurs after
traumatic brain injury (TBI) (Xiong et al., 2013; Jha et al., 2019). To date, the mechanism
underlying CE after TBI is very complex and not fully understood. Typically, inflammatory
reactions, oxidative stress, mitochondrial dysfunction and changes in different ion channels
participate in the progression of CE (Faden, 2002; Jassam et al., 2017; Jha et al., 2019).
Increased brain volume due to oncotic tissue eventually leads to increased intracranial
pressure (ICP) and is even followed by the development of cerebral hernia, which almost
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always causes death in patients in the clinic (Huttner and Schwab,
2009). Most importantly, only passive surgical decompression and
dehydration therapy, which have poor efficacy, can be used to treat
edema, and an efficient and specific strategy is urgently needed
(Adukauskiene et al., 2007; Hackenberg and Unterberg, 2016).

Transient receptor potential melastatin 4 (TRPM4) is a
voltage dependent, non-selective cation channel that is mainly
permeable to Na+, activated by elevated cytosolic Ca2+, and
modulated by ATP; TRPM4 is exceptional in that it is one of only
two known ion channels in the mammalian genome that conduct
monovalent cations exclusively and non-selectively (Vennekens
and Nilius, 2007; Guinamard et al., 2011). TRPM4 is expressed at
low levels and is mainly involved in the regulation of
vasoconstriction and respiratory rhythm; its expression is
restricted to arteries and the brainstem in the central nervous
system (CNS). Under pathological conditions, such as stroke, it is
upregulated and combines with sulfonylurea receptor 1 (SUR1)
to form the SUR1-TRPM4 channel complex (Guinamard et al.,
2011). Previous studies have shown that SUR1-TRPM4 is
overexpressed in all neurovascular unit members (including
neurons, endothelial cells (ECs), astrocytes and microglia) and
first appears in ECs in the early stage of CNS injury (Makar et al.,
2015; King et al., 2018; Chen et al., 2019b; Li et al., 2020). It is well
known that disruption of the blood‒brain barrier (BBB)
dominates the development of vasogenic CE (Chen et al.,
2021). The TRPM4-mediated influx of large amounts of
sodium ions stimulates endothelial cell swelling and death and
thereby triggering the disruption of the BBB. In addition,
although the specific mechanism is unknown, SUR1-TRPM4
has been reported in several studies to be closely related to the
expression of matrix metalloproteinase-9 (MMP-9), which is able
to degrade the BBB (Jiang et al., 2017; Gerzanich et al., 2018).
Interventions that negatively regulate SUR1-TRPM4, including
the SUR1 inhibitor glibenclamide (GLC), siRNA or polyclonal
antibody targeting TRPM4, have exhibited favorable curative
effects in decreasing secondary CE and promoting BBB
integrity and neural function recovery (Jiang et al., 2017;
Gerzanich et al., 2018; Chen et al., 2019a; Chen et al., 2019b;
Chen et al., 2022). These results suggest that SUR1-TRPM4
inhibition has great potential in improving the prognosis of
stroke, TBI and other CNS diseases. At present, GLC is widely
studied as an inhibitor of SUR1-TRPM4. Although many
achievements have been made, the latest clinical research
results demonstrated that GLC at a safe dose could not
significantly improve the prognosis of stroke patients (Sheth
et al., 2016), exemplifying the limitations of GLC treatment
and showing the importance of developing new treatments
that target TRPM4.

As a recently discovered TRPM4 inhibitor, 9-phenanthrol (9-
PH) has greater specificity for TRPM4 than non-steroidal anti-
inflammatory drugs, such as flufenamic acid (FFA), spermine and
quinine (Guinamard et al., 2014). In vitro studies have shown that
9-PH can block 80%–90% of TRPM4 currents in many cells (such
as HEK-293 cells, rat cerebral vascular smooth muscle cells,
monkey colon smooth muscle cells and mouse smooth muscle
cells) (Grand et al., 2008; Amarouch et al., 2013; Guinamard
et al., 2014). Encouragingly, 9-PH was also shown to inhibit
TRPM4 in neurons cultured in vitro (Mrejeru et al., 2011;

Guinamard et al., 2014). However, whether 9-PH can reduce
CE and tissue damage after CNS injury by inhibiting TRPM4 in
vivo is still unknown. Recently, a study reported that 9-PH could
restore cerebral blood flow by inhibiting TRPM4 after
subarachnoid hemorrhage in rats (Gong et al., 2019).
Therefore, based on previous research, we hypothesized that
9-PH might be a potential therapeutic agent in TBI.

In this study, we first applied 9-PH to treat TBI and aimed to
investigate the effect and mechanism of 9-PH on reducing CE
and promoting neural function after TBI. Then, we examined the
neurobehavioral deficits and brain water content, BBB
permeability, TRPM4 expression and MMP-9 activation, and
the inflammatory immune response triggered by tissue damage
and BBB disruption. The results indicated that 9-PH treatment
significantly decreased the expression of TRPM4 and MMP-9
and alleviated the MMP-9-mediated damage to the BBB by
inhibiting the activation of the PI3K/AKT/NF-kB signaling
pathway, thereby reducing tissue edema and improving
neurological deficits after TBI in rats.

Materials and methods

Animal preparation and groups

Adult male Sprague‒Dawley rats weighing 250–300 g were
purchased and raised at the Animal Center of Chongqing
Medical University. All the rats were housed in a controlled
environment (12/12 h light/dark cycle, 22°C–25°C, 55%–65%
humidity) for at least 5 days and allowed to adapt to the
environment; the rats had free access to food and water. The
animals were randomly divided into five groups: the sham-
operated group (sham group), TBI + non-intervention group
(TBI group), TBI + vehicle (DMSO) (vehicle group), TBI + 9-PH
(70 μg/kg) (9-PH group), and TBI + PI3K inhibitor
(LY294002 group). A total of 168 rats were included in this
study, and nine rats were excluded due to death or abnormal
operation during the experiment. All the procedures involving
animals conformed to the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and
were approved by the Institutional Animal Care and Use
Committee of Chongqing Medical University.

Traumatic brain injury rat model induction

The traumatic brain injury (TBI) model was established using
the modified Allen method as previously described (Feeney et al.,
1981). In brief, rats were anesthetized by 2% pentobarbital
sodium (2 mL/kg, i.p.) and fixed in a prone position in a
stereotaxic frame. Lidocaine plus adrenaline (2000:1) was
injected under the scalp to reduce bleeding. A 1 cm midline
incision was made on the skull to separate the skin and fascia.
Then, a craniotomy with a diameter of 4 mm was drilled at 2 mm
to the right and post of the bregma, ensuring the integrity of the
dura mater. A 10 g weight was dropped along the vertical pipe at
20 cm height, hitting the impactor to cause a 1 mm deep
traumatic brain injury. The weight remained on the impactor
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for 60 s, and then, the impactor was removed. The sham-operated
rats underwent the same procedures, but the impact on the cortex
was omitted.

9-Phenanthrol administration

9-Phenanthrol (9-PH) was obtained from Yuanye Bio-
Technology (S7263, Shanghai, China), dissolved in dimethyl
sulfoxide (DMSO) to obtain a 20 mM stock solution, stored in
separate aliquots at −80°C, and then diluted with unbuffered
saline (0.9% NaCl) to 60 μM for research. The concentration of
DMSO was less than 0.5%. 9-PH (70 μg/kg) was
intraperitoneally injected 15 min after the operation once per
day for seven consecutive days. In the TBI + Vehicle group and
sham-operated group, the same solution without 9-PH was
injected in the same way. For the TBI + PI3K inhibitor
group, LY294002 (1 mg/kg per day) was injected i.p. 15 min
after injury. The TBI + non-intervention group received no
injections.

Brain water content

As previously described, cerebral edema was determined by
measuring the brain water content 24 h after TBI via a researcher
who was blinded to group information (Fu et al., 2020). Briefly,
rats were decapitated under deep anesthesia. The brain was
immediately removed, and the injured hemisphere was rapidly
weighed on an electronic analytical balance (FA2204B,
Techcomp, United States) to determine the wet weight (WW)
and then dried at 60°C for 7 days to determine the dry weight
(DW). Brain water content (%) was calculated using the following
formula: brain water content (%) = [(wet weight −dry weight)/
wet weight] × 100%.

Neurobehavioral function test

Neurobehavioral functions were evaluated using the modified
Garcia test and corner turn test at 24 h following TBI by a blinded
investigator as previously described (Altay et al., 2012; Xie et al.,
2017). In the modified Garcia test, six items, including spontaneous
activity, spontaneous movement of all four limbs, forepaw
outstretching, body proprioception, response to vibrissae touch,
and climbing, were measured. Each item was scored as either
0–3 or one to three, and the total scores ranged from 3 to 18. A
higher score indicated better neurological function. In the corner
turn test, the rats were allowed to approach a 30° corner. The rats
exited the corner with either a right turn or a left turn. Fifteen trials
were performed, with at least a 30-s break between the trials. The
percentage of right turns in 15 trials was then calculated.

Enzyme-linked immunosorbent assay

For the quantitative determination of serum protein levels, rats
were sacrificed at the scheduled experimental time points (0 h, 6 h,

12 h, 24 h, 48 h, 72 h, 120 h and 168 h after injury). Then, the
thoracic cavities were dissected and exposed, and 2 mL blood was
collected from the heart into a tube without anticoagulant. The
blood was preserved at 4°C for 1 h and then centrifuged (4°C,
4,000 rpm, 10 min), and the serum was frozen at −80°C.
Commercial rat SUR1 ELISA kits (QZ-22516, JiuBang Biotech,
Fujian, China) and rat TRPM4 ELISA kits (QX- 24726, JiuBang
Biotech, Fujian, China) were used for the test, and the procedure was
carried out according to the instructions. The protein concentration
was measured by a spectrophotometer (Thermo Fisher Scientific,
United States). Three multiple wells were established for each
sample, and the standard curve was drawn according to the OD
value of the standard samples. The average concentration of the
three multiple wells represented the actual concentration of the
sample.

Blood‒Brain barrier permeability

The permeability of the blood‒brain barrier (BBB) was
investigated by Evans blue (E808783, Macklin, China)
extravasation as previously described with some modifications
(Xu et al., 2015). After anesthetizing the rats, 3% Evans Blue
solution (3 mL/kg) was injected into the rats through the femoral
vein and allowed to circulate for 1 h. Then, the rats were
transcardially perfused with cold phosphate-buffered saline
(0.1 M, PBS, pH 7.4) under deep anesthesia until the outflow
became clear and transparent. The brain was collected and
immediately stored at −80°C. Each sample of ipsilateral brain was
weighed and homogenized in PBS (500 μL PBS for every 100 mg
tissue), sonicated, and centrifuged (12,000 g, 4°C, 30 min). The
supernatant was collected, mixed with an equal volume of
trichloroacetic acid (TCA), and then incubated overnight at 4°C.
After centrifugation (12,000 g, 4°C, 30 min), Evans blue staining was
determined at 610 nm with a spectrophotometer (Thermo Fisher
Scientific, United States).

Tissue preparation

Rats were executed under deeply anesthetized at 24 h after
the injury, then precooled PBS (0.1 M, pH 7.4) and 4%
paraformaldehyde was successively perfused via ventricle.
Then the brain was dissected and separated. Tissue blocks
with a diameter of 0.5 cm containing the injury center were
cut, and immersed in 4% paraformaldehyde fixative for 48 h.
Then rinsed in PBS overnight. For frozen sections, rinsed tissue
was placed in 30% sucrose (dissolved in PBS), dehydrated
overnight at 4°C, and then buried in OCT. Blocks were sliced
along the coronal plane on the cryostat (CM 1860; Leica,
Germany) with a thickness of 10 um. The frozen sections
were immediately stored at −20°C. For paraffin sections, after
rinsing, the tissues were dehydrated with ethanol (50%, 75%,
85%, 90%, 95%, absolute) for 20 min per gradient, and then
embedded with paraffin, sliced with a section thickness of 5 um.
For molecular research, the ipsilateral tissues were dissected and
separated after perfusion of precooled PBS, and then preserved
at −80°C.

Frontiers in Pharmacology frontiersin.org03

Ma et al. 10.3389/fphar.2023.1098228

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1098228


Gelatin zymography

Fresh brain tissues were immersed in RIPA lysis buffer (P0013K,
Beyotime, China) at a ratio of 1:4 (w: v) and centrifuged at 4°C
(12,000 rpm, 15 min) after homogenization. The protein
concentration was determined by a BCA concentration
determination kit (P0010, Beyotime, China). The supernatant and
loading buffer (P0016N, Beyotime, China) were mixed at a ratio of 4:
1. A total of 120 μg of total protein was loaded into an 8% SDS‒
PAGE gel containing 10% gelatin. After electrophoresis at 80 V in
ice water for 3 h, each gel was washed in 2.5% Triton X-100 for
30 min 3 times. Then, gels were treated with incubation buffer
(50 mM Tris-HCL, 0.2 M NaCl, 5 mM CaCl2, 1 µM ZnCl2, 0.02%
Brij-35, pH 7.5) for 48 h at 37°C on a shaking table. Gels were stained
with 0.5% Coomassie brilliant blue R250 (ST1123, Beyotime, China)
for 3 h and then dyed with 30%methanol containing 10% acetic acid
until the emergence of an appropriate color discrepancy. The clear
bands on the zymogram represented gelatinase activity.

Western blotting

Western blotting was performed as previously described (Luo et al.,
2020). Separated tissue was immersed in RIPA lysis buffer (P0013B,
Beyotime, China) at 1:7.5 (w: v) to prepare protein extract samples. The
protein concentration was determined with a BCA concentration
determination kit. An equal amount sample per lane was separated
by SDS‒PAGE and transferred to PVDF membranes. The membranes
were incubated with primary antibodies overnight at 4°C. The primary
antibodies were anti-TRPM4 (1:500, PA5-77324, ThermoFisher, USA),
anti-MMP-9 (1:1,000, ab283594, Abcam, United States), anti-ZO-1 (1:
1,000, 21773-1-AP, Proteintech, China), anti-Occludin (1:1,000, 13409-
1-AP, Proteintech, China), anti-Claudin-5 (1:1,000, A10207, Abclonal,
China), anti-Claudin-1 (1:1,000, 13050-1-AP, Proteintech, China), anti-
Bax (1:1,000, 50599-2-Ig, Proteintech, China), anti-Bcl2 (1:1,000,
26593-1-AP, Proteintech, China), anti-GFAP (1:1,000, #80788, CST,
United States), anti-TNF-α (1:1,000, 346,654, Zen-bio, China), anti-IL-6
(1:1,000, A11115, Abclonal, China), anti-p-AKT (1:1,000, #4060, CST,
USA), anti-AKT (1:1,000, #4685, CST, USA), anti-p-PI3K (1:1,000,
#4228, CST, United States), anti-PI3K (1:1,000, #4292, CST,
United States), anti-p-P65 (1:1,000, #3033, CST, USA), anti-P65 (1:
1,000, #8242, CST, United States), anti-β-actin (1:5,000, 66009-1-Ig,
Proteintech, China). Then, the membranes were incubated with a goat
anti-rabbit or goat anti-mouse IgG secondary antibody at room
temperature for 1 h. The ECL Plus chemiluminescence kit
(Amersham Biosciences, Arlington Heights, PA, USA) was used to
detect the bands, which were visualized by the image system (VersaDoc,
4,000 type, Bio Rad, Hercules, CA, USA). The relative density of
proteins was analyzed with ImageJ software (ImageJ, RRID: SCR _
003070).

Immunofluorescence staining

Immunofluorescence staining was performed as previously
described (Chen et al., 2020). In short, the frozen sections were
rewarmed at room temperature. After antigen retrieval in citric acid
antigen repair solution, the sections were incubated at 4°C overnight

with the following primary antibodies: anti-CD31 (1:200, ab222783,
Abcam, USA), anti-IBA-1 (1:400, 019-19741, FUJIFILM Wako
Shibayagi, Japan), anti-CD68 (1:200, 28058-1-AP, Proteintech,
China), anti-GFAP (1:400, #80788, CST, USA), anti-MPO (1:50,
A1374, Abclonal, China), and anti-NeuN (1:200, #94403, CST,
USA). Then, the sections were incubated with the appropriate
fluorescently labeled secondary antibody at room temperature for
1 h. For double staining with TUNEL fluorescence, the procedure
followed the instructions of the CF488 TUNEL Cell Apoptosis
Detection Kit (G1504, Servicebio, Wuhan, China). After
incubation with secondary antibody, the sections were
equilibrated with Equilibrium Buffer for 10 min and then
incubated at 37°C for 1 h with TDT incubation buffer. Finally,
nuclei were stained with DAPI. The sections were observed and
photographed with a fluorescence microscope (U-HGLGPS,
Olympus, Japan). Micrographs were analyzed with ImageJ
software (ImageJ, RRID: SCR _ 003070).

Morphological quantification

Hemorrhage in brain samples was measured by hematoxylin
and eosin (H&E) staining. Three sections of each brain were used for
H&E staining. Hematoxylin staining was performed for 5 min, and
eosin staining was performed for 30 s. After image acquisition,
ImageJ software (ImageJ, RRID: SCR _ 003,070) was used to
analyze the amount and range of bleeding. The average value of
three slices represents the bleeding condition of each tissue.

NISSL staining was used to assess the number of surviving
neurons. After dewaxing, the sections were stained with toluidine
blue dye at 60°C for 1 h and then washed in double distilled water for
5 min 3 times. The average number of surviving neurons in the
sections was calculated to reflect neuronal damage.

Statistical analysis

All the data are expressed as the mean and standard deviation
(mean +SD). GraphPad Prism eight software (GraphPad Prism,
RRID: SCR _ 002,798) was used for all the analyses. The comparison
between two groups (n ≤ 2) was performed by unpaired Student’s
t test. For multiple comparisons (n ≥ 3), data were subjected to one-
way ANOVA to determine the level of statistical significance. A
p-value less than 0.05 was defined as statistically significant.

Results

9-Phenanthrol treatment alleviated brain
water content and neurological deficits

The chemical structure of the specific TRPM4 inhibitor is
shown in Figure 1A. The brain water content of the ipsilateral
hemisphere 24 h after TBI was measured to reflect the degree of
cerebral edema (CE). Undoubtedly, the results showed that rats
who suffered traumatic brain injury had a higher brain water
content than rats who underwent sham operation. However, 9-
PH treatment reduced the degree of edema at 24 h after TBI
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FIGURE 1
Neuroprotective effects of 9-PH on brain injury after TBI. (A) The molecular structure of 9-phenanthrol. (B–D) Brain water content of rat ipsilateral
cerebral hemispheres and neurological deficit analysis of rats 24 h after injury (n = 8). (E) Line chart of the trend of change in serum SUR1 and serum
TRPM4 levels at 0 h, 6 h, 24 h, 48 h, 72 h, 120 h and 168 h after TBI (n = 6 for each point). (F, G) Analysis of SUR1 and TRPM4 levels in the serum of rats in
the vehicle group and 9-PH group 24 h, 72 h and 168 h after TBI (n = 6). *p<0.05, **p<0.01, and ***p<0.001.
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FIGURE 2
Protective effects of 9-PH on capillaries and the blood‒brain barrier. (A) Representative coronal brain specimens (upper) and hematoxylin and eosin
(H&E) staining (bottom) of the bleeding area 24 h after injury. Red patches indicate hemorrhage. Scale bar: 100 μm. (B)Quantitative analysis of bleeding
areas by H&E staining (n = 3). (C, D) Representative immunofluorescence images and quantitative analysis of capillaries (CD31) in the surrounding tissues
24 h after TBI (n = 3). Scale bar: 50 μm. (E, F) Evans blue extravasation of the ipsilateral brain was measured 24 h after TBI (n = 3). (G, H) Western
blotting and quantitative analysis of the expression of the blood‒brain barrier tight junction proteins ZO-1, Occludin and Claudin-5 at 24 h after TBI in
peripheral tissues (n = 5). (I, J)Western blotting and quantitative analysis of the expression of Claudin-1 24 h after TBI in peripheral tissues (n = 5). *p<0.05,
**p<0.01, and ***p<0.001.
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FIGURE 3
9-PH reduces cell apoptosis and promotes neuronal survival after TBI. (A) Images of TUNEL (green) and NeuN (red) double immunostaining 24 h
after TBI. DAPI (blue) represents nuclei, and yellow arrows indicate apoptotic neurons in MERGE images. Scale bar: 50 μm. (B, C)Quantitative analysis of
the apoptotic neuron/neuron ratio and apoptotic cell counts (n = 3). (D, E) Protein expression determination and quantitative analysis of Bcl2 and Bax in
surrounding tissue at 24 h after TBI (n = 5). (F, G) Representative NISSL staining images and quantitative analysis of surviving neurons at 24 h after
injury (n = 3). Scale bar: 20 μm *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 4
Inhibitory effect of 9-PH on the inflammatory response after TBI. (A, B)Representative immunofluorescence images and quantitative analysis of IBA-
1- andCD68-positive cells in surrounding tissue at 24 h after TBI (n= 3). Nuclei are stainedwith DAPI (blue). Scale bars: 50 μm. (C, D)Western blotting and
quantitative analysis of GFAP expression in surrounding tissue 24 h after TBI (n = 5). (E, F) Images of GFAP immunostaining and quantitative analysis of
GFAP-positive astrocytes (n = 3). DAPI (blue) was used to label nuclei. Scale bar: 50 μm. (G, H) Immunofluorescence staining with MPO and
quantitative analysis of infiltrated neutrophils (MPOpositive) in surrounding tissue at 24 h after TBI (n= 3). DAPI (blue) represents nuclei. Scale bars: 50 μm.
(I, J) Western blotting and quantitative analysis of TNF-α and IL-6 in surrounding tissue 24 h after TBI (n = 5). *p<0.05, **p<0.01, and ***p<0.001.
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FIGURE 5
9-PH inhibits the expression of TRPM4 andMMP-9 expression after TBI. (A–C) Representative protein expression results and densitometric analysis
of TRPM4 and MMP-9 in the surrounding tissue 24 h after TBI (n = 5). (D, E) Gelatin zymography and densitometric analysis of zymography in the
surrounding tissue 24 h after TBI (n = 3). (F–I) Quantitative determination of protein and ratio analysis of phosphorylated-PI3K/PI3K, phosphorylated-
AKT/AKT, and phosphorylated-P65/P65 24 h after TBI (n = 5). (J, K) Western blotting and densitometric analysis of MMP-9 expression in the
LY294002 group and Vehicle group 24 h after TBI (n = 6). *p<0.05, **p<0.01, and ***p<0.001.
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compared with vehicle treatment (Figure 1B). Correspondingly,
the behavior assessment results in Figures 1C, D show that rats
exhibited fewer functional deficits in the TBI+9-PH group than
in the TBI + vehicle group when assessed by the modified Garcia
test and the turning test. Thus, our findings indicated that 9-PH
has the potential to alleviate CE after TBI.

9-Phenanthrol decreased rat serum
SUR1 and TRPM4 levels after TBI

Previous studies have reported that proteins in brain tissue
could be secreted into blood through the disrupted blood‒brain
barrier (BBB) (Jha et al., 2017; Dundar et al., 2020). Therefore,
in this experiment, rat serum SUR1 and TRPM4 levels were
measured using ELISA 0 h, 6 h, 24 h, 48 h, 72 h, 120 h and 168 h
after injury, and a diagram of the trends of change in the serum
SUR1 and TRPM4 levels was drawn. As shown in Figure 1E, the
concentrations of serum SUR1 and TRPM4 only slightly
increased within 24 h after injury, but both of them
significantly increased and peaked at Day 2 and Day 3 and
then gradually decreased to the baseline level (0 h after injury)
until the 7th day in the rats in the TBI + non-intervention
group. Subsequently, the serum SUR1 and TRPM4 levels of the
vehicle-treated and 9-PH-treated rats were determined on the
1st, 3rd and 7th days after injury to clarify whether 9-PH
treatment has an effect on serum SUR1 and TRPM4 levels.
As shown in Figures 1F, G, after treatment with 9-PH, the rats
had lower serum SUR1 and serum TRPM4 levels than the rats
treated with vehicle on the 3rd day after injury, but there was no
obvious significant difference in the two indices between the two
groups on the 1st day and 7th day after TBI. In summary, our
results indicate that serum SUR1 and TRPM4 levels were
increased and reached a single peak after TBI, and 9-ph
treatment had a significant effect on reducing the peak of
serum SUR1 and TRPM4 levels.

9-Phenanthrol attenuated hemorrhage and
the fragmentation of capillaries

At 24 h after TBI, the injury size was significantly smaller in
rats in the 9-PH group than in those in the vehicle group. Then,
H&E staining was performed to assess the amount of
hemorrhage. The results showed that the degree of bleeding
was also significantly different between the 9-PH group and
Vehicle group. The bleeding area of the brains in the 9-PH-
treated group was smaller than that in the vehicle-treated group
(Figures 2A, B). Additionally, we analyzed capillaries near the
injury center, and the CD31 immunostaining results showed
that there were many broken fragments of capillaries around the
injury centers in the vehicle group, whereas 9-PH treatment
significantly increased the capillary length and reduced
capillary fragmentation (Figures 2C, D), which, to some
extent, explains why 9-PH could reduce hemorrhage after TBI.

9-Phenanthrol protected the integrity of the
blood‒brain barrier

The blood‒brain barrier consists of endothelial cells with
tight junctions, a basement membrane and astrocyte foot
processes. The above results indicate the protective effect of
9-PH on capillaries. Next, we further assessed the effects of 9-
PH on blood‒brain barrier protection by Evans blue
permeability assessment and molecular analysis of tight
junctions of the blood‒brain barrier. The extravasation of
Evans Blue in rats that underwent 9-PH treatment was
remarkably lower than that of rats in the vehicle group 24 h
after TBI (Figures 2E, F). As the Western blotting results
showed, the expression of the tight junction proteins Zo-1,
Occludin and Claudin-5 was also significantly reduced in
tissues at 24 h after TBI. As expected, 9-PH treatment
significantly reduced the loss of Zo-1, Occludin and Claudin5
(Figures 2G, H). To verify whether 9-PH has positive effects on
promoting BBB repair, we quantified the expression of Claudin-
1, which is considered a marker for acute repair of the BBB
(Chen et al., 2019b). Consistent with previous studies, there was
almost no expression of Claudin1 in the Sham group and only
slight expression of Claudin1 in the vehicle group. Similar to our
hypothesis, Claudin-1 expression was significantly upregulated
in the 9-PH treatment group (Figures 2I, J). These results
demonstrate that 9-PH plays a protective role in BBB
integrity partly by inhibiting the loss of tight junction
proteins and promoting Claudin-1 upregulation after brain
injury.

9-Phenanthrol inhibited apoptosis and
promoted neuronal survival after TBI

The imbalance of intracellular and extracellular ions and
blood leakage caused by the destruction of the BBB are related
to neuronal death (Jha et al., 2019). Double immunofluorescence
of NeuN-labeled neurons and TUNEL-stained apoptotic cells
was performed to detect neuronal apoptosis, and the percentage
of TUNEL-positive neurons to total neurons in the 9-PH group
was lower than that in the vehicle group at 24 h after TBI. In
addition, the number of TUNEL-positive cells was also decreased
in the 9-PH-treated group (Figures 3A–C). Next, we measured
the expression f apoptosis-related proteins (Bax and Bcl2) in
tissues around the injury 24 h after TBI. Encouragingly, 9-PH
reduced the expression of the apoptosis-promoting factor Bax
and increased the expression of the apoptosis-inhibiting factor
Bcl-2 24 h after TBI (Figures 3D, E). As represented in Figure 3F,
neurons in the 9-PH group exhibited clearer cell contours and
deeper staining, which indicated less damage according to the
Nissl staining of tissues near the injury center 24 h after TBI.
Quantitative analysis further demonstrated that the number of
surviving neurons was significantly higher in rats that underwent
9-PH treatment after TBI than in rats that underwent vehicle
treatment (Figure 3G).
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9-Phenanthrol reduced the proliferation of
microglia and suppressed astrogliosis

Microglia are important immune cells in the central nervous system.
A previous study reported that the activation and proliferation of
microglia is related to BBB destruction and neuronal loss (Liao et al.,
2020; Chen et al., 2022; He et al., 2022). Twenty-4 hours after injury,
immunofluorescence staining for IBA-1 showed that 9-PH treatment
reduced the number of IBA-1-positivemicroglia. Notably, there appeared
to be fewer amoeboid microglia with larger bodies and fewer branches,
which are considered activated microglia, in the 9-PH group. CD68,
which is mainly expressed in activated microglia/macrophages but not
resting microglia, was also sequentially labeled by immunostaining. As
the results show, there were fewer CD68-positive cells in the 9-PH group
than in the vehicle group (Figures 4A, B). Increased expression of glial
fibrillary acidic protein (GFAP) is the basis of activation and proliferation
of astrocytes, which is often considered a unique response of the central
nervous system (CNS) to many injuries. We then sought to determine
whether astrogliosis was reduced following inhibition of microglial
activation with 9-PH. Quantitative analysis of protein showed that 9-
PH also reduced the expression of GFAP 24 h after TBI (Figures 4C, D).
Further immunofluorescence analysis of GFAP showed that the number
of GFAP-positive astrocytes increased 24 h after TBI in the 9-PH group
compared to the vehicle group (Figures 4E, F). These results indicated
that 9-PH may also inhibit the proliferation of activated microglia and
astrocytes to reduce secondary injury after TBI.

9-Phenanthrol alleviated neutrophil
infiltration and inflammatory factor release

Because of the existence of the blood‒brain barrier, the brain is
protected from damage to immune cells and inflammatory factors
originating from the peripheral blood. After CNS injury,
inflammation can aggravate the destruction of the blood‒brain barrier
(Yang et al., 2019), and peripheral immune cells can enter brain tissue
through the disrupted BBB to regulate the inflammatory reaction.
Therefore, in this experiment, we analyzed neutrophil infiltration in
the brain. Immunostaining for MPO was used to label neutrophils 24 h
after TBI. As shown in Figures 4G, H, a large number of MPO-positive
neutrophils infiltrated into the brain tissue of rats in the vehicle group
after injury, and this infiltration of neutrophils was inhibited by treatment
with 9-PH (Figures 4G, H). Since TNF-α and IL-6 are two critical
proinflammatory factors secreted by resident microglia and peripheral
neutrophils that migrate to the site of injury after TBI (Chen et al., 2018),
we chose TNF-α and IL-6 as the representative markers of inflammation
and used Western blotting to measure their expression. The results
showed that 9-PH treatment also reduced the expression of the
inflammatory mediators TNF-α and IL-6 in brain tissue at 24 h after
TBI (Figures 4I, J).

9-Phenanthrol inhibited the overexpression
of TRPM4 and MMP-9

Because TRMP4 is the target of 9-PH, the levels of TRPM4 were
tested to determine whether 9-PH affects the expression of TRPM4.
The results showed that the expression of TRPM4 in the Vehicle

group was significantly higher than that in the Sham group, and 9-
PH treatment also significantly reduced the protein levels of
TRPM4 in surrounding tissues at 24 h after TBI (Figures 5A, B).
This result suggests that in addition to inhibiting the function of
TRPM4, 9-PH treatment may also inhibit the expression of TRPM4.
MMP-9 has been proven to have strong activity in degrading tight
junction proteins of the BBB (Chaturvedi and Kaczmarek, 2014).
The results showed almost no expression of MMP-9 in the Sham
group. At 24 h after injury, the expression level of MMP-9 in the
Vehicle group increased dramatically, and 9-PH treatment
significantly reduced the expression of MMP-9 (Figures 5A, C).
Moreover, through the gelatin zymogram results, we found that the
enzyme activity of MMP-9 in the 9-PH treatment group was
significantly lower than that in the Vehicle group 24 h after
injury (Figures 5D, E).

9-Phenanthrol downregulated the
expression of MMP-9 by inhibiting the PI3K/
AKT/NF-kB signaling pathway

Previous studies have shown that activation of the PI3K/AKT/NF-
kB signaling pathway participates in promoting MMP-9 expression in
many tissues (Dilly et al., 2013; Ha et al., 2019; Qin et al., 2019). To
explore the mechanism by which 9-PH inhibits the upregulation of
MMP-9 after TBI, wemeasured the activation of this pathway.Western
blotting results showed increased expression of phosphorylated PI3K-
p85, phosphorylated AKT-p55 and phosphorylated NF-kB-p65 in
brain tissue at 24 h after injury compared with the Sham group,
while the total expression of PI3K-p85, AKT-p55 and NF-kB-
p65 remains unchanged. After 9-PH treatment, the expression of
phosphorylated PI3K-p85, phosphorylated AKT-p55 and
phosphorylated NF-kB-p65 and the ratios of p-PI3K-p85/PI3K-p85,
p-AKT-p55/AKT-p55 and p-NF-kB-p65/NF-kB-p65 were all
decreased (Figures 5F–I). The results showed that the PI3K/AKT/
NF-kB signaling pathway was activated after TBI and 9-PH could
block this signaling pathway by inhibiting the phosphorylation of PI3K,
AKT and NF-kB. Furthermore, we used the PI3K-specific inhibitor
LY294002 to interfere with this pathway to determine whether this
pathway is related to the expression of MMP-9. As a result, blocking of
this pathway by LY294002 significantly reduced the expression of
MMP-9 at 24 h after TBI (Figures 5J, K). Based on these results, we
consider that 9-PH inhibits the expression of MMP-9 at least partially
by blocking the activation of the PI3K/AKT/NF-kB signaling pathway
after TBI.

Discussion

At present, there is a consensus that cerebral edema (CE) caused
by the disruption of endothelial cells (ECs) and the blood‒brain
barrier (BBB) is an important basic pathological process of
secondary brain injury and induces poor prognosis. Here, we
established a rat TBI model to study the effects of 9-PH on
alleviating CE. The results of this study showed that 9-PH
treatment can significantly reduce brain water content and
promote neurological deficits after TBI. 9-PH significantly
reduced the fragmentation of capillaries and disruption of the
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BBB around the injured tissues and reduced Evans blue
extravasation. In addition, our results indicate that 9-PH may
inhibit the expression of MMP-9 by inhibiting the activation of
the PI3K/AKT/NF-kB pathway, which implies that TRPM4 may
activate this pathway to directly promote MMP-9 expression
after TBI.

CE is mainly divided into two categories: cytotoxic edema and
vasogenic edema (Klatzo, 1967). Opening of the TRPM4 channel on
the cell membrane mediates the influx of sodium ions, which is
accompanied by a large amount of water entering the cell via
aquaporin 4 (AQP4), leading to cell swelling and disrupted
energy metabolism, and producing many toxic substances, and
eventually leading to the death of microvascular unit cells,
including ECs; this is currently considered the main mechanism
underlying TRPM4-mediated edema formation (Stokum et al.,
2018). Consistent with the previous experimental results of
SUR1-TRPM4 inhibition, our studies demonstrate that 9-PH
significantly reduced CE and neurological impairment in rats
after TBI (Jiang et al., 2017; Chen et al., 2019b). In our
experiment, 9-PH treatment significantly inhibited the
upregulation of TRPM4. However, there is no research evidence
suggesting that 9-PH directly inhibits the expression of TRPM4. We
speculate that one of the reasons is that CE inhibition by 9-PH
alleviates various secondary injuries mediated by TRPM4 and then
weakens the stimulation of TRPM4 expression. Similar results were
also observed in an experiment in which spinal cord injury (SCI) was
treated with FFA. The anti-inflammatory effect and partial
inhibitory effect of FFA on TRPM4 also attenuated the de novo
expression of TRPM4 induced by SCI (Chen et al., 2022). The
specific reasons for this amazing phenomenon need to be further
elucidated.

The blood‒brain barrier plays an important role in maintaining
the function of the central nervous system (CNS). Damage to BBB
integrity can cause macromolecules to leak from the blood into the
extracellular space of the brain, which eventually results in
processive water accumulation and vascular edema. Our research
has shown that 9-PH can reduce Evans blue extravasation,
indicating that BBB integrity has been improved. 9-PH can
inhibit the loss of tight junction proteins (Zo-1, Occludin,
Claudin-5), and9-PH treatment promotes the expression of
Claudin-1, which is considered to play an important role in the
repair of the BBB in the acute stage after injury (Chen et al., 2019b).
This shows that 9-PH also has effects on the acute repair of the BBB.
Moreover, our immunofluorescence results show that 9-PH is also of
great significance in reducing endothelial cell damage and reducing
vascular fragmentation, which can decrease hemorrhage and thus
alleviate edema and secondary injuries (Griffiths et al., 1978; Simard
et al., 2007). All these results show the benefits of 9-PH in inhibiting
vasogenic CE. Additionally, 9-PH also promotes neuronal survival
and inhibits neuronal apoptosis after TBI.

A main reason that 9-PH reduces BBB damage is that 9-PH can
inhibit the upregulation and enzymatic activity of MMP-9. MMP-9
is a member of the metalloproteinase (MMP) family and is involved
in the secondary injury process after CNS injury (Chaturvedi and
Kaczmarek, 2014). It can degrade tight junction proteins and the
basement membrane of the BBB and destroy the integrity of the
blood‒brain barrier structure (Turner and Sharp, 2016). Increasing
evidence indicates that TRPM4 may participate in the expression of

MMP-9 to accelerate the development of angiogenic edema (Lee
et al., 2014; Jiang et al., 2017; Gerzanich et al., 2018). We found that
9-PH significantly inhibited the activation of the PI3K/AKT/NF-kB
signaling pathway, which has been reported to be involved in the
expression of MMP-9 in many diseases (Dilly et al., 2013; Qin et al.,
2019; Peng et al., 2020). Later, after targeting this pathway with the
PI3K inhibitor LY294002, we found that inhibition of this pathway
significantly reduced the expression of MMP-9. Therefore, we
believe that TRPM4 may promote the regulation of MMP-9
secretion through the PI3K/AKT/NF-kB signaling pathway,
thereby further aggravating BBB damage, and that 9-PH can
block this process. Interestingly, a previous study reported that
the intervention of SUR1-TRPM4 with GLC did not improve CE
after collagenase-induced intracerebral hemorrhage (Wilkinson
et al., 2019; Kung et al., 2021). Our explanation for this result is
that the destruction of the BBB is comediated by MMP-9 and
collagenase in the acute phase (within the first 24 h) of
collagenase-induced intracerebral hemorrhage in rats. Although
GLC can reduce the expression and activity of MMP-9 by
inhibiting the SUR1-TRPM4 complex, it cannot inhibit the
destruction of the BBB induced by collagenase. These results
suggest that angiogenic CE plays a very important role in SUR1-
TRPM4-mediated CE. Another implication is that GLC may be
insufficient in inhibiting the expression and activity of MMP-9.

Several clinical studies suggest that serum SUR1 and
TRPM4 concentrations change with disease progression after
CNS injury because of disruption of the BBB, suggesting that
serum SUR1 and serum TRPM4 levels may have the potential to
be new markers of CNS injury to reflect disease progression (Jha
et al., 2017; Dundar et al., 2020; Zhuge et al., 2022). In this study, we
found that the serum SUR1 and TRPM4 concentrations showed a
single peak change in the acute phase in rats after TBI. Interestingly,
9-PH treatment can significantly reduce these peak levels in rat
serum, which further enhances the potential of serum SUR1 and
TRPM4 to be biomarkers in CNS diseases.

Our work also shows the effects of 9-PH on inhibiting the
inflammatory response. Microglia are the most important
inflammatory cells in the CNS. Activated microglia can also
damage normal cells and release more signals to expand the
inflammatory response while participating in the immune
response. In addition, activated microglia also participate in the
activation of astrocytes, which can further increase tissue damage
(Popovich et al., 1997; Emmetsberger and Tsirka, 2012). Some new
research results have shown that SUR1-TRPM4 may not participate
in inflammatory reactions by reducing tissue swelling. For example,
inhibiting SUR1-TRPM4 can reduce the release of inflammatory
mediators in tissue without obvious edema. Furthermore, SUR1-
TRPM4 was proven to promote the activation of NLRP3 and
TLR4 in microglia (Makar et al., 2015; Kurland et al., 2016; He
et al., 2022). After 9-PH treatment, the number of activated
microglia/macrophages and astrocytes and the number of
infiltrating neutrophils in the brain tissue of rats all significantly
decreased, and the inflammatory mediators TNF-α and IL-6 were
expressed at lower levels. Neutrophil infiltration may be related to
the integrity of the BBB (Taoka et al., 1997; Saiwai et al., 2010). This
is a benign cycle: the reduction in inflammatory reactions reduces
the destruction of the BBB, and a less injured BBB can reduce the
toxic effects of substances from the blood on brain tissue.
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To date, GLC and the monoclonal antibody M4P are the most
widely studied drugs that target SUR1-TRPM4 for the treatment of
CE. Although recent achievements are encouraging, studies on
SUR1 or TRPM4 still have the following problems: ① The time
window for treatment is limited, and only the treatments for early
CE has been studied. ② The inhibition of Na + influx by GLC only
promotes the redistribution of water in brain tissue, but the
reduction of CE and intracranial hypertension is limited. ③

Inhibition of GLC to SUR1-TRPM4 channel depends on the
coexpression of SUR1 and TRPM4 in a certain ratio, and GLC
has no or limited effect on those TRPM4 channels which do not
assemble with SUR1.④ The routine dose of GLC is low, so the signs
of CE remission are not obvious, while a high dose leads to
continuous hypoglycemia, which has potential risks. ⑤

Monoclonal antibodies targeting TRPM4 have difficulty
penetrating the BBB due to their large molecular weight, and
their clinical application is limited by immunogenic factors. ⑥
The inhibition of MMP-9 secretion by GLC is not sufficiently
effective. Therefore, it is still a challenge to further clarify the
mechanisms underlying these events and develop effective
blockers that target TRPM4.

Based on the results of this study, 9-PH has significant advantages
in exerting neuroprotective effects after experimental TBI. On the one
hand, 9-PH reduces cytotoxic edema by inhibiting the expression and
function of TRPM4; on the other hand, it reduces the destruction of the
BBB and vasogenic edema by reducing the expression and activity of
MMP-9 and promoting the expression of Claudin-1. Compared with
GLC, 9-PH is more specific in inhibiting TRPM4 and does not depend
on the coassembly of SUR1-TRPM4. Moreover, 9-PH is more effective
in inhibiting the activity of MMP-9, and it can restore decreased
cerebral blood flow after injury (Gong et al., 2019). In general, we
think 9-PH has the potential to be a new CE treatment and has
important value in treating CE alone or together with GLC in some
specific situations (such as patients with hypoglycemia). In view of its
smaller molecular weight, 9-PH may easily cross the blood‒brain
barrier where tight junctions have not been completely disrupted,
further effectively enhancing cell survival and even preventing
expansion of injured areas; thus, it is more suitable for early
treatment or prevention of progressive diseases or minor injuries.
Since this study only discussed the effects of 9-PH in the acute
phase and did not directly compare the effects of 9-PH and GLC,
more studies are needed to explore the effects of 9-PH. Moreover, the
concentrations of serum SUR1 and TRPM4 can reflect the course of
TBI in rats, so they may have value for disease prediction and can be
considered potential biological markers.
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