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Minocycline attenuates neuronal apoptosis and
improves motor function after traumatic brain
injury in rats
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Abstract: Minocycline is a type of tetracycline antibiotic with broad-spectrum antibacterial activity that has been
demonstrated to protect the brain against a series of central nervous system diseases. However, the precise
mechanisms of these neuroprotective actions remain unknown. In the present study, we found that minocycline
treatment significantly reduced HT22 cell apoptosis in a mechanical cell injury model. In addition, terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining confirmed the neuroprotective effects of
minocycline in vivo through the inhibition of apoptosis in a rat model of controlled cortical impact (CCI) brain injury.
The western blotting analysis revealed that minocycline treatment significantly downregulated the pro-apoptotic
proteins BAX and cleaved caspase-3 and upregulated the anti-apoptotic protein BCL-2. Furthermore, the beam-
walking test showed that the administration of minocycline ameliorated traumatic brain injury (TBI)-induced deficits
in motor function. Taken together, these findings suggested that minocycline attenuated neuronal apoptosis and

improved motor function following TBI.

Key words: apoptosis, minocycline, motor function, traumatic brain injury (TBI)

Introduction

Traumatic brain injury (TBI) is a major cause of in-
jury and death worldwide and represents a huge burden
for society and the families of affected individuals [1,
2]. Thus TBI has become a serious public health prob-
lem. The biological mechanisms underlying TBI are
complicated. When TBI occurs, the brain experiences
two waves of injury in succession: the primary injury,
caused by mechanical damage, and the secondary injury,
which includes a complex cascade of pathophysiological
processes, resulting in cell death, inflammation, oxida-
tive stress, edema, blood—brain barrier disruption, endo-

plasmic reticulum stress, and immune responses[3, 4].
However, no effective pharmaceutical intervention cur-
rently exists to treat this type of trauma. Therefore, the
exploration of novel pharmacotherapies that can effec-
tively treat TBI patients and improve long-term out-
comes remains necessary.

Increasing studies have confirmed that apoptosis plays
an important role in the pathophysiological processes
associated with TBI; therefore, the inhibition of apopto-
sis may represent a novel therapeutic strategy for TBI.
Brain damage was significantly attenuated in a rodent
model of controlled cortical impact (CCI) after treatment
with an apoptosis inhibitor (z-DEVD-fmk) and following
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the overexpression of the anti-apoptotic protein Bcl-2
[5]. Similarly, pretreatment with a caspase-3 inhibitor
not only reduced neurological deficits but also attenu-
ated tissue damage following fluid percussion injury
(FPI) in rats [6]. A previous study, using a rat TBI mod-
el, showed that activated caspase3 was significantly
upregulated after TBI, indicating the occurrence of apop-
tosis. Furthermore, following traumatic injury, mild
hypothermia has been shown to inhibit apoptosis and
attenuate cell death within the hippocampus [7]. These
results have supported the potential of exploring new
drugs for TBI treatment that can effectively reduce apop-
tosis and are able to permeate the blood—brain barrier.

Minocycline is a type of tetracycline antibiotic with
broad-spectrum antibacterial activity. Minocycline is
highly fat-soluble and is capable of penetrating the
blood—brain barrier. In addition to antibacterial activity,
experimental studies have revealed that minocycline can
protect the brain from a variety of central nervous system
diseases [8—13]. Recently, it is reported that minocycline
treatment was reported to significantly reduced intracra-
nial hemorrhage (ICH)-induced perihematomal iron
deposition. Further more, minocycline treatment also
attenuated brain swelling, neuroinflammation, and neu-
ronal loss and promoted the recovery of neurological
function. In terms of mechanism, mechanistically, mi-
nocycline may act as an iron chelator of iron as well as
anand an inhibitor of neuroinflammation [9]. Interest-
ingly, minocycline also plays a similar role in TBI [14].
During the process of cerebral ischemia/reperfusion
(I/R), minocycline treatment prevented pyramidal cell
death and microglial activation in the hippocampus of a
rat I/R model, in addition to reducing the levels of malo-
naldehyde (MDA) and pro-inflammatory cytokines [15].
As for apoptotic process, minocycline has been reported
to regulate the balance between the pro-apoptotic and
anti-apoptotic proteins. It induces the up-regulation of
anti-apoptotic Bel-2 and Bel-x1, and decreases the ex-
pression of the pro-apoptotic proteins Bax, Bak, Bid,
P53, Caspases, Apaf-1 and Fas[16].

However, the role played by minocycline in apoptosis
following TBI remains unclear. In the present study, we
attempted to determine the effectiveness of minocycline
treatment for the inhibition of apoptosis following TBI,
using flow cytometry and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining,
and examined changes in molecular biomarkers after
TBI. Furthermore, we tested the therapeutic efficacy of
minocycline for improving cognitive function in a rat
model of TBI. The results from the present study will
bring hope for the treatment of TBI.

doi: 10.1538/expanim.21-0028

Materials and Methods

Mechanical cell injury

HT22 cells were purchased from American Type Cul-
ture Collection (ATCC) and cultured with Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco Lab., Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS), 100 xg/ml streptomycin and penicillin. A
mechanical cell injury model was prepared as previ-
ously described, with slight modifications [17, 18].
Briefly, HT22 cells were plated on BioFlex six-well
culture plates containing collagen-coated Silastic mem-
branes (Flexcell International Corp., Hillsborough, NC,
USA). After the HT22 cells reached confluence, a stretch
injury was applied using a Cell Injury Controller Ila
system (Virginia Commonwealth University), with a 50
ms burst of nitrogen gas, resulting in the HT22 cells
being injured with 7.5-mm deformation. Following in-
jury, the cells were incubated for 24 h. For the minocy-
cline group, the cells were treated with 4 4M minocy-
cline 30 min after the injury. The dose was decided as
previously reported [19].

Flow cytometry

HT22 cells were cultured in an incubator for 24 h
following mechanical injury. The cells were digested
using 0.25% trypsin without ethylenediaminetetraacetic
acid (EDTA), washed twice with cold phosphate-buft-
ered saline PBS, and resuspended in binding buffer. Next,
100 uL of the cell suspension was combined with a 5 uLL
mixture containing annexin V, Alexa Fluor 488, and
propidium iodide (PI; Component B) in a 1.5-ml centri-
fuge tube. After the solution was mixed evenly, the mix-
ture was incubated for 10 min at room temperature in
the dark, followed by the addition of 400 xL binding
buffer to each tube. Apoptotic cells were calculated using
flow cytometry. Flow cytometry was performed using
an Accuri C6 flow cytometer (BD Biosciences, San Jose,
CA, USA).

Animals

The animal procedures of this study were approved
by the Animal Care and Experiment Committee of
Shanghai Health Medical College (No. 201701). Male
Sprague Dawley rats (250-300 g), 6—8 weeks old, breed-
ing by Shanghai SLAC Laboratory Animal Corporation
(Shanghai, China), were housed for one week before
surgery in a animal device with temperature- (22-25°C)
and humidity-controlled (50% relative). All rats were
specific pathogen free. All animals were free to eat and
drink except for eight hours before surgery.
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CCIl model and drug administration

In the present study, moderate CCI models of TBI
were generated, as previously described, with slight
modifications [20]. In brief, the rats were intraperitone-
ally (i.p.) anesthetized with 0.4% sodium pentobarbital
(P3761, Sigma, St. Louis, MO, USA), at a dose of 50
mg/kg body weight, and then fixed in a stereotaxic frame
(Stoelting, Varese, Italy). A midline scalp incision was
made using a scalpel, and a round craniotomy (6-mm
diameter, centered 2.8 mm posterior to bregma and 3
mm from midline) was made on the left side of the mid-
line. The bone was gently removed, taking care to avoid
damaging the dura mater. Before impact, a 5.0-mm
rounded tip was connected to an motor unit device (Pin-
Point™ PCI3000 Precision Cortical Impactor™, Hat-
teras Instruments, Cary, NC, USA). To ensure the tip
was perpendicular to the dura, and the angle relative to
the vertical plane was usually adjusted at 10° to 15°. The
rats were then underwent to a moderate cortical injury
through a single contusion to the dura (deformation
depth: 2.0 mm, piston velocity: 3.0 m/s, dwell time: 180
ms). In the sham group, the rats experienced identical
procedure, except for the contusion injury. In the TBI +
Vehicle group, the rats received an i.p. saline injection
followed by CCI treatment, whereas the rats in the TBI
+ MINO group received a CCI treatment and an i.p.
injection of 40 mg/kg bodyweight of minocycline. The
dose was decided as previously reported [14]. The injec-
tion of minocycline (Sigma) carried out on day 0 after
CCI (2 h post-injury), and on days 1, 2 post-TBI on
day- time.

Slice preparation

Rats were perfused transcardially with 0.9% saline
(4°C) and 4% paraformaldehyde (4°C), in succession,
after being anesthetized with sodium pentobarbital (70
mg/kg body weight, i.p.) 3 days post-injury. The brains
were removed and immersed in 4% paraformaldehyde
at 4°C. Eight hours later, the brains were covered by 20%
and 30% sucrose solutions respectly untill the brains
sank to the bottom. The samples were then embedding,
cut into slices and stored at —80°C until use.

TUNEL staining

TUNEL staining was performed using a commercial
kit (Roche Molecular Biochemicals, Mannheim, Ger-
many). Briefly, slides were incubated in the indicated
reaction mixture in the dark for 60 min at 37°C. Nuclei
were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) (Beyotime, Jiangsu, China). A fluorescent mi-
croscope (20x objective, Nikon 90i, Tokyo, Japan) was
used to perform image capture.

Western blotting

Rats were sacrificed at 3 days postinjury, and tissue
samples of the injury cortex were dissected for protein
extraction. Protein were sepertated by 12% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis and
then transferred to polyvinylidene difluoride made mem-
branes (Millipore, Merck KGaA, Darmstadt, Germany).
Membranes were blocked for 2 h at room temperature
using 5% non-fat milk powder and then immersed in
primary antibodies at 4°C for at least 12 h. After that,
they were incubated with corresponding secondary an-
tibodies. The blots were detected using an enhanced
chemiluminescence (ECL) substrate (Pierce, Rockford,
IL, USA). Band densities were quantified by NIH ImageJ
software (Bethesda, MD, USA), and the densities were
normalized against that for f-actin. The primary antibod-
ies used in this study were as follows: monoclonal rabbit
anti-Bax (1:2,000, ab32503, Abcam, Cambridge, UK);
polyclonal rabbit anti-Bcl-2 (1:2,000, ab194583, Ab-
cam); monoclonal rabbit anti-cleaved caspase-3 (1:5,000,
ab214430, Abcam); monoclonal rabbit anti-caspase-3
(1:3,000, ab184787, Abcam) and monoclonal rabbit anti-
B-actin (1:2,000, #4970, Cell Signaling Technology,
Beverly, MA, USA).

Beam-walking test

The rat motor function was evaluated by the beam-
walking test, as described previously [21]. The beam-
walking test was performed on day 0 presurgery, and on
days 1, 2, 3,7, 14, 21, and 28 post-TBI.

Statistical analysis

Data are presented as the mean + SD. Statistical
analyses were performed using SPSS 16.0. Comparisons
among multiple groups were analyzed using one-way
analysis of variance (ANOVA). Tukey’s post hoc test or
Dunnett’s post hoc test was used to determine specific
differences between groups. Significance was defined as
P values less than 0.05.

Minocycline attenuates neuronal apoptosis induced
by stretch injury in HT22 cells

Flow cytometry was used to assess the level of apop-
tosis among HT22 cells. Cell apoptosis was determined
according to the quantity of annexin V-positive cells
detected during flow cytometry-based assays. In the pres-
ent study, 100 #M minocycline treatment significantly
reduced the numbers of early-stage apoptotic cells, as
determined by the detection of annexin V-positive/ PI-
negtive cells by flow cytometry. These findings demon-
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strated that stretch-induced injury could trigger early-
stage apoptosis in HT22 cells, which could be
attenuated by minocycline treatment (Figs. 1A and B).

Minocycline reduced apoptosis in a rat model of TBI
To evaluate whether minocycline treatment could
protect the cortex from apoptosis in vivo, TUNEL stain-
ing was performed in a rat model of TBI. Almost no
TUNEL-positive nuclei were observed in the sham TBI
group (Fig. 2). In contrast, TBI resulted in a significant
increase in apoptotic cells (P<0.05, n=5). The number
of TUNEL-positive nuclei in the contusion margins was
reduced significantly when minocycline treatment was
administered following TBI (P<0.05, n=5).

Minocycline treatment modulated the expression of
pro-apoptotic proteins and reduced caspase-3
activation after TBI

The upregulation of the pro-apoptosis protein BAX
or the downregulation of the anti-apoptotic protein BCL-
2 are indicators that the mitochondrial membrane perme-
ability has increased, and cell apoptosis is likely to occur.
In the present study, as expected, the protein levels of
Bax increased significantly following TBI, which coin-
cided with reduced BCL-2 protein levels (Fig. 3A).
However, minocycline treatment reversed the expression
levels of Bax and Bcl-2 in the contusion margins. The
levels of cleaved caspase-3, which is a key apoptotic
executor, were significantly upregulated after TBI, which
is consistent with the results of TUNEL-staining. The
minocycline treatment group showed significantly re-
duced cleaved caspase-3 levels compared with the ve-
hicle treatment group (P<0.05, n=5; Fig. 3B).

Treatment with minocycline ameliorated TBI-
induced deficits in motor function

The beam-walking test was performed to evaluate mo-
tor functional recovery after TBI. Compared with the
sham group, the foot faults of rats subjected to TBI were
significantly increased at all time-points post-injury
(P<0.001), indicating obvious motor defects following
TBI. Furthermore, after treatment with minocycline, the
1 foot faults were significantly reduced compared with
the corresponding values in vehicle-treated rats on day
21 and 28 post-TBI (14 days, 28 days P<0.05; Figs. 4A
and B).

Minocycline is a second-generation tetracycline de-
rivative that has been used as a unique antimicrobial
agent since it was first introduced in 1967 [22]. Mino-
cycline is characterized by broad-spectrum antimicro-
bial activity, excellent organelle penetration due to high
hydrophobicity, superior oral absorption, and a long
half-life. Therefore, an increasing number of researchers
have begun to explore new uses for this old drug. The
high lipid solubility of minocycline enables it to cross
the blood-brain barrier effectively. Recently, minocy-
cline has been reported to play neuroprotective roles in
a variety of nervous system diseases, including intrace-
rebral hemorrhage, glial cell-mediated bilirubin neuro-
toxicity, ethanol-induced damage, neonatal hypoxic in-
sult, and transient cerebral I/R [8, 11-13, 15, 23]. In our
study, minocycline significantly attenuated neurological
impairment caused by TBI and increased neuronal viabil-
ity. Minocycline regulates iron metabolism by chelating
Fe?" and Fe3" in vitro, reducing the iron concentration
in both the cerebral spinal fluid and brain tissues (par-
ticularly the cortex and hippocampus), attenuating the

P el Q2 107401
3134 981 J2n

q827 613

10 10 10 10 |02 10
FITC-A

Sl+Vehicle

FITC-A

Sl+mino

B 104
az 8+
551 o
¢ ‘g- N
o
Q.
5. "
= —
2_
10 10 0- ¢
& &
& &
B ¢

Fig. 1. Minocycline treatment inhibits apoptosis in HT22 cells after stretch injury (SI). (A) Flow cytometry-based
assay was performed to determine the level of cell apoptosis. Minocycline treatment significantly decreased
the quantity of annexin V-positive/ PI-negtive cells (Q3 quadrant). (B) Bar graph showing the percentage
of annexin V-positive cells. ¥*P<0.01 for minocycline vs. vehicle group.
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Fig. 2. Minocycline treatment inhibited TBI-induced apoptosis in vivo. (A) Representative terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL, green) and 4’,6-diamidino-2-phenylindole (DAPI, blue)
staining in cortical brain sections from the three groups. The scale bar is 50 gm. (B) Quantification showed
that minocycline significantly reduced the apoptotic index following TBI. Data are presented as the mean
+ SD (n=5 per group); *P<0.05, vehicle vs. sham group; #P<0.05, v minocycline vs. vehicle group. (C)

Graphical illustration of injured brain region.

neurological impairment caused by TBI [14]. However,
the precise role played by minocycline in neural apop-
tosis remains unclear. In the present study, using a me-
chanical cell injury model, we found that minocycline
significantly reduced apoptosis in HT22 cells. In addi-
tion, using a rat CCI model of TBI, we confirmed the
neuroprotective effects of minocycline treatment in vivo.
Furthermore, the administration of minocycline amelio-
rated TBI-induced deficits in motor function. Taken to-
gether, these findings suggested that minocycline can
attenuate neuronal apoptosis and improve motor function
after TBI; therefore, minocycline may represent a new
drug for the treatment of TBI patients.

The mechanical cell injury model is a classic in vitro
TBI model, and apoptosis represents a major mechanism
associated with stretch injury. Stretch injury has been

reported to stimulate apoptosis by regulating the c-Jun-
N-terminal kinase (JNK)/c-Jun signaling pathway. How-
ever, treatment with glibenclamide was shown to reverse
stretch injury-induced damage [17]. In the present study,
flow cytometry-based assays showed that the early-stage
apoptosis of HT22 cells was induced by stretch injury,
whereas this pathological process was attenuated by
minocycline treatment.

Generally, apoptosis is considered to be a programmed
cell death pathway, mediated by mitochondria, and is
characterized by internucleosomal DNA fragmentation.
Cells that undergo apoptotic process can be detected in
situ using the TUNEL-staining method [24]. It is repo-
ted that approximately 50—75% of TUNEL-positive cells
were neurons that appeared to be undergoing apoptosis.
The excessive activation of apoptosis leads to massive
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Fig. 3. Effects of minocycline administration on anti-apoptotic and pro-apoptotic proteins in a TBI rat model (A) West-
ern blot analysis showing the protein expression levels of BAX, BCL-2, cleaved caspase-3, and caspase-3. (B)
Bar graphs showing the quantification of BAX, BCL-2, and cleaved caspase-3 levels. Data are presented as the
mean = SD (n=>5 per group), **P<0.01, *P<0.05 vehicle vs. sham group, #P<0.05 minocycline vs. vehicle group.
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Fig. 4. Minocycline treatment attenuated TBI-induced deficits in
motor function. Line chart showing that TBI-induced sig-
nificant deficits in motor function compared with sham-
injured rats and there were significant differences between
the CCl+vehicle and the sham group at all time-points
post-injury. There was a significant difference between the
CCI+mino group and the CCI+vehicle group at 21, 28 d
post-injury. Data are showed as mean = SD. Data were
analyzed using ANOVA with Tukey’s post hoc test (n=10
each). ***P<0.001 vs. the sham group; #P<0.05, vs.
CCl+vehicle.

nerve cell loss, which can result in motor deficiencies
[21]. Therefore, apoptosis represents an important ther-
apeutic target for TBI. A series of animal studies have
confirmed that neuronal cell apoptosis occurs in the
pericontusional cortex and the hippocampus. In a rat
lateral FPI brain injury model, apoptotic cells in the ip-
silateral hippocampus could be observed as early as 24

568 | doi: 10.1538/expanim.21-0028

h after injury by TUNEL staining [25]. Similar results
were observed in a CCI model [21, 26]. Meanwhile, a
series of durgs were confirmed to inhibit apoptosis after
TBI. Astaxanthin, a carotenoid pigment, ameliorates
neuronal apoptosis via SIRT1/NRF2/Prx2/ASK1/p38
after traumatic brain injury in mice, and thus improved
the neurological functions [27]. In the present study,
apoptosis was observed at 3 days after CCI in the peri-
contusional cortex, and the administration of minocy-
cline significantly reduced the number of apoptotic cells,
ameliorated TBI-induced deficits in motor function.

In general, the activation of caspase-3 is associated
with apoptosis in a variety of pathophysiological pro-
cesses, and an increase in cleaved caspase-3 levels is
considered to be an important biomarker of apoptosis [6,
28]. Our study found that cleaved caspase-3 was signifi-
cantly upregulated in the CCI rat model, whereas the
administration of minocycline attenuated the activation
of caspase-3. The elevated expression of the pro-apopto-
sis protein BAX or the repression of the anti-apoptotic
protein BCL-2 has also been associated with the occur-
rence of apoptosis [29]. In the present study, the expres-
sion of BAX was elevated, and the expression of BCL-2
was reduced after TBI in the rat model. However, treat-
ment with minocycline reversed the levels of BAX and
BCL-2, which suggested that this drug may attenuate
tissue damage after TBI via the repression of apoptosis.

In conclusion, our data provided ample evidence to
confirm the role played by minocycline in the inhibition
of apoptosis, resulting in improved motor function in an
animal model of TBI.



MINOCYCLINE PROTECT THE BRAIN AFTER TRAUMATIC BRAIN INJURY

Conflict of Interest

The authors declare no conflicts of interest.

Acknowledgments

This work was supported by the Shanghai Jiading

District Science and Technology Committee funded
project [No. JDKW-2018-W02].

References

10.

11.

12.

13.

. Abou-Abbass H, Bahmad H, Ghandour H, Fares J, Wazzi-

Mkahal R, Yacoub B, et al. Epidemiology and clinical char-
acteristics of traumatic brain injury in Lebanon: A systematic
review. Medicine (Baltimore). 2016; 95: ¢5342. [Medline]
[CrossRef]

Brazinova A, Rehorcikova V, Taylor MS, Buckova V, Majdan
M, Psota M, et al. Epidemiology of Traumatic Brain Injury in
Europe: A Living Systematic Review. J Neurotrauma. 2021;
38: 1411-1440. [Medline] [CrossRef]

McGinn MJ, Povlishock JT. Pathophysiology of Traumatic
Brain Injury. Neurosurg Clin N Am. 2016; 27: 397-407.
[Medline] [CrossRef]

Potts MB, Koh SE, Whetstone WD, Walker BA, Yoneyama
T, Claus CP, et al. Traumatic injury to the immature brain:
inflammation, oxidative injury, and iron-mediated damage
as potential therapeutic targets. NeuroRx. 2006; 3: 143-153.
[Medline] [CrossRef]

Raghupathi R, Fernandez SC, Murai H, Trusko SP, Scott RW,
Nishioka WK, et al. BCL-2 overexpression attenuates corti-
cal cell loss after traumatic brain injury in transgenic mice. J
Cereb Blood Flow Metab. 1998; 18: 1259-1269. [Medline]
[CrossRef]

Clark RS, Kochanek PM, Watkins SC, Chen M, Dixon CE,
Seidberg NA, et al. Caspase-3 mediated neuronal death after
traumatic brain injury in rats. J Neurochem. 2000; 74: 740—
753. [Medline] [CrossRef]

Jia F, Mao Q, Liang YM, Jiang JY. Effect of post-traumatic
mild hypothermia on hippocampal cell death after traumatic
brain injury in rats. J Neurotrauma. 2009; 26: 243-252. [Med-
line] [CrossRef]

Boisvert EM, Means RE, Michaud M, Madri JA, Katz SG.
Minocycline mitigates the effect of neonatal hypoxic insult on
human brain organoids. Cell Death Dis. 2019; 10: 325. [Med-
line] [CrossRef]

Dai S, Hua Y, Keep RF, Novakovic N, Fei Z, Xi G. Minocy-
cline attenuates brain injury and iron overload after intrace-
rebral hemorrhage in aged female rats. Neurobiol Dis. 2019;
126: 76-84. [Medline] [CrossRef]

Hanlon LA, Raghupathi R, Huh JW. Differential effects of
minocycline on microglial activation and neurodegeneration
following closed head injury in the neonate rat. Exp Neurol.
2017; 290: 1-14. [Medline] [CrossRef]

Wang X, Zhang K, Yang F, Ren Z, Xu M, Frank JA, et al. Mi-
nocycline protects developing brain against ethanol-induced
damage. Neuropharmacology. 2018; 129: 84-99. [Medline]
[CrossRef]

Wu Z, Zou X, Zhu W, Mao Y, Chen L, Zhao F. Minocycline is
effective in intracerebral hemorrhage by inhibition of apopto-
sis and autophagy. J Neurol Sci. 2016; 371: 88-95. [Medline]
[CrossRef]

Yang H, Gao XJ, Li YJ, SulJB, e TZ, Zhang X, et al. Minocy-
cline reduces intracerebral hemorrhage-induced white matter
injury in piglets. CNS Neurosci Ther. 2019; 25: 1195-1206.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

[Medline] [CrossRef]

Zhang L, Xiao H, Yu X, Deng Y. Minocycline attenuates
neurological impairment and regulates iron metabolism in a
rat model of traumatic brain injury. Arch Biochem Biophys.
2020; 682: 108302. [Medline] [CrossRef]

Naderi Y, Sabetkasaei M, Parvardeh S, Zanjani TM. Neuro-
protective effect of minocycline on cognitive impairments
induced by transient cerebral ischemia/reperfusion through
its anti-inflammatory and anti-oxidant properties in male rat.
Brain Res Bull. 2017; 131: 207-213. [Medline] [CrossRef]
Garrido-Mesa N, Zarzuelo A, Galvez J. What is behind the
non-antibiotic properties of minocycline? Pharmacol Res.
2013; 67: 18-30. [Medline] [CrossRef]

Xu ZM, Yuan F, Liu YL, Ding J, Tian HL. Glibenclamide At-
tenuates Blood-Brain Barrier Disruption in Adult Mice after
Traumatic Brain Injury. J Neurotrauma. 2017; 34: 925-933.
[Medline] [CrossRef]

. Yang DX, Jing Y, Liu YL, Xu ZM, Yuan F, Wang ML, et al.

Inhibition of Transient Receptor Potential Vanilloid 1 Attenu-
ates Blood-Brain Barrier Disruption after Traumatic Brain In-
jury in Mice. J Neurotrauma. 2019; 36: 1279-1290. [Medline]
[CrossRef]

Zhang L, Huang P, Chen H, Tan W, Lu J, Liu W, et al. The
inhibitory effect of minocycline on radiation-induced neuro-
nal apoptosis via AMPKal signaling-mediated autophagy. Sci
Rep. 2017; 7: 16373. [Medline] [CrossRef]

Lin Y, Wan JQ, Gao GY, Pan YH, Ding SH, Fan YL, et al.
Direct hippocampal injection of pseudo lentivirus-delivered
nerve growth factor gene rescues the damaged cognitive func-
tion after traumatic brain injury in the rat. Biomaterials. 2015;
69: 148—-157. [Medline] [CrossRef]

Fox GB, Fan L, Levasseur RA, Faden Al. Sustained sensory/
motor and cognitive deficits with neuronal apoptosis follow-
ing controlled cortical impact brain injury in the mouse. J
Neurotrauma. 1998; 15: 599-614. [Medline] [CrossRef]
Jonas M, Cunha BA. Minocycline. Ther Drug Monit. 1982; 4:
137-145. [Medline] [CrossRef]

Zhou C, Sun R, Sun C, Gu M, Guo C, Zhang J, et al. Mino-
cycline protects neurons against glial cells-mediated bilirubin
neurotoxicity. Brain Res Bull. 2020; 154: 102—105. [Medline]
[CrossRef]

Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of pro-
grammed cell death in situ via specific labeling of nuclear
DNA fragmentation. J Cell Biol. 1992; 119: 493-501. [Med-
line] [CrossRef]

Conti AC, Raghupathi R, Trojanowski JQ, McIntosh TK. Ex-
perimental brain injury induces regionally distinct apoptosis
during the acute and delayed post-traumatic period. J Neuro-
sci. 1998; 18: 5663-5672. [Medline] [CrossRef]

Clark RS, Chen J, Watkins SC, Kochanek PM, Chen M,
Stetler RA, et al. Apoptosis-suppressor gene bcl-2 expres-
sion after traumatic brain injury in rats. J Neurosci. 1997; 17:
9172-9182. [Medline] [CrossRef]

Zhang XS, Lu Y, Li W, Tao T, Peng L, Wang WH, et al. Astax-
anthin ameliorates oxidative stress and neuronal apoptosis
via SIRT1/NRF2/Prx2/ASK1/p38 after traumatic brain injury
in mice. Br J Pharmacol. 2021; 178: 1114-1132. [Medline]
[CrossRef]

Glushakova OY, Glushakov AO, Borlongan CV, Valadka
AB, Hayes RL, Glushakov AV. Role of Caspase-3-Mediated
Apoptosis in Chronic Caspase-3-Cleaved Tau Accumulation
and Blood-Brain Barrier Damage in the Corpus Callosum af-
ter Traumatic Brain Injury in Rats. J Neurotrauma. 2018; 35:
157-173. [Medline] [CrossRef]

Kim H, Rafiuddin-Shah M, Tu HC, Jeffers JR, Zambetti GP,
Hsieh JJ, et al. Hierarchical regulation of mitochondrion-de-
pendent apoptosis by BCL-2 subfamilies. Nat Cell Biol. 2006;
8: 1348-1358. [Medline] [CrossRef]

Exp. Anim. 2021; 70(4): 563-569

569


http://www.ncbi.nlm.nih.gov/pubmed/27893670?dopt=Abstract
http://dx.doi.org/10.1097/MD.0000000000005342
http://www.ncbi.nlm.nih.gov/pubmed/26537996?dopt=Abstract
http://dx.doi.org/10.1089/neu.2015.4126
http://www.ncbi.nlm.nih.gov/pubmed/27637392?dopt=Abstract
http://dx.doi.org/10.1016/j.nec.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/16554253?dopt=Abstract
http://dx.doi.org/10.1016/j.nurx.2006.01.006
http://www.ncbi.nlm.nih.gov/pubmed/9809516?dopt=Abstract
http://dx.doi.org/10.1097/00004647-199811000-00013
http://www.ncbi.nlm.nih.gov/pubmed/10646526?dopt=Abstract
http://dx.doi.org/10.1046/j.1471-4159.2000.740740.x
http://www.ncbi.nlm.nih.gov/pubmed/19236165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19236165?dopt=Abstract
http://dx.doi.org/10.1089/neu.2008.0670
http://www.ncbi.nlm.nih.gov/pubmed/30975982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/30975982?dopt=Abstract
http://dx.doi.org/10.1038/s41419-019-1553-x
http://www.ncbi.nlm.nih.gov/pubmed/29879529?dopt=Abstract
http://dx.doi.org/10.1016/j.nbd.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28038986?dopt=Abstract
http://dx.doi.org/10.1016/j.expneurol.2016.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29146504?dopt=Abstract
http://dx.doi.org/10.1016/j.neuropharm.2017.11.019
http://www.ncbi.nlm.nih.gov/pubmed/27871457?dopt=Abstract
http://dx.doi.org/10.1016/j.jns.2016.10.025
http://www.ncbi.nlm.nih.gov/pubmed/31556245?dopt=Abstract
http://dx.doi.org/10.1111/cns.13220
http://www.ncbi.nlm.nih.gov/pubmed/32057758?dopt=Abstract
http://dx.doi.org/10.1016/j.abb.2020.108302
http://www.ncbi.nlm.nih.gov/pubmed/28454931?dopt=Abstract
http://dx.doi.org/10.1016/j.brainresbull.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/23085382?dopt=Abstract
http://dx.doi.org/10.1016/j.phrs.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27297934?dopt=Abstract
http://dx.doi.org/10.1089/neu.2016.4491
http://www.ncbi.nlm.nih.gov/pubmed/30351220?dopt=Abstract
http://dx.doi.org/10.1089/neu.2018.5942
http://www.ncbi.nlm.nih.gov/pubmed/29180765?dopt=Abstract
http://dx.doi.org/10.1038/s41598-017-16693-8
http://www.ncbi.nlm.nih.gov/pubmed/26285082?dopt=Abstract
http://dx.doi.org/10.1016/j.biomaterials.2015.08.010
http://www.ncbi.nlm.nih.gov/pubmed/9726259?dopt=Abstract
http://dx.doi.org/10.1089/neu.1998.15.599
http://www.ncbi.nlm.nih.gov/pubmed/7048646?dopt=Abstract
http://dx.doi.org/10.1097/00007691-198206000-00002
http://www.ncbi.nlm.nih.gov/pubmed/31733348?dopt=Abstract
http://dx.doi.org/10.1016/j.brainresbull.2019.11.005
http://www.ncbi.nlm.nih.gov/pubmed/1400587?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1400587?dopt=Abstract
http://dx.doi.org/10.1083/jcb.119.3.493
http://www.ncbi.nlm.nih.gov/pubmed/9671657?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.18-15-05663.1998
http://www.ncbi.nlm.nih.gov/pubmed/9364064?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.17-23-09172.1997
http://www.ncbi.nlm.nih.gov/pubmed/33326114?dopt=Abstract
http://dx.doi.org/10.1111/bph.15346
http://www.ncbi.nlm.nih.gov/pubmed/28637381?dopt=Abstract
http://dx.doi.org/10.1089/neu.2017.4999
http://www.ncbi.nlm.nih.gov/pubmed/17115033?dopt=Abstract
http://dx.doi.org/10.1038/ncb1499

