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Minocycline impedes mitochondrial-dependent cell 
death and stabilizes expression of hypoxia inducible 
factor-1α in spinal cord injury

Guolei Zhang, Junpu Zha, Junchuan Liu, Jun Di

A b s t r a c t

Introduction: One of the crucial mechanisms following spinal cord injury 
is mitochondria-associated cell death. Minocycline, an anti-inflammatory 
drug, is well known to impede mitochondrial cell death. However, there has 
been no study on the effect of minocycline linking Fas cell surface death re-
ceptor (FAS)-mediated cell death and hypoxia inducible factor (HIF-1α), the 
targets involved in mitochondrial cell death. 
Material and methods: Male Sprague Dawley rats (N = 15, divided into 
three groups) were subjected to traumatic spinal cord injury and were in-
jected with minocycline (n = 5) (90 mg/kg and later a 45 mg/kg dose twice 
a day (every 12 h)). Injection with sterile PBS in injured animals served as 
the vehicle (n = 5) and another group comprised healthy animals (n = 5). 
TUNEL assay was used to quantify cell death. The release of Smac/Diablo, 
cytochrome-c (cyt-c), HIF-1α, FAS ligand (FASL) and tumour necrosis factor-α 
(TNF-α) was measured using ELISA. Expression of HIF-1α, FASL and other cell 
death associated factors was quantified at the mRNA and protein level and 
confirmed with immunohistochemistry. 
Results: There was a marked reduction in the HIF-1α and FASL expression lev-
els in the minocycline-treated group compared to the vehicle. The reduction of 
HIF-1α and FASL was associated with other factors linked to cell death (Smac/
Diablo, cyt-c, TNF-α, p53, caspase-8 and BH3 interacting domain death agonist 
(BID)) (p < 0.5; *p < 0.05 vs. vehicle group, **p < 0.01 vs. vehicle group). 
Conclusions: The present study focuses on the investigation of minocycline 
in inhibiting mitochondria-associated cell death by modulating FASL and 
HIF-1α expression, which are seemingly interlinked mechanisms contribut-
ing to cell death. 

Key words: minocycline, mitochondrial proteins, apoptosis, HIF-1α, spinal 
cord injury.

Introduction

The anti-inflammatory drug minocycline is broadly known for its 
function in alleviating neurological disorders including spinal cord injury 
[1–4]. Traumatic spinal cord injury includes a complex pattern of patho-
physiological processes out of which mitochondrial activity in cell surviv-
al and death holds a greater impact [5]. Minocycline’s efficacy to impede 
mitochondrial cell death has been established previously [6, 7]. However, 
the effect of minocycline on mitochondrial activity and hypoxia-inducible 
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factor-1α (HIF-1α) regulation following traumatic 
spinal cord injury has not been studied. 

Minocycline has long been known to be efficient 
as an anti-inflammatory and anti-microbial drug  
[8, 9]. The constant research on this drug opened 
new avenues towards the treatment of several 
neurological disorders including amyotrophic lat-
eral sclerosis (ALS), multiple sclerosis, Huntington’s 
disease and ischaemic stroke [10, 11]. However, 
minocycline treatment worsened ALS in a phase III 
clinical trial whereas it provided promising results 
in stroke and multiple sclerosis. This discrepancy 
could be due to the increased activity of minocy-
cline in the inflammatory response [12]. Minocy-
cline directly targets the mitochondrial proteins 
and impedes the release of factors responsible for 
cell death which could either be caspase-depen-
dent (Smac/Diablo, cytochrome c (cyt c)) or caspase 
independent (apoptosis-inducing factor) [6]. 

Fas cell surface death receptor (FAS)-mediat-
ed apoptosis in spinal cord injury is reported to 
require mitochondrial signalling and the inhibi-
tion of FAS ligand (FASL) protects the cells from 
undergoing apoptosis [13]. Another important 
mitochondrial target gene is HIF-1α, and the ex-
pression of HIF-1α is time dependent, leading to 
cell death or cell survival following neuronal injury 
[14]. Mounting evidence suggests that the sta-
bilization of HIF-1α following neuronal damage 
protects the hypoxic cells from apoptosis [15, 16]. 
Interestingly, activation of HIF-1α and FAS con-
verge in the release of pro-apoptotic proteins, but 
they are independent mechanisms. HIF-1α stabi-
lizes the p53 pathway, whereas FAS mediates cell 
death by activation of caspase 8 and increase of 
BH3 interacting domain death agonist (BID). Both 
mechanisms interrupt the binding between B-cell 
lymphoma 2 (BCL2) and BCL2 associated X protein 
(BAX), which leads to the oligomerization of BAX 
and eventually permeabilization of the mitochon-
drial membrane [17]. In this study, we hypothe-
sised that minocycline modulates mitochondrial 
cell death via mechanisms interlinking HIF-1α sta-
bilization and FASL-mediated apoptosis. 

Material and methods

Inducing spinal cord injury

Male Sprague Dawley rats (N = 15) weighing ap-
proximately 230–250 g were obtained from SLAC 
company, Songjiang District, Shanghai, China. The 
study was approved by the local ethical commit-
tee and performed according to the National Re-
search Council Guide. Animals were anaesthetised 
using 50 mg/kg of chloral hydrate and exposed 
to traumatic spinal cord injury as previously de-
scribed [18]. Briefly, the T9-T10 vertebral level was 
subjected to laminectomy without damaging the 

dura. A  force-calibrated weight drop device (orig-
inally designed at New York University) was used 
to induce traumatic injury once the T-8 and T-11 
spinous processes were steadily clamped and the 
dorsal cord surface was put through a weight drop 
impact according to the procedural guidelines [19]. 
Following the injury, exposed regions were closed 
and the animals were placed in a chamber under 
optimum conditions (temperature of 22 ±0.5°C and 
humidity of 50 ±10%, pathogen-free environment).

Drug administration

Rats that underwent traumatic spinal cord in-
jury were immediately injected intraperitoneal-
ly with 90 mg/kg of minocycline (Sigma-Aldrich, 
Huangpu, Shanghai, China) and later a 45 mg/kg 
dose twice a day (every 12 h) (n = 5). The treat-
ment dose was selected based on a  previous 
study where minocycline administration exhibited 
neuroprotection in brain trauma [10]. The treat-
ment continued until 2 weeks, after which the 
spinal cord tissue of around 20 mm was obtained 
from the site of the lesion by anesthetising each 
rat. Injured animals injected with the sterile phos-
phate buffered saline (PBS) (n = 5) served as the 
vehicle (control group) and another group includ-
ed normal healthy animals (n = 5) with no injury. 

TUNEL assay

TUNEL staining was performed using the Apop-
Tag plus peroxidase in situ apoptosis detection 
kit (Sigma Aldrich, Huangpu, Shanghai, China) ac-
cording to the manufacturer’s instructions. Before 
performing the staining, spinal cord sections were 
processed by fixing in 4% paraformaldehyde over-
night and embedded in paraffin.

ELISA assay 

Samples were prepared by homogenising the 
tissue of spinal cord segments and were subject-
ed to ELISA using specific kits that are commer-
cially available (Enzo life sciences, Chang Shou, 
Shanghai China). The kits specific to Smac (Dia-
blo), cyt-c, HIF-1α, and FASL and TNF-α were pur-
chased and the protocol as described by the man-
ufacturer was followed. 

Immunohistochemical staining

Homogenised samples were fixed for 10 min in 
4% PFA in PBS followed by incubation with pri-
mary antibodies (rabbit anti-FasL dilution 1 : 300, 
anti-HIF-1α dilution 1 : 500) (Santa Cruz Biotech-
nology, Chai Wan, Hong Kong, China) overnight at 
room temperature. After that, the samples were 
incubated for 2 h at room temperature with goat 
secondary antibody (1 : 1000) (Santa Cruz Bio-
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technology, Chai Wan, Hong Kong, China) conju-
gated with streptavidin peroxidase and counter-
stained with haematoxylin to detect the staining. 
The slides were visualised under an Olympus mi-
croscope (Olympus, Shinjuku-ku Tokyo, Japan) and 
images were analysed using Image J software.

qPCR mRNA expression analysis

Homogenised spinal cord tissue segments 
were used to isolate RNA according to the man-
ufacturer’s instructions (Thermo Fisher Scientific, 
Pudong, Beijing, China). RNA extracted was quan-
tified using the NanoDrop 1000 system (Thermo 
Fisher Scientific, Pudong, Beijing, China) and then 
converted to cDNA using the iScript cDNA synthe-
sis kit (Bio-rad, Haidian District, Beijing, China). 
Expression of Smac/Diablo, cytochrome c, FASL 
and HIF-1α and p53 was identified by performing 
SYBR green (Bio-rad, Haidian District, Beijing, Chi-
na) labelled qPCR (Applied Biosystems, Chaoyang 
District, Beijing, China). Primers specific for each 
gene were obtained commercially (Bio-rad, Haidi-
an District, Beijing, China). β-Actin was used as an 
internal control to normalize the mean Ct values.

Western blot analysis

Protein was isolated from homogenised sam-
ples and quantified using the BCA kit (Sigma-Al-

drich, Huangpu, Shanghai, China). Ten percent 
SDS PAGE was done to separate the proteins 
and then transferred to a  nitrocellulose mem-
brane by means of electroblotting technique. 
Following this, the membrane was blocked using 
5% blocking solution (non-fat milk). The mem-
brane was kept in the blocking buffer contain-
ing primary antibodies overnight at 4°C (rabbit 
anti-cytochrome c 1 : 500, anti-smac 1 : 1000, 
anti-HIF-1α 1 : 500, anti-p53 1 : 1000, anti-FASL 
1 : 300, anti-caspase-8 1 : 1000, anti-BID 1 : 500 
and anti-β-actin 1 : 1000 (Santa Cruz Biotech-
nology, Chai Wan, Hong Kong, China). Next day, 
goat secondary antibody conjugated with horse-
radish peroxidase was added in the dilution  
1 : 1000 in blocking buffer (non-fat milk). A che-
miluminescence kit (Thermo Fisher Scientific, 
Pudong, Shanghai, China) was used to detect 
the proteins. The sample used was the mito-
chondrial fraction isolated from the rat spinal 
cord, as previously described [20]. 

Statistical analysis

All the data were analysed using GraphPad 
Prism version 5. One-way ANOVA followed by the 
Bonferroni test was performed to determine the 
significant data. All the data with *p < 0.05 and 
**p < 0.01 were considered significant. 

Figure 1. Evaluating the effect of minocycline on 
cell death through TUNEL assay after spinal cord 
injury. A – TUNEL staining shows cell death in vehi-
cle (V), minocycline-treated (M) and healthy groups 
of animals (H). Reduced cell death was observed in 
minocycline-treated group (400×). Arrow indicates 
the positive TUNEL stained cell. B – Cell death was 
quantified and graphically represented. There was 
an approximately three-fold reduction in cell death 
in the minocycline-treated group compared to the 
vehicle. All values are represented as mean ± SEM 
and values with p < 0.05 were considered signif-
icant

*P < 0.05 vs. vehicle group, **p < 0.01 vs. vehicle group. 
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Results

Effect of minocycline in inhibiting cell 
death following spinal cord injury

TUNEL staining showed that minocycline had 
a  significant effect in reducing cell death (**p < 
0.01 vs. vehicle). The number of TUNEL positive 
cells in vehicle and minocycline-treated samples 
was counted. The samples retrieved from the nor-
mal rats did not exhibit TUNEL positive cells. The 
results were in compliance with the previous ef-
fects of minocycline on cell death following trau-

matic spinal cord injury. The effect of minocycline 
following the injury is shown in Figures 1 A, B.

Quantification of Smac (Diablo), 
cytochrome c, HIF-1α, FASL and TNF-α

ELISA quantified the release of Smac (Dia-
blo), cytochrome c, HIF-1α, FASL and TNF-α to 
demonstrate activation of the intrinsic and ex-
trinsic apoptotic pathway following spinal cord 
injury. The increased release of Smac/Diablo, cy-
tochrome-c and FASL indicates greater cell death 

A

C

B

D

E

Sm
ac

/D
ia

bl
o 

[n
g/

m
l]

H
IF

-1
α

 [n
g/

m
l]

Cy
to

ch
ro

m
e 

c 
[n

g/
m

l]
FA

SL
 [n

g/
m

l]

TN
F-
α

 [n
g/

m
l]

10

8

6

4

2

0

6

4

2

0

15

10

5

0

15

10

5

0

15

10

5

0

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

Figure 2. ELISA quantification of release of mito-
chondrial proteins. The release of Smac/Diablo, 
cytochrome c, HIF-1α, FASL, and TNF-α was quan-
tified using ELISA following spinal cord injury from 
the minocycline-treated group of animals, vehicle 
group and healthy group (A–E). There was a  sig-
nificant reduction in the release of these proteins 
compared to the vehicle group. All the values are 
expressed as mean ± SEM and were considered 
significant at p < 0.05

*P < 0.05 vs. vehicle group, **p < 0.01 vs. vehicle group. 
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Figure 3. Immunohistochemical staining of HIF-1α 
and FASL. A – The upper panel in the figure demon-
strates the expression of HIF-1α (pink) with re-
duced expression in the minocycline-treated group 
(M) compared to the vehicle (V) group (control). 
H represents the healthy group. The lower panel 
presents the expression of FASL, which shows that 
minocycline can reduce the FASL expression and 
regulate FAS-mediated cell death (400×). B – Quan-
tification of HIF-1α and FASL positive cells

Values are expressed as mean ± SEM and were considered 
significant at p < 0.05 (*p < 0.05 vs. vehicle group, **p < 
0.01 vs. vehicle group).
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through caspase-dependent apoptosis [6]. FASL 
mediates cell death through pro-inflammatory cy-
tokines and the level of TNF-α was quantified to 
confirm the association of minocycline with FASL 
[13]. The level of HIF-1α following neuronal injury 
is highly time-dependent, leading to cell survival. 
The results demonstrated that there was an in-
crease in the level of mentioned proteins (Smac/
Diablo, cytochrome c, HIF-1α, FASL and TNF-α) fol-
lowing the injury and the minocycline treatment 
modulated the protein content (*p < 0.05 vs. ve-
hicle, **p < 0.01 vs. vehicle) (Figures 2 A–E). The 
treatment with minocycline reduced the level of 
mitochondrial proteins (Smac/Diablo and cyto-
chrome c) associated with cell death. The action of 
minocycline on these mitochondrial proteins was 
also hypothesised to be related to the alteration 
in HIF-1α and FASL levels. Figure 2 demonstrates 
a significant reduction in the release of mitochon-
drial proteins associated with cell death along 
with the reduction of HIF-1α. 

Minocycline treatment reduced the 
expression of HIF-1α and FASL

Immunohistochemistry from the spinal cord tis-
sue sections (20 mm) from the site of the lesion 
demonstrated that minocycline reduced the ex-
pression of HIF-1α and FASL compared to the ve-
hicle group. The relative count of cells positive for 
HIF-1α and FASL showed that minocycline signifi-
cantly reduced the number of cells positive for HIF-
1α and FASL. Minocycline treatment might inhibit 
cells by regulating expression of FASL and HIF-1α, 
which are mitochondrial targets (Figures 3 A, B). 

Evaluating mRNA expression of 
mitochondrial-dependent cell death genes 
and HIF-1α

To confirm the results obtained by ELISA, the 
mitochondrial-dependent genes (Smac/Diablo, 
cytochrome c), FASL and HIF-1α were subjected 
to qPCR. In addition, p53 gene expression was 
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evaluated to confirm the involvement of HIF-1α 
in apoptosis. There was a  consistent reduction 
in the expression of Smac/Diablo, cytochrome c, 
FASL, HIF-1α and p53 in minocycline-treated sam-
ples compared to the control (*p < 0.05 vs. vehicle,  
**p < 0.01 vs. vehicle) (Figures 4 A–E).

Quantifying the HIF-1α and FASL protein 
expression in mitochondrial-dependent cell 
death 

The treatment with minocycline consistently 
reduced the expression of mitochondrial-depen-

dent genes (HIF-1α and FASL) associated with 
the cell death following spinal cord injury. The ex-
pression of HIF-1α and FASL was confirmed at the 
protein level and was investigated using western 
blot. To further corroborate the crosstalk between 
intrinsic and extrinsic pathways of apoptosis, 
expression of caspase-8 and BID was also deter-
mined. Caspase-8 cleavage and BID activation are 
required for the FAS-mediated apoptosis. Figures 
5 A, B shows the western blot of proteins Smac/
Diablo, cytochrome c, FASL, HIF-1α, p53 caspase-8 
and BID.
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Figure 4. Relative quantification of mRNA. The 
graphs represent the relative mRNA expression of 
Smac/Diablo, cytochrome-c (cyt-c), FASL, HIF-1α, 
p53 (A–E). There was a  significant reduction in 
expression in the minocycline-treated group com-
pared to the vehicle group. All values are expressed 
as mean ± SEM and considered significant at p < 
0.05

*P < 0.05 vs. vehicle group, **p < 0.01 vs. vehicle group.



Minocycline impedes mitochondrial-dependent cell death and stabilizes expression of hypoxia inducible factor-1α in spinal cord injury

Arch Med Sci 2, March / 2019 481

B

A
Re

la
ti

ve
 c

yt
-c

 e
xp

re
ss

io
n

Re
la

ti
ve

 H
IF

-1
α

 e
xp

re
ss

io
n

Re
la

ti
ve

 F
A

SL
 e

xp
re

ss
io

n
Re

la
ti

ve
 B

ID
 e

xp
re

ss
io

n

Re
la

ti
ve

 S
m

ac
/D

ia
bl

o 
ex

pr
es

si
on

Re
la

ti
ve

 p
53

 e
xp

re
ss

io
n

Re
la

ti
ve

 c
as

pa
se

-8
 e

xp
re

ss
io

n

1.5

1.0

0.5

0

1.5

1.0

0.5

0

0.6

0.4

0.2

0

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0

1.5

1.0

0.5

0

0.8

0.6

0.4

0.2

0

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

 Vehicle Minocycline Healthy

Figure 5. Western blot analysis. A – The figure represents 
the western blot of mitochondrial targets where V rep-
resents the vehicle, M is the minocycline-treated group and 
H represents the healthy group. The results were consis-
tent with the mRNA expression analysis of these targets. 
Caspase-8 and BID expression was included to evaluate the 
effect of the caspase-dependent pathway in the FAS-medi-
ated cell death mechanism on treatment with minocycline. 
The images were visualised using Kodak Image Station 
software. B – Quantification of western blot analysis

All values are expressed as mean ± SEM and considered significant 
at p < 0.05. *p < 0.05 vs. vehicle group.
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Discussion

The chief rationale behind this study was to in-
vestigate the effect of minocycline, a widely used 
anti-inflammatory drug, in inhibiting mitochondri-
al-dependent cell death mediated by FASL in as-
sociation with HIF-1α. Various sources of evidence 
have revealed the efficacy of minocycline in allevi-
ating neurological disorders including spinal cord 
injury [4, 6, 21]. Although the effect of minocycline 
in inhibiting cell death has been established pre-
viously, its effect on FASL-mediated cell death and 
HIF-1α following traumatic spinal cord injury is 
unclear. Mitochondria contain molecules that ini-
tiate the release of substances (cytochrome c and 
Smac/Diablo) leading to apoptosis that can either 
be caspase dependent or independent [7, 22]. The 
cytoprotective activity of minocycline is reported to 
be associated with mitochondrial transmembrane 
potential and blocking of calcium uptake [23].

Neuronal death through the FAS death receptor 
pathway is one of the principal events in spinal 
cord injury [13]. FASL mediates apoptosis through 
pro-inflammatory cytokines and previous studies 
have demonstrated that inhibition of FASL activity 
might improve the neurobehavioural recovery in 
animal models of brain ischaemia and spinal cord 
injury [24–26]. Spinal cord injury has also been 
reported to modulate the expression of HIF-1α. 
However, the effect of minocycline in regulating 
HIF-1α expression has not been studied so far. 
Reports suggest that the expression of HIF-1α fol-
lowing spinal cord injury is time dependent and 
has a chief role in promoting cell survival [16]. Our 
study brought together the effect of minocycline 
on FASL-mediated apoptosis and the expression 
of HIF-1α. 

In the present study, the rats were administered 
with minocycline following spinal cord injury and its 
effect was evaluated compared to the vehicle. Cell 
death following traumatic spinal cord injury was 
evaluated through TUNEL assay and demonstrat-
ed that minocycline significantly reduced cell death 
compared to the vehicle group (Figure 1). Since our 
major objective was to evaluate the effect of mino-
cycline on FAS-mediated apoptosis dependent on 
mitochondrial cell death, we performed an ELISA 
assay to measure the release of Smac (DIABLO), 
cytochrome c, HIF-1α, FASL and TNF-α. Smac/Dia-
blo and cytochrome c function as death promoting 
factors released due to the rupture of inner mito-
chondrial membrane as a result of the pathophysi-
ological cascade that follows spinal cord injury [27]. 
Minocycline has been shown to be efficient in in-
hibiting the release of these pro-apoptotic factors 
[6], which was confirmed in the current study too. 
The findings were also congruent with the previ-
ous literature where minocycline treatment poten-
tially targets cyt-c to promote functional recovery 

following spinal cord injury [28]. Considering these 
actions together, i.e. mitochondrial activity, HIF-
1α expression, and FASL-mediated apoptosis, we 
inferred that these activities were interlinked and 
studied the corresponding minocycline effect. We 
also quantified the release of TNF-α as FASL be-
longs to the TNF family and is linked to mitochon-
drial activity as well [29].

Minocycline reduced the FASL expression at 
the mRNA and protein level, which was confirmed 
by immunohistochemistry (Figure 3). HIF-1α ex-
pression was increased in the vehicle group and 
reduced approximately two-fold with the mino-
cycline treatment. HIF-1α expression was ex-
tremely low in the normal group. The expression 
of HIF-1α in the central nervous system was first 
demonstrated in an ischaemic brain and was sub-
sequently found to be differentially expressed 
in spinal cord injury. However, this effect is time 
dependent, and it was reported that there was 
a  gradual decrease in HIF-1α expression after  
3 days of spinal cord injury [30]. Transplantation of 
neural stem cells that express HIF-α was reported 
to promote repair following spinal cord injury [31]. 
Hence, the pro-survival or pro-apoptotic activity 
of HIF-1α is highly time-dependent, where HIF-1α 
expression in the later stages of injury exhibits 
post-conditioning effects to improve neuronal re-
pair. Our study focused on the early therapeutic 
strategy following spinal cord injury using minocy-
cline. HIF-1α expression was significantly reduced 
and the cell death mechanism involving HIF-1α is 
p53 dependent. It was reported previously that hy-
poxia leads to an increase in p53 and is partially 
dependent on HIF-1α upregulation [32]. Minocy-
cline treatment reduced p53 and HIF-1α expres-
sion levels, reducing cell death, emphasizing the 
synergistic activity of p53 and HIF-1α in spinal 
cord injury induced cell death. In addition, cell 
death by activation of the FAS pathway is caspase 
as well as p53 dependent [33]. Hence, minocycline 
reduced cell death by targeting HIF and FAS path-
ways, possibly interlinked via caspase-dependent 
or -independent targets.

In conclusion, the present study, therefore, 
demonstrates the effect of minocycline on mi-
tochondrial-dependent cell death and the ex-
pression of HIF-1α following spinal cord injury 
in rats. Minocycline reduced the FASL-mediated 
apoptosis, and a marked decrease in the release 
of factors associated with mitochondrial-depen-
dent cell death was observed. Minocycline could 
target intrinsic and extrinsic apoptotic pathways 
in association with regulation of HIF-1α and FASL 
expression.
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