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A b s t r a c t

Introduction: Nuclear factor-κB (NF-κB) is a critical regulator of inflammatory responses following intracerebral haemor-
rhage (ICH). According to our previous study, inhibiting the p65 subunit at an early stage after ICH can reduce cell death, 
while inhibiting c-Rel at a late stage can lead to the opposite result. The aim of this study is to clarify whether patient 
prognosis can be improved by inhibiting p65 at the early stage and promoting c-Rel at the late stage.
Material and methods: Rats were divided into a sham group, ICH group, early NF-κB-inhibiting group using ammo-
nium pyrrolidinedithiocarbamate (PDTC; group A, p65 subunit was dominant and inhibited at the early stage), late 
NF-κB-activating group using phorbol myristate acetate (PMA; group B, c-Rel was dominant and promoted at the late 
stage), and early NF-κB-inhibiting and late-activating group (group C, p65 subunit was inhibited at the early stage 
and c-Rel was promoted at the late stage). At preset time points after ICH, perihematomal tissue was obtained for 
detection of NF-κB activation, cell death, and expression of caspase-3, Bcl-2, and NF-κB subunits, to evaluate of the 
effect of PDTC and PMA.
Results: At four days after ICH, p65 expression (p < 0.01) and the number of TUNEL-positive cells (p < 0.01) in group 
A were significantly lower than in the ICH group. At 10 days after ICH, c-Rel expression in groups B and C was signifi-
cantly higher than in other groups (p < 0.01 for all). TUNEL-positive cell numbers in groups A and B were significantly 
lower than in the ICH group, though more numerous than in group C (p < 0.01 for all).
Conclusions: Administration of both PDTC at the early stage and PMA at the late stage reduced perihematomal cell 
death after ICH, and using the two reagents together had a stronger anti-apoptotic effect than separate usage.
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Introduction 

Intracerebral haemorrhage (ICH) accounts for 
approximately 30% of all cases of stroke in China, 
more than twice the number in the West [15,20,22,36]. 

These patients place a heavy burden on society and 
their families; hence, it is important to find ways to 
improve their prognosis. Previous studies revealed that 
a series of inflammatory responses in perihematomal 
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brain tissue were triggered after ICH and played a key 
role in secondary brain injury. Nuclear factor-κB (NF-κB) 
is crucial to the inflammatory responses following ICH 
[26,30,35]. In cells that were unstimulated, due to the 
existence of inhibitor of NF-κB (IκB), inactive NF-κB is 
sequestered in the cytoplasm. Following ICH, a series 
of factors, such as thrombin, tumour necrosis factor-α 
(TNF-α), and interleukin-1 (IL-1), can cause IκB phos-
phorylation and NF-κB activation, and posterior to 
that, free NF-κB migrates into the nucleus to promote 
gene transcription [5,28,33,34]. To date, the exact role 
of NF-κB in inflammatory responses following ICH is 
not fully understood. Previous studies showed that 
NF-κB activation promotes cell death [8,11,16], whereas 
other studies suggested the opposite [2,18,19].

In our previous study, NF-κB activation after ICH 
showed biphasic distribution. NF-κB subunit p65 
caused the first peak of NF-κB activation at 2 days (d) 
after ICH, and c-Rel caused the second peak at 10 d 
after ICH [19]. Ammonium pyrrolidinedithiocarbamate 
(PDTC) was used to inhibit p65 and c-Rel activation. 
The results suggest that inhibiting p65 at an early 
stage after ICH reduces apoptosis, and inhibiting c-Rel 
at a  late stage increases apoptosis [32]. According to 
the results above, we determined that c-Rel expression 
in the late stage after ICH played a neuroprotective role, 
whereas p65 in the early stage played the opposite 
role. Therefore, we concluded that both p65 inhibition 
at the early stage and c-Rel promotion at the late stage 
might reduce apoptosis more effectively. Phorbol myri-
state acetate (PMA) is an activator of NF-κB [10,24,25]. 
In this study, we administered PDTC at the early stage 
and PMA at the late stage after ICH, and then detect-
ed changes in NF-κB activation, subunit expression, 
apoptosis, and apoptotic factors. Results were anal-
ysed to add to our understanding of the mechanisms 
described above. 

Material and methods

ICH model

Male Wistar rats (n = 64, 14-16 weeks old, 240-260 g) 
used in the experiment were purchased from the 
Laboratory Animal Centre of Shandong University 
and were divided into a  sham group (16 rats), ICH 
group (16 rats), early NF-κB-inhibiting group (group A, 
16 rats), late NF-κB-activating group (group B, 8 rats), 
and early NF-κB-inhibiting and late-activating group 
(group C, 8 rats). The environment housing the rat 
was kept at stable humidity and temperature (21°C) 

on a 12-h light-dark cycle. Water and food were free-
ly accessed. Stereotaxic intrastriatal administration 
of bacterial collagenase type IV (Solarbio, Beijing, 
China) was chosen to induce the experimental ICH, 
following the method previously described in the lit-
erature and used in our laboratory [9,32,35]. Briefly 
speaking, rats were anesthetised by intraperitone-
al injection with 10% chloral hydrate (3 ml/kg) and 
then placed on a  stereotaxic apparatus (Zhongshi 
Dichuang, Beijing, China). On the mid-line of the 
scalp, an incision was made with a  surgical blade, 
and a  burr hole was drilled. Then a  micro syringe 
(Gaoge, Shanghai, China) was implanted into the 
right striatum stereotaxically (coordinates: 3.0 mm 
right to the midline, 0.2 mm posterior to bregma, 
and 6.0 mm below the skull). ICH was induced via 
administration of 1 μl saline containing 0.23 U bac-
terial collagenase type IV over a five-minute period. 
To avoid backflow, the syringe was placed in situ for 
another 10 minutes and then withdrawn slowly. All 
the holes mentioned were sealed with bone wax, 
and incisions were sutured. With a stereotaxic nee-
dle insertion and an injection of 1 μl saline (equal 
volume to the ICH group), sham ICH was made. To 
keep the body temperature at 37 ±0.5°C, the rats 
were put on a warm blanket. 

For the rats in group A, PDTC (ab141406, Abcam, 
USA) was administered into the cisterna magna at 
10 min, 1 d, and 2 d (early stage) after the ICH model 
was implemented, in order to inhibit NF-κB activa-
tion. In group B, PMA (P1585, Sigma-Aldrich, USA) 
was administered at 6 d, 7 d, and 8 d (late stage), 
to promote NF-κB activation. In group C, both PDTC 
and PMA were administered at the corresponding 
time points mentioned above. Administration was 
performed following the procedures below: rats 
were placed in a  prone position after anaesthesia.  
An incision was made 2.0 cm below the external 
occipital protuberance, thus exposing the occipital 
bone, atlas, and atlanto-occipital membrane. Syringe 
needles (1 ml) were punctured into the cisterna mag-
na, and the cerebrospinal fluid was allowed to flow 
out. PDTC solution (20 μmol/l, 0.3 ml) or PMA solu-
tion (1.0 μmol/l, 0.3 ml) was injected into the cisterna 
magna within two minutes. A  gelatine sponge was 
used to block the hole, and the incision was sutured.

Animal welfare and experimental procedures 
were in accordance with the Care and Use of Labo-
ratory Animals (National Research Council, Washing-
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ton D.C., USA). The study protocol was approved by 
the Ethics Committee of Qilu Hospital.

Tissue preparation

Brain tissue was harvested at predefined time 
points, i.e. 4 d and 10 d after operation for the sham 
group, ICH group, and group A, and 10 d for group B 
and group C. Rats were re-anaesthetised with 10% 
chloral hydrate, and then sacrificed by trans-cardiac 
perfusion with cold phosphate-buffered saline (PBS), 
which the aim of eliminating the RNA and protein 
expressed by blood cells. Then, the brains were 
removed from the skulls quickly, followed by imme-
diate dissection on ice to obtain half of the ipsilat-
eral striatum, which was then flash-frozen in liquid 
nitrogen and stored at –80°C for molecular biology 
experiments. The other half of the ipsilateral stria-
tum as well as the peripheral tissue was removed 
with care and kept in 4% paraformaldehyde at 4°C 
for fixation for three days. After that, tissues were 
paraffin-embedded and processed into 5 μm sec-
tions for morphological study.

Electrophoretic mobility shift assay

Nucleoprotein was extracted from the brain 
tissue following instructions provided by the man-
ufacturer (Thermo Fisher Scientific Inc., USA). Pro-
tein concentrations were determined using a Micro 
BCA Protein Assay Kit (Thermo Fisher Scientific Inc., 
USA). As mentioned above, half of the nucleopro-
tein was stored at –80°C for electrophoretic mobility 
shift assay (EMSA), and the other was for western 
blotting. A LightShift™ Chemiluminescent EMSA Kit 
(Thermo Scientific, 20148, USA) was used for EMSA. 
A  5’-biotin-labeled NF-κB oligo (5’-AGTTGAGGG-
GACTTTCCCAGGC-3’) was used as the probe. EMSA 
was performed as instructed by the manufacturer.  

A  fully automated chemiluminescence imaging 
analysis system (Tanon 5200, China) with associat-
ed software was used to visualise and analyse all 
immunoblots.

Western blotting

The extracted nucleoprotein samples described 
previously were boiled for 10 minutes, loaded onto 
a 14% SDS-PAGE gel, and subjected to electrophore-
sis at 100 V for two hours. Protein was electrophoret-
ically transferred onto a 0.22 m nitrocellulose mem-
brane and immunoblotted with primary antibodies 

NF-κB p65 (ab19870 rabbit polyclonal, Abcam, USA, 
concentration: 2.5 μg/ml), NF-κB c-Rel (12707 rabbit 
monoclonal, CST, USA, dilution: 1 : 1000), and Lamin A, 
respectively, and then with secondary antibody (Per-
oxidase-AffiniPure Goat Anti-Rabbit IgG [H + L], Jack-
son ImmunoResearch, USA, dilution: 1 : 10000).

Total protein was extracted by lysing the prepared 
tissue at 4°C for 30 minutes in lysis buffer (20 mM 
tris [hydroxymethyl] aminomethane-HCl, pH 7.5,  
140 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 
50 U/ml aprotinin, 1 mM phenylmethylsulphonyl 
fluoride, and 1 mM sodium orthovanadate) contain-
ing 1% Nonidet P-40 detergent. Protein concentra-
tions were determined using Micro BCA Protein Assay 
Kit (Thermo Fisher Scientific Inc., USA). The total pro-
tein samples were boiled for 10 minutes, loaded onto 
a  14% SDS-PAGE gel, and electrophoresis was con-
ducted at 100 V for two hours. Proteins were electro-
phoretically transferred onto 0.22 m nitrocellulose and 
immunoblotted with primary antibodies for caspase-3 
(9665 rabbit monoclonal, CST, USA, dilution: 1 : 1000), 
Bcl-2 (ab59348 rabbit polyclonal, Abcam, USA, dilu-
tion: 1 : 1000), and β-actin, respectively, and then 
with secondary antibody (Peroxidase-AffiniPure Goat 
Anti-Rabbit IgG (H + L), Jackson ImmunoResearch, 
USA, dilution: 1 : 10000).

A  fully automated chemiluminescence imaging 
analysis system (Tanon 5200, China) with associat-
ed software was used to visualise and analyse all 
immunoblots.

Terminal deoxynucleotidyl  
transferase-mediated dUTP-biotin  
nick end labelling (TUNEL) assay

Tissue sections were deparaffinised and hydrat-
ed, then the TUNEL assay was performed following 
instructions provided by the manufacturer (In Situ 
Cell Death Detection Kit, POD, Roche, Germany). 
Samples were incubated in the TUNEL reaction mix-
ture and rinsed with PBS. After incubation in DAB 
substrate solution, samples were rinsed and mount-
ed under glass cover slips, and slides were analysed 
by light microscope by three professors of pathology 
in a blinded fashion. The basal ganglia, which is rich 
in neurons, is the region of interest for TUNEL anal-
ysis. A  total of five no-repeat fields (400× magnifi-
cation) were randomly selected, the TUNEL-positive 
cells were identified, and the numbers of positive 
cells in all five fields were summed to obtain the 
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result. The results recorded by the three pathologists 
were consistent.

Statistical analysis

For statistical analysis and charting, SPSS 22.0 
statistical analysis software and Excel 2016 were 
used. The normally distributed continuous variables 
were expressed as mean ± standard deviation and 
were analysed with Student’s t-test. The least sig-
nificant difference was used for the multiple com-
parisons. Statistical significance was set at p < 0.05.

Results
ICH model

There was no evidence indicating ICH in the sham 
group, nor death due to ICH in any group. The haema-
toma was located in the basal ganglia, and the homo-
geneity of haematoma volume was good.

Electrophoretic mobility shift assay

NF-κB activation was detected by EMSA. The NF-κB 
activation level in the ICH group was significantly 
higher than in the sham group 4 d after ICH (p < 0.01).  
In group A, administering PDTC in the early stage 
after ICH significantly reduced NF-κB activation  
(p < 0.01), which was still higher than in the sham 
group (p < 0.01). At 10 d after ICH, there was a sig-
nificant difference in NF-κB activation between the 
sham group and each of the other groups (p < 0.01). 
NF-κB activation levels in group B (p < 0.01) and 
group C (p < 0.01), in which PMA was administered 
in the late stage after ICH, were higher than in the 
ICH group, while there was no significant differ-
ence between group A and the ICH group (p > 0.05).  
The results above suggest that PDTC can inhibit 
NF-κB activation, and that PMA has the opposite 
function (Fig. 1).

P65 and c-Rel expression

At 4 d after ICH, the expression level of p65 sig-
nificantly increased in the ICH group compared with 
the sham group (p < 0.01), while that of c-Rel showed 
no significant difference (p > 0.05). PDTC administra-
tion at the early stage after ICH in group A signifi-
cantly reduced the expression of p65 (p < 0.01) but 
not of c-Rel (p > 0.05). At 10 d after ICH, both p65  
(p < 0.01) and c-Rel (p < 0.01) expression levels were 
significantly lower in the sham group than in the oth-
er groups. There were no significant differences in 

p65 expression among the ICH group and groups A, 
B, and C (p > 0.05). Compared with the ICH group 
and group A, PMA administration at the late stage 
after ICH significantly increased c-Rel expression in 
groups B and C (p < 0.01 for all). The results above 
suggest that PDTC administration at the early stage 
after ICH can reduce NF-κB activation by inhibiting 
p65 expression, while PMA administration at the 
late stage after ICH can increase NF-κB activation by 
promoting c-Rel expression (Fig. 2).

Caspase-3 and Bcl-2 expression

Both caspase-3 and Bcl-2 are apoptosis-relat-
ed factors. At 4 d after ICH, caspase-3 expression 
increased significantly in the ICH group compared 
with the sham group (p < 0.01) and decreased sig-
nificantly in group A (p < 0.01). The opposite trend 
was observed for Bcl-2 expression, which decreased 

Fig. 1. Activation profiling and column chart of 
NF-κB. A) The representative EMSA result showed 
the NF-κB activity in each group. B) The level of 
NF-κB activation in each experimental group was 
significantly higher than that in the sham group. 
At 4 d after ICH, administrating PDTC in group 
A  significantly reduced NF-κB activation com-
pared with the ICH group. Then at 10 d after ICH, 
NF-κB activation levels in group B and group C 
were significantly higher than that in ICH group, 
while there was no significant difference between 
group A and the ICH group. Bars represent mean 
±SD (n = 8, each group), **p < 0.01 vs. sham group, 
##p < 0.01 vs. ICH group, ††p < 0.01 vs. group C.
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significantly in the ICH group compared with the 
sham group (p < 0.01) and increased significantly 
in group A compared with the ICH group (p < 0.01). 
At 10 d after ICH, caspase-3 expression in each of 
the other groups was significantly higher than in the 
sham group (p < 0.01 for all), while that in group C 
was lower than in ICH group, group A, or group B  
(p < 0.01 for all). Bcl-2 expression in the ICH group, 
group A, and group B was significantly lower than in 
the sham group (p < 0.01 for all), while there was no 
significant difference between group C and the sham 
group (p > 0.05). PDTC administration at the early 
stage in group A did not increase Bcl-2 expression at 
10 d after ICH compared with the ICH group (p > 0.05), 
while PMA administration at the late stage in group B 
and C did (p < 0.01). It is noteworthy that Bcl-2 expres-
sion in group C nearly reached the level in the sham 
group (p > 0.05) (Fig. 3).

TUNEL assay 

Cell death was detected by TUNEL assay. At 4 d 
after ICH, TUNEL-positive cells in the ICH group sig-
nificantly increased compared with the sham group 
(p < 0.01), while those in group A decreased signifi-
cantly (p < 0.01). At 10 d after ICH, TUNEL-positive 
cells in group A and B were significantly fewer than 
in the ICH group (p < 0.01) but still significantly more 
numerous than in group C (p < 0.01). The results 
above demonstrate that administering PDTC at the 
early stage combined with PMA at the late stage can 
have stronger anti-apoptotic effects than either of 
them administered alone (Fig. 4).

Discussion

The main findings of the present study were 
as follows: 1) NF-κB activation can be inhibited by 
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administrating PDTC at an early stage after ICH, and 
it is promoted by PMA at the late stage; 2) NF-κB 
subunit p65 is mainly expressed at the early stage 
after ICH, and c-Rel at the late stage. PDTC reduced 
NF-κB activation in the early stage after ICH by 
inhibiting p65 expression, and PMA increased NF-κB 
activation in the late stage via promotion of c-Rel 
expression; 3) Administering both PDTC at the early 
stage and PMA at the late stage produced a stronger 
anti-apoptotic effect than applying either of the two 
treatments respectively.

NF-κB, which has been recognised as a  critical 
regulator of inflammatory responses since its discov-
ery [1], comprises five subunits: NF-κB 1 (p50), NF-κB 
2 (p52), RelA (p65), RelB, and c-Rel. Dimerisation 
of NF-κB/Rel protein family members is required. 

In unstimulated cells, inactive dimerised NF-κB is 
sequestered in the cytoplasm by IκB, which can be 
rapidly phosphorylated and degraded by a wide array 
of factors [16]. Then, the free NF-κB rapidly migrates 
into the nucleus, binds to DNA, and promotes the 
transcription of genes for the release of inflamma-
tory substances. Different NF-κB/Rel dimers have 
different functions. Cells can regulate the expression 
of genes based on selection of slightly different κB 
sequences and dimers with different affinities under 
different stimuli or physiological states [7,12,13].

PMA promotes NF-κB activation [10,24,25]. As 
a  cytoplasmic enzyme, protein kinase C (PKC) par-
ticipates in intracellular biochemical responses and 
regulates nuclear transcription factors such as NF-κB. 
PMA, one of the most commonly used phorbol esters, 
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es (400×) of the sham and each experimental group showed the TUNEL-positive cells. I) Column chart showed 
that at 4 d after ICH, the number of TUNEL-positive cells in group A was significantly lower than that in the ICH 
group. At 10 d after ICH, the number of TUNEL-positive cells in group A and B was significantly lower than that 
in the ICH group, but still significantly more than that in group C. → indicate TUNEL-positive cells. Bars repre-
sent mean ±SD (n = 8, each group), **p < 0.01 vs. sham group, ##p < 0.01 vs. ICH group, ††p < 0.01 vs. group C.
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can activate the PKC system to produce a  series of 
cellular responses. Regulating the level of protein 
expression by NF-κB is one of these responses. PMA 

therefore has the effect of promoting NF-κB acti-
vation. PDTC has many functions in biological sys-
tems, one of which is inhibiting NF-κB activation, 
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according previous studies by our group and others 
[6,14,23,31]. One mechanism is that PDTC can inhibit 
IκB phosphorylation and NF-κB activation, reducing 
the free NF-κB that migrates into the nucleus to pro-
mote gene transcription. Another mechanism is that 
PDTC acts as an antioxidant, scavenging oxygen free 
radicals, which can induce NF-κB activation.

According to our previous study, NF-κB activation 
after ICH shows a biphasic distribution mode due to 
its subunits, including p65 and c-Rel. P65 caused the 
first peak of NF-κB activation at 2 d after ICH, syn-
chronous with the expression peak of inflammatory 
factors, apoptotic factor, and apoptosis, while c-Rel 
caused the second peak at 10 d after ICH, synchro-
nous with the decline of inflammatory factors and 
apoptosis [35]. In our further study, PDTC was used 
to inhibit p65 and c-Rel activation. The results sug-
gest that inhibiting p65 in the early stage after ICH 
can reduce apoptosis, and inhibiting c-Rel at the late 
stage can have the opposite effect [32]. According to 
the results above, we conclude that c-Rel expression 
at the late stage after ICH plays a  neuroprotective 
role, and p65 at the early stage plays the opposite 
role. In this study, we administered PDTC to inhibit 
p65 at the early stage and PMA to promote c-Rel at 
the late stage, and then analysed the results to clar-
ify whether these measures could reduce cell death 
more effectively. 

Previous studies of human and animal models 
of ICH indicated that there was a close relationship 
between NF-κB activation, cell death, and prognosis 
[2,16,33,34]. Bcl-2 has been proven to promote neu-
ronal regeneration and survival and have anti-apop-
totic effects [3,18,29], while caspase-3 can cleave 
poly (ADP-ribose) polymerase, a  protein related to 
DNA repair and genetic integrity, into two fragments 
and have an apoptosis-promoting effect [4,17,21,27]. 
In this study, cell death and apoptosis-related factors 
Bcl-2 and caspase-3 were detected by TUNEL and 
western blotting, respectively, to verify the effect of 
our intervention.

The timing of PDTC or PMA administration sig-
nificantly affected their effectiveness in reducing cell 
death. The timing of intervention in this study was 
determined according to p65 and c-Rel expression 
trends after ICH. In our previous study, p65 expres-
sion increased at 6 h after ICH, peaked at 2 d, then 
decreased and returned to normal at 10 d, while 
c-Rel increased at 4 d after ICH, peaked at 10 d, and 
then decreased. Therefore, in this study, PDTC was 

administered at 10 min, 1 d, and 2 d (early stage) 
after ICH to inhibit p65 expression, while PMA was 
administered at 6 d, 7 d, and 8 d (late stage) to pro-
mote c-Rel expression. The trend of p65 and c-Rel 
expression detected by western blotting confirmed 
the functions of PDTC and PMA. The results of the 
TUNEL assay suggested that both PDTC administra-
tion at the early stage and PMA at the late stage 
reduced perihematomal cell death after ICH, and 
using the two measures together (group C) had 
a stronger anti-apoptotic effect than separate usage 
(group A and B). The changing trends of anti-apop-
totic factor Bcl-2 and apoptosis-promoting factor 
caspase-3 were also found to be closely matched to 
the trend of cell death according to their correspond-
ing apoptosis-related functions.

In summary, the novelty of this study is that dif-
ferent interventions were applied at different stages 
after ICH. The p65 subunit was inhibited at the ear-
ly stage after ICH using NF-κB inhibitor PDTC, while 
c-Rel subunit was promoted at the late stage using 
NF-κB promotor PMA. According to the results, we 
can conclude that PDTC and PMA administration at 
early and late stages, respectively, can attenuate sec-
ondary brain injury and reduce cell death after ICH in 
rats via the NF-κB pathway. Therefore, we can spec-
ulate that different interventions involving NF-κB in 
different periods after human ICH may reduce sec-
ondary brain damage and improve prognosis. The 
results of the present study can provide important 
evidence for the feasibility of further studies.

 
Conclusions

In the present study, we found that PDTC reduced 
NF-κB activation at the early stage after ICH by 
inhibiting p65 expression, and PMA increased NF-κB 
activation at the late stage via promotion of c-Rel 
expression. Administration of both PDTC at the early 
stage and PMA at the late stage reduced perihema-
tomal cell death after ICH, and using the two mea-
sures together produced a  stronger anti-apoptotic 
effect than separate usage. Therefore, we can spec-
ulate that different interventions targeting NF-κB at 
different periods after human ICH may reduce sec-
ondary brain damage and improve the prognosis.
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