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Abstract. – OBJECTIVE: To explore the in-
fluences of toll-like receptor 4/nuclear factor-κB 
(TLR4/NF-κB) pathway on the memory function 
and inflammatory factors in rats with cerebral 
small vessel disease (CSVD). 

MATERIALS AND METHODS: CSVD model 
in rats was established. Expressions of TLR4/
NF-κB-related proteins and inflammatory fac-
tors were detected. CSVD rats were treated with 
the TLR4/NF-κB pathway agonist and inhibitor 
to evaluate the regulatory effect of TLR4/NF-
κB pathway on the expressions of TLR4, NF-
κB p50 and NF-κB p65. Moreover, their influ-
ences on the cerebral edema, memory function 
and expressions of inflammatory factors [inter-
leukin-1β (IL-1β) and tumor necrosis factor-α 
(TNF-α)] in CSVD rats were also analyzed. 

RESULTS: In model group, the mRNA and pro-
tein expressions of TLR4 and NF-κB-related 
proteins in rat hippocampus were significantly 
higher than those in sham group (p<0.01), and 
the expressions of IL-1β and TNF-αsignificantly 
increased (p<0.05). The agonist lipopolysaccha-
ride (LPS) significantly increased the proportion 
of TLR4-positive cells (p<0.01) and protein ex-
pression of TLR4 (p<0.01). The inhibitor CLI-095 
obviously reduced the proportion of TLR4-pos-
itive cells and TLR4 expression (p<0.05). Pyr-
rolidine dithiocarbamate (PDTC) remarkably re-
duced the expressions of NF-κB p50 and NF-κB 
p65 in model group (p<0.05). LPS promoted ce-
rebral edema, leading to memory dysfunction 
and enhanced inflammatory response in rats 
of model group. The inhibitor CLI-095+PDTC 
significantly reduced cerebral edema, lowered 
memory impairment and relieved inflammatory 
response in CSVD rats (p<0.05). 

CONCLUSIONS: The inhibitor of the TLR4/NF-
κB signaling pathway can restore memory func-
tion and reduce inflammatory response in CS-
VD rats.
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Introduction

Cerebral small vessel disease (CSVD) is a 
common cause of lacunar stroke, white matter 
ischemic lesion and vascular impairment1-3. The 
morbidity rate of CSVD is higher in the brain of 
the elderly. Studies have demonstrated that about 
two-thirds of people with dementia aged above 65 
years old suffer from CSVD4,5. The Toll-like re-
ceptor (TLR) is a transmembrane protein, which 
plays a major role in identifying the pathogen-as-
sociated molecular pattern in viral and bacterial 
products6. In these TLRs, TLR4 has been proved 
to play an important role in inducing inflamma-
tory response, ultimately leading to inflammatory 
injury and neurological impairment after stroke or 
head trauma7,8. The TLR4/nuclear factor-κB (NF-
κB) signaling pathway mediates the occurrence 
of inflammatory responses. Previous studies have 
proved that the TLR4/NF-κB signal transduction 
pathway plays a protective role in myocardial 
cells9. According to another report, the TLR4/
NF-κB signaling pathway protects against inter-
leukin-1β (IL-1β)-induced inflammatory respons-
es in human osteoarthritic chondrocytes10. NF-κB 
is involved in the neuronal survival, synaptic 
plasticity and formation of learning and memory. 
It is reported that activated NF-κB causes defects 
in hippocampal synaptic plasticity and long-term 
depression in c-Rel-/- mice, showing memory dys-
function in the long-term escape test11. Howev-
er, the influences of the TLR4/NF-κB signaling 
pathway on the memory function and inflamma-
tory factors in CSVD rats remain unclear. In this 
study, the influences of TLR4/NF-κB signaling 
pathway on the memory function and inflam-
matory factors in CSVD rats were explored. Af-
ter construction of CSVD model, expressions of 
TLR4/NF-κB-related proteins were detected via 
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reverse transcription-polymerase chain reaction 
(RT-PCR) and Western blotting. Expressions of 
inflammatory factors [interleukin-1β (IL-1β) and 
tumor necrosis factor-α (TNF-α)] were detected 
via enzyme-linked immunosorbent assay (ELI-
SA). Rats in model group were treated with the 
TLR4/NF-κB pathway agonist and inhibitor, and 
their influences on the expressions of TLR4, NF-
κB p50 and NF-κB p65 were analyzed. Moreover, 
their influences on the cerebral edema, memory 
function and expressions of inflammatory fac-
tors (IL-1β and TNF-α) in CSVD rats were also 
analyzed, and its mechanism was preliminarily 
revealed.

Materials and Methods

Materials
Lipopolysaccharide (LPS) was purchased from 

Solarbio (Beijing, China), CLI-095 from MT-Bio 
(Shanghai, China), pyrrolidine dithiocarbamate 
(PDTC) from Shanghai Ziyi Reagent Factory 
(Shanghai, China), bicinchoninic acid (BCA) kit 
from Solarbio (Beijing, China), polyvinylidene 
difluoride (PVDF) membrane from Roche (Ba-
sel, Switzerland), rabbit anti-TNF-α and IL-1β 
polyclonal antibodies from Affinity Biosciences 
(Cincinnati, OH, USA), and goat anti-TLR4 poly-
clonal antibody from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA).

Methods

Establishment of Rat Model of 
CSVD and Grouping

A total of 100 healthy male Wistar rats weigh-
ing (230±20) g were purchased from Laboratory 
Animal Research Center of Hubei Province. Rats 
were intraperitoneally injected with pentobarbital 
sodium (100 mg/kg) for anesthesia, and injected 
with the allogeneic thrombus (particle size: 60 
μm) via the external carotid artery to establish the 
CSVD model. Rats were randomly divided sham 
group (n=20), model group (n=20), model + LPS 
group (n=20), model + CLI-095 group (n=20) and 
model + LPS + CLI-095 group (n=20). This study 
was approved by the Animal Ethics Committee 
of Beijing Jishuitan Hospital Animal Center.

Western Blotting
The total protein was extracted from the 

hippocampus for sodium dodecyl sulfate poly-

acrylamide gel electrophoresis, transferred onto 
a polyvinylidene difluoride (PVDF) membrane 
using a transfer device and blocked with 5% 
skim milk powder. Membranes were incubated 
with the primary antibody at 4°C overnight, and 
the horseradish peroxidase (HRP)-IgG second-
ary antibody at the other day for 2 h. Image was 
developed using enhanced chemiluminescence 
(ECL) (Thermo Fisher Scientific, Waltham, MA, 
USA). The optical density signal was quantified 
using an imaging program, and the intensity of 
immunoreactive bands was normalized into that 
of β-actin bands.

Detection of mRNA Expression 
via RT-PCR

The total RNA was extracted from tissues and 
reversely transcribed according to the manufac-
turer’s instructions. Complementary deoxyribose 
nucleic acid (cDNA) was mixed with the primers 
for PCR amplification using the following prim-
ers: TLR4: TTTATTCAGAGCCGTTGG (for-
ward) and TGCCGTTTCTTGTTC (reverse), NF-
κB p65: GCTCCTTTTCTCAAGCTGATGT (for-
ward) and CAGAAGTTGAGTTTCGGGTAGG 
(reverse), NF-κB p50: ATTTCGATTCCGCTAT-
GTGTG (forward) and TCCGCCTTCTGCTTG-
TAGATA (reverse), β-actin: CCCTGTATG-
CCTCTGGTC (forward) and TTTACGGATGT-
CAACG (reverse).

Immunofluorescence Analysis
Sections were treated with 0.4% Triton X-100, 

sealed, reacted with TLR4 polyclonal antibody at 
4°C overnight and incubated with goat anti-rab-
bit fluorescein isothiocyanate (FITC) secondary 
antibody at room temperature for 2 h. The image 
was captured under a fluorescence microscope.

Evaluation of Cerebral Edema
Brain edema content of rat was measured using 

the wet-dry weight method to evaluate the cere-
bral edema. After anesthesia, rats were decapi-
tated, and the brain was immediately taken for 
weighing its wet weight. After drying at 100°C 
for 24 h, its dry weight was measured. The ratio 
of brain edema content was calculated as follows: 
(wet weight - dry weight)/wet weight × 100%.

Morris Water Maze (MWM) Test
Learning and memory functions of rats were 

evaluated via MWM test. A round black tank 
(180 cm in diameter, 50 cm in height) was filled 
with water (26°C) till 30 cm in depth, and divided 
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into four equivalent quadrants: east, south, west 
and north. A 2 cm-long immersed opaque escape 
platform was placed in the center equidistant 
from the side wall. All rats were pre-trained to 
find the platform. In each test, rats were randomly 
placed in the starting point of quadrant facing the 
wall and allowed to escape to the platform for 60 
s at most. Rats who did not escape within 90 s 
were placed on the platform for 20 s at most and 
then placed back to the cage, followed by a new 
test at an interval of 10 min. Behaviors of rats in 
the maze were recorded using a camera suspend-
ed above the maze. The average escape time in a 
total of four tests was calculated.

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 18.0 (IBM, Armonk, NY, USA) and 
GraphPad 6 (La Jolla, CA, USA) were used for 
statistical analysis. Data were expressed as mean 
± standard deviation, and analysis of variance 
was adopted followed by Post-Hoc Test (Least 
Significant Difference). p<0.05 suggested that the 
difference was statistically significant.

Results

MRNA and Protein Expressions of TLR4/
NF-κB-Related Proteins in CSVD Rats

In this study, the mRNA and protein expressions 
of TLR4/NF-κB-related proteins in the hippocam-

pus of CSVD rats were detected via RT-PCR and 
Western blotting. It is found that the mRNA and 
protein expressions of TLR4, NF-κB p50 and NF-
κB p65 in model group significantly increased 
than those of controls (p<0.01) (Figure 1).

Expressions of Inflammatory Factors 
(IL-1β and TNF-α) in Model Group

Changes in inflammatory factors in the pe-
ripheral blood of CSVD rats were detected via 
ELISA. The results showed that the expressions 
of IL-1β and TNF-α significantly increased in 
model group compared with those in sham group 
(p<0.05) (Figure 2).

Influences of TLR4 Agonist and TLR4 
Inhibitor on TLR4 Expression in 
Hippocampus of CSVD Rats

To determine whether TLR4 is involved 
in neuronal damage in CSVD, rats in model 
group were treated with TLR4 agonist (LPS) 
and TLR4 inhibitor (CLI-095), and immunoflu-
orescence staining was performed at 24 h after 
treatment. As shown in Figure 3A, the proportion 
of TLR4-positive cells was (25.3±3.1)% (n=3) in 
sham group, while it significantly increased in 
LPS group [(55.2±5.3)%] (n=3) (p<0.01). More-
over, the proportion of TLR4-positive cells in the 
hippocampus of CSVD rats significantly declined 
in CLI-095 group [(13.5±2.7)%] (n=3) (p<0.05).

In addition, protein expression of TLR4 after 
treatment with TLR4 agonist and inhibitor for 

Figure 1. MRNA and protein expressions of TLR4, NF-κB p50 and NF-κB p65 detected via RT-PCR and Western blotting. A, 
TLR4 mRNA and protein expressions. *p<0.01, the difference is extremely significant. B, NF-κB p50 and NF-κB p65 mRNA 
and protein expressions. **p<0.01, the difference is extremely significant.
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different periods was detected via Western blot-
ting. As shown in Figure 3B, LPS significantly 
increased protein expression of TLR4 (p<0.01), 
while CLI-095 significantly reduced its expres-
sion (p<0.05) with a continuous decrease trend.

Influences of NF-κB Inhibitor PDTC on 
Expressions of NF-κB p50 and NF-κB 
p65 in Hippocampus of CSVD Rats

To further study the mechanism of the TLR4/
NF-κB pathway in CSVD rats, the influences of 

NF-κB inhibitor PDTC on expressions of NF-
κB p50 and NF-κB p65 in the hippocampus of 
CSVD rats were detected. Western blotting anal-
yses revealed that compared with those in sham 
group, expressions of NF-κB p50 and NF-κB p65 
significantly declined at 24 h, 48 h and 72 h after 
treatment with NF-κB inhibitor PDTC (p<0.05) 
(Figure 4).

Influences of the TLR4/NF-κB Signaling 
Pathway on Cerebral Edema and Memo-
ry Function of CSVD Rats

In this study, cerebral edema, learning and 
memory ability of rats were evaluated via wet-
dry weight method and MWM test, respectively. 
It was found that the brain edema content in mod-
el group [(76.2±3.2)%] significantly increased 
compared with that in sham group [(68.2±2.6)%] 
(p<0.05). After LPS treatment, the brain edema 
content in model + LPS group [(82.4±3.5)%] sig-
nificantly increased compared with that in model 
group (p<0.05). After CLI-095+PDTC treatment, 
the cerebral edema in model + CLI-095 + PDTC 
group [(70.3±2.6)%] was significantly improved 
(Figure 5A). Besides, the spatial learning deficit 
occurred at different time points in model group 
compared with that in sham group (p<0.05). The 
escape time was prolonged at 48 h, 72 h, 96 h and 

Figure 2. Expressions of inflammatory factors (IL-1β 
and TNF-α) detected via ELISA. *p<0.05, the difference is 
significant.

Figure 3. Influences of TLR4 agonist and inhibitor on the TLR4 expression in the hippocampus of CSVD rats detected via 
immunofluorescence and Western blotting (400×). A, Influences of TLR4 agonist and inhibitor on the proportion of TLR4-
positive cells in the hippocampus of CSVD rats detected via immunofluorescence. B, Influences of TLR4 agonist and inhibitor 
on the TLR4 protein expression in the hippocampus of CSVD rats detected via Western blotting. a: the level is significantly 
increased in LPS group compared with that in sham group (p<0.01), b: the level is significantly decreased in CLI-095 group 
compared with that in sham group (p<0.05).
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120 h after LPS treatment compared with that in 
model group (p<0.05). On the contrary, the es-
cape time was remarkably shortened at 48 h, 72 
h, 96 h and 120 h after CLI-095+PDTC treatment 
(p<0.05) (Figure 5B).

Influences of the TLR4/NF-κB 
Signaling Pathway on Expressions 
of Inflammatory Factors

Expressions of IL-1β and TNF-α in mod-
el group remarkably increased compared with 

Figure 4. Influences of NF-κB inhibitor PDTC on expressions of NF-κB p50 and NF-κB p65 in hippocampus of CSVD rats 
detected via Western blotting. A, Influence of inhibitor PDTC on NF-κB p50 expression, B, Influence of inhibitor PDTC on 
NF-κB p65 expression. *p<0.05, the difference is significant.

Figure 5. Influences of TLR4/NF-κB signaling pathway agonist and inhibitor on cerebral edema and memory function of 
CSVD rats. A, Cerebral edema detected via wet-dry weight method, B, Learning and memory ability of rats detected via 
MWM test. a: it is significantly increased in model group compared with that in sham group (p<0.05), b: it is significantly 
increased in model + LPS group compared with that in model group (p<0.05), c: it is significantly decreased in model + CLI-
095 + PDTC group compared with that in model group (p<0.05) (n=3).



TLR4/NF-κB pathway in cerebral small vessel disease

6269

those in sham group (p<0.05). Compared with 
those in model group, LPS treatment upregu-
lated expressions of IL-1β and TNF-α (p<0.05), 
while CLI-095+PDTC treatment remarkably re-
duced expressions of IL-1β and TNF-α (p<0.05) 
(Figure 6).

Discussion 

CSVD is a pathological process involving 
various pathogeneses that will affect the small 
arteries, arterioles, venules and capillaries of the 
brain12. NF-κB almost exists in all types of cells 
types, which is involved in multiple cellular pro-
cesses, including inflammation, cell differentia-
tion, immunity, cell growth, apoptosis and tum-
origenesis9. TLR4 is closely related to inflamma-
tion10, which binds to endogenous or exogenous 
ligands to stimulate the massive production of 
pro-inflammatory cytokines through activating 
NF-κB10. The influences of the TLR4/NF-κB 
signaling pathway on memory function and in-
flammatory factors in CSVD rats were reported 
for the first time in this study. This study first re-
vealed the expressions of TLR4/NF-κB-related 
proteins in CSVD model in rats. Expressions of 
TLR4 and NF-κB-related proteins significantly 
increased, and levels of inflammatory factors 

IL-1β and TNF-α also significantly increased 
in CSVD rats, indicating that the TLR4/NF-
κB signaling pathway was involved in the oc-
currence of CSVD. Studies have demonstrated 
that the spinal cord stimulation alleviates the 
chronic neuropathic pain through inhibiting the 
TLR4/NF-κB signaling pathway13. One study 
proved that the TLR4/NF-κB signaling pathway 
was involved in ischemia/reperfusion injury14. 
Therefore, it is speculated that inhibition of the 
TLR4/NF-κB signaling pathway may be a new 
breakthrough in the treatment of CSVD. On this 
basis, this study aims to explore the influences 
of inactivated TLR4/NF-κB signaling pathway 
on memory function and inflammatory factors 
in CSVD rats. Studies have manifested that 
the treatment with agonist and inhibitor of the 
TLR4/NF-κB signaling pathway significantly 
altered the memory function and changes in 
inflammatory factors in rat brain. The TLR4/
NF-κB signaling pathway inhibitor reduced the 
memory impairment, down-regulated the ex-
pressions of IL-1β and TNF-α and alleviated the 
inflammatory response in CSVD rats. TLR4 is 
considered to play an important role in neuronal 
death in animal models, and may be an import-
ant therapeutic target for CSVD. According to 
previous studies, the activation of TLR4 induc-
es NF-κB-dependent apoptosis and expressions 

Figure 6. Expressions of inflammatory factors IL-1β and TNF-α detected via Western blotting. A, IL-1β protein expression 
detected via Western blotting, B, TNF-α protein expression detected via Western blotting. a: it is significantly increased in 
model group compared with that in sham group (p<0.05), b: it is significantly increased in model + LPS group compared with 
that in model group (p<0.05), c: it is significantly decreased in model + CLI-095 + PDTC group compared with that in model 
group (p<0.05) (n=3).
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of pro-inflammatory cytokines15,16. CLI-095 and 
PDTC are effective inhibitors of the TLR4/
NF-κB signaling pathway, and their inhibitory 
effects are not cell- specific. This study elucidat-
ed the anti-nerve injury and anti-inflammatory 
effects of CLI-095 and PDTC. It was found that 
CLI-095 inhibited TLR4 expression, and PDTC 
decreased expressions of NF-κB p50 and NF-κB 
p65, reduced the cerebral edema and improved 
the learning and memory ability. Studies have 
shown that the activation of the NF-κB signal 
transduction pathway causes memory damage 
in diabetic animals reflected from MWM test. It 
is proposed that the application of tocotrienols 
can prevent the cognitive decline in rats with 
diabetes-related brain dysfunction. Tocotrienols 
have been identified to reduce levels of inflam-
matory factors through inhibiting the NF-κB 
pathway17,18. It is also reported that inactivated 
NF-κB can prevent cognitive disorder caused 
by chronic alcoholism in rats19. Inhibition of 
the NF-κB activation exerts a potent neuro-
protective effect on the brain of neonatal hy-
poxic-ischemic rats, accompanied by cognitive 
improvement in visual-spatial learning task and 
motor improvement in cylinder feeding test and 
adhesive removal task20. These findings indicate 
that inactivation of NF-κB can improve neural 
degeneration and cognitive impairment in ce-
rebral hypoxia. Moreover, it was proved that 
inhibiting the TLR4/NF-κB signaling pathway 
was helpful to reduce the release of inflamma-
tory cytokines (IL-1β and TNF-α). Studies have 
demonstrated that NF-κB promotes the release 
of inflammatory cytokines (IL-1, TNF-α and 
IL-6). At the same time, IL-1 and TNF-α acti-
vate IκB kinase, promote IκB degradation and 
NF-κB activation, forming a positive feedback 
loop and further facilitating the inflammato-
ry response. The NF-κB inhibitor NAC weak-
ens LPS-induced expressions of inducible nitric 
oxide synthase, cyclooxygenase-2 and TNF-α, 
which is related to the regulation on NF-κB ac-
tivity and the reduction of the expression of cy-
tokines and intercellular adhesion molecule-121.

Conclusions

We showed that the TLR4/NF-κB signaling 
pathway inhibitor alleviates the cerebral edema, 
improves the learning and memory function and 
reduces levels of inflammatory factors in CSVD 
rats.
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