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Chen et al.: Impact of Anthocyanin on Apoptosis of Spinal Cord Ischemia

To investigate the impact of anthocyanin on apoptosis of spinal cord ischemia-reperfusion injury rats and its
regulation on Toll-like receptor 4/cyclooxygenase 2/nuclear factor-kappa B signaling pathway. Sixty healthy
Sprague-Dawley rats were randomly separated into sham operation group, model group, anthocyanin low
(50 mg/kg), medium (100 mg/kg), high (150 mg/kg) concentration groups, anthocyanin (150 mg/kg)+TAK-242
(10 mg/kg) group, 10 per group, administered at 72 h before surgery. After the experiment, the behavioral
score after spinal cord injury was performed; blood was collected to separate serum, and the contents of
interleukin-6, interleukin-1 beta and tumor necrosis factor alpha were measured; the rats were sacrificed
to separate spinal cord tissue, and terminal deoxynucleotidyl transferase dUTP nick-end labeling staining
was used to detect cell apoptosis, the expression of B-cell lymphoma protein 2-associated X was measured
by immunohistochemistry, the expression of toll-like receptor 4, cyclooxygenase 2, p-nuclear factor-kappa
B and nuclear factor-kappa B proteins was measured by Western blot. Compared with the sham operation
group, the behavioral score and B-cell lymphoma protein 2-associated X expression in the model group
were obviously decreased (p<0.05); the apoptosis index, serum interleukin-6, interleukin-1 beta, tumor
necrosis factor alpha contents, B-cell lymphoma protein expression, toll-like receptor 4, cyclooxygenase 2
protein expression and p-nuclear factor-kappa B/nuclear factor-kappa B in spinal cord tissue were obviously
increased (p<0.05). Compared with the model group, the behavioral scores and B-cell lymphoma protein
2-associated X expression in the anthocyanin low, medium and high concentration groups were obviously
increased (p<0.05); the apoptosis index, serum interleukin-6, interleukin-1 beta, tumor necrosis factor alpha
contents, B-cell ymphoma protein 2 expression, toll-like receptor 4, cyclooxygenase 2 protein expression and
p-nuclear factor-kappa B/nuclear factor-kappa B in spinal cord tissue were gradually decreased (p<0.05).
Compared with the anthocyanin high concentration group, the behavioral score and B-cell lymphoma
protein 2-associated X expression in the anthocyanin+TAK-242 group were obviously increased (p<0.05);
the apoptosis index, serum interleukin-6, interleukin-1 beta, tumor necrosis factor alpha contents, B-cell
lymphoma protein 2 expression, toll-like receptor 4, cyclooxygenase 2 protein expression and p-nuclear
factor-kappa B/nuclear factor-kappa B in spinal cord tissue were obviously decreased (p<0.05). Anthocyanin
can ameliorate cell apoptosis in spinal cord ischemia-reperfusion injury rats by inhibiting the expression of
toll-like receptor 4/cyclooxygenase 2/nuclear factor-kappa B signaling pathway.
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cyclooxygenase 2, nuclear factor-kappa B

Spinal Cord Ischemia-Reperfusion Injury (SCII)
is one of the common and severe complications in
thoracoabdominal aortic surgery clinically!'!; and the
occurrence of SCII has unpredictable and irreversible
characteristics, causing neuronal death in the spinal
cord and leading to extreme paralysis lethalityl!.
The SCII pathological mechanism is complex, and
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previous studies have confirmed that inflammatory
responsel®#, calcium ion overload as well as
apoptosis are the main pathological mechanisms
involved in the development of SCII. Toll-Like
Receptor 4 (TLR4)/Cyclooxygenase 2 (COX-2)/
Nuclear Factor Kappa B (NF-kB) signaling pathway
is an important proinflammatory pathway in a variety
of inflammatory diseases in the clinic, the aberrant
activation of signaling pathways of TLR4/COX-2/
NF-kB mediates physio pathological processes such
as inflammatory responses, oxidative stress as well
as apoptosis and proliferation, leading to disease
development?®®. Anthocyanin is a water-soluble
flavonoid present in a variety of plants and known
as a natural antioxidant!). Anthocyanin is clinically
used in the treatment of several inflammatory diseases
as well as neurological disorders because of their
antimicrobial, anti-inflammatory, antioxidant as well
as anti-apoptotic properties®. However, there are
no studies on the therapeutic effects of anthocyanin
on SCIIL. In this study, we investigated the effects
of anthocyanin on apoptosis and the regulatory role
of anthocyanin on TLR4/COX-2/NF-kB signaling
pathway in SCII rats by establishing a SCII rat model.

MATERIALS AND METHODS

Experimental animal:

Sixty Specific-Pathogen Free (SPF) grade healthy
Sprague Dawley (SD) rats, 6 w old, half male and
half female, with a body mass of 180-200 g, were
provided by the Henan Experimental Animal Center
with the Permit No. SCXK (Y) 2017-0001. 1 w of
adaptive feeding before the experiment, housed
in the SPF grade animal laboratory, maintained
air circulation, room temperature at 20°-22°, and
fed with standard rat chow and clean water, during
which time they had free access to water and feeding.
The experimental process and methods were in
accordance with the requirements of Experimental
Animal Ethics Committee of Luoyang Orthopedic-
Traumatological Hospital of Henan Province.

Experimental drugs and reagents:

Anthocyanin (T19558, Spec. 25 g/nos., Shanghai
Yuanye Bio-Technology Co., Ltd.); TLR4 inhibitor
TAK-242 (GC16148, GlpBio, United Statas of
America (USA)); Interleukin (IL)-6 (SEKR-0005),
IL-1 beta (B) (SEKR-0002), Tumor Necrosis Factor
Alpha (TNF-a) (SEKR-0009) Enzyme-linked
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Immunosorbent Assay (ELISA) kit and Terminal
Deoxynucleotidyl Transferase dUTP Nick-end
Labeling (TUNEL) staining kit (T2190) (Beijing
Solarbio Science and Technology Co., Ltd.); B-Cell
Lymphoma 2 (Bcl-2) antibody (26593-1-AP), BCL2
Associated X (BAX) antibody (60267-1-Ig), TLR4
antibody (19811-1-AP), COX-2 antibody (27308-
1-AP) and goat anti-mouse Immunoglobulin G
(IgG) (Horseradish Peroxidase (HRP), 15015)
(Wuhan Proteintech Biotechnology Co., Ltd.);
phosphorylated-NF-xB (p-NF-xB) antibodies
(3039S), NF-xB antibodies (8242S), p-actin
antibodies (4970S), goat anti rabbit IgG (HRP,
7074S) (Central Standard Time (CST), USA).

Experimental instrumentation:

Olympus model BX53 bio microscope (Olympus
Corporation, Japan) and E-gel Imager gel imaging
system (Thermo Fisher, USA).

Method:

Model building and group administration:
Sixty healthy SD rats were randomly divided into
sham operation group, model group, anthocyanin
low, medium and high concentration groups,
and anthocyanintTAK-242 group (n=10 -each).
Administration 72 h prior to surgery, and 50 mg/
kg, 100 mg/kg, 150 mg/kg anthocyanin were
administered by gavage in the anthocyanin
low, medium and high concentration groups,
respectively!'”; anthocyanin+TAK-242 group was
treated with 150 mg/kg cyanidin by gavage and 10
mg/kg TAK-242 by tail vein injection!'!, twice daily,
fasting 8 h before operation and water restriction 4 h
after operation.

In this experiment, a modified Zivin method!"?! was
used to establish the SCII model; after the abdominal
skin preparation and routine iodophor disinfection,
an incision of about 3 cm small mouth was made
in the middle of the abdomen, after entering the
abdominal cavity, the intestinal tube was pushed
to the right side, and after confirming the left renal
artery and abdominal aorta, the abdominal aorta was
exposed by blunt separation; at 0.5 cm-1 below the
origin of the left renal artery, the abdominal aorta
was completely clamped and 40 min later reopened
to restore perfusion. During surgery, care was taken
to protect other organs. Sodium heparin 150 U/kg via
the ear edge vein 5 min before clipping. After the
surgery, check the peritoneal cavity without oozing
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blood after the intraperitoneal injection of penicillin,
use metronidazole to flush the abdominal cavity, and
suture the abdominal incision layer by layer.

Behavioral scoring after SCII in rats: Refer to
modified Tarlov scoring criteria after the experiment;
as shown in Table 13!, Behavioral scoring after SCI
was performed by three fixed observers who were
completely blinded to the grouping, and the average
of the three scores was taken as the final scoring
result, from which the motor function was judged.

Inflammatory cytokines IL-6, IL-1 [ and
TNF-0 content in serum by ELISA: At the end
of scoring, approximately 2 ml of jugular venous
blood was obtained from anesthetized rats, and after
centrifugation, the serum was isolated and the serum
was assayed for IL-6, IL-1B and TNF-a contents
according to the kit instructions.

Apoptosis of spinal cord tissue was assessed by
TUNEL assay: After anesthetized rats for blood
collection, five rats from each group were sacrificed,
and L2-5 segments of bone marrow were isolated for
routine fixation, embedded in paraffin and sectioned
in reserve. Three random sections from each group
were deparaffinized in xylene, rehydrated using
graded alcohol, washed and then stained using a
TUNEL staining kit, with neutral gum mounting,
photographed under a light microscope, and apoptotic
cells were counted from five fields per section and
averaged as the final result.

Apoptosis index (%)=number of apoptotic cells/
number of total cellsx100 %

Apoptosis related proteins Bcl-2 and BAX were
detected by immunohistochemistry: The prepared
spare sections of 2.4 were deparaffinized and then
rehydrated using graded alcohol, incubated in
Hydrogen peroxide (H,O,) for 30 min, heat retrieval
of antigen was performed by adding citrate solution,
after blocking in 4 % non-fat milk for 20 min, rinsed,

TABLE 1: MODIFIED TARLOV SCORING CRITERIA

primary antibodies for Bcl-2 and BAX were added,
incubated overnight at 4°, rinsed again, secondary
antibodies were added, incubated for 20 min at room
temperature, developed using 3,3' Diaminobenzidine
(DAB) color development kit after rinsing,
counterstained with hematoxylin, rinsed, dehydrated
in graded alcohol, cleared in xylene. Pictures were
taken under a light microscope, five fields were taken
per section, and the Integrated Optical Density (I0D)
value was analyzed by ImageJ analysis software.

TLR4/COX-2/NF-kB signaling pathway related
protein expression by Western Blot: The
remaining rats from each group were sacrificed,
and L, segments of bone marrow were separated,
high-performance protein lysate was added, the
supernatant was centrifuged and the total protein
concentration was determined by the BCA method.
30 pl loading buffer was used for electrophoresis,
transmembrane, blocking solution was added for 1
h at room temperature, and TLR4, COX-2, p-NF-«B
and NF-«B primary antibodies were added, incubated
overnight at 4°, secondary antibody was added,
incubated for 2 h at room temperature, Enhanced
Chemiluminescence (ECL) solution was added, and
pictures were acquired with a gel imaging analysis
system to take B-actin as the internal reference, and
gray values were analyzed to calculate TLR4 and
COX-2 protein expression and p-NF-kB/NF-«B.

Statistical methods:

Statistical Package for the Social Sciences (SPSS)
24.0 software was used to analyze the data. The
metrology data were expressed as (X+£s), and the
t-test was used for comparison between two groups,
one-way Analysis of Variance (ANOVA) was used
for comparison among multiple groups, and the
Student—Newman—Keuls (SNK)-q test was used
for comparison between two groups. Results were
considered statistically significant at p<0.05.

Item

Standard scores (points)

The hindlimbs were completely paralyzed with no
perceptible hindlimb activity

The hindlimbs moved slightly but were unable to move
against gravity

The hindlimbs were movable but unable to move against
gravity

Able to walk or jump, but with significant ataxia

Hindlimb gait was normal and able to jump normally

0
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RESULTS AND DISCUSSION

Compared with the sham operation group, the
behavioral scores of rats in the model group were
significantly lower (p<0.05); compared with
the model group, the behavioral scores of each
concentration of anthocyanin increased gradually
as the concentration increased (p<0.05); the
behavioral scores of the anthocyanin+TAK-242
group were significantly higher than those of the
high anthocyanin concentration group (p<0.05). The
results were presented in Table 2.

The IL-6, IL-1p and TNF-a contents in the serum
of model rats were significantly increased compared
with the sham operation group (p<0.05); compared
with the model group, each concentration group of
anthocyanin increased with concentration, and IL-6,
IL-1Band TNF-a contentinserum gradually decreased
(p<0.05); and IL-6, IL-1P3 and TNF-a contents in the
serum of rats in anthocyanint+TAK-242 group was
significantly reduced compared with anthocyanin
high concentration group (p<0.05). The results are
presented in Table 3.

From the results of TUNEL staining, only a few
apoptotic cells were found in the spinal cord tissue of
rats in the sham operation group, a large number of
apoptotic cells were seen in the spinal cord tissue of
rats in the model group, and the number of apoptotic

cells gradually decreased in the spinal cord tissue
of rats in each concentration group of anthocyanin
and anthocyanin+TAK-242 group. The results of
quantitative analysis showed that the apoptotic
index in the spinal cord tissue of model rats was
significantly higher than that in the sham operation
group (p<0.05); compared with the model group, the
anthocyanin low, medium and high concentration
groups showed a gradual decrease in the apoptotic
index (p<0.05); the apoptotic index was significantly
reduced in the anthocyanintTAK-242 group
compared with the anthocyanin high concentration
group (p<0.05). The results are shown in fig. 1 and
Table 4.

Compared with the sham operation group, the
expression of Bcl-2 in the spinal cord tissue of model
rats was significantly decreased, and the expression of
BAX was significantly increased (p<0.05); compared
with the model group, the expression of Bcl-2 in the
spinal cord tissue of the anthocyanin low, medium
and high concentration groups increased sequentially,
while the expression of BAX decreased sequentially
(p<0.05); compared with the anthocyanin high
concentration group, the expression of Bcl-2 in
the spinal cord tissue increased significantly in the
anthocyanin+TAK-242 group, while the expression
of BAX decreased significantly (p<0.05). The results
are presented in fig. 2, fig. 3 and Table 5.

TABLE 2: COMPARISON OF BEHAVIORAL SCORES OF RATS IN EACH GROUP (xts, n=10)

Group

Behavioral scoring (points)

Sham operation group

Model group

Anthocyanin low concentration group
Anthocyanin medium concentration group
Anthocyanin high concentration group
Anthocyanin+TAK-242 group

3.96+0.31
1.58+0.132
1.91+0.18°
2.33+0.22%
3.05+0.33b«
3.42+0.31¢

Notes: Compared with sham operation group, 2p<0.05; compared with the model group, ®p<0.05; compared with the anthocyanin low
concentration group, °p<0.05; compared with the anthocyanin medium concentration group, ¢p<0.05 and compared with the high

anthocyanin dose group, ¢p<0.05

TABLE 3: COMPARISON OF SERUM IL-6, IL-18 AND TNF-a IN SERUM OF EACH GROUP (xts, n=10)

Group IL-6 (pg/ml)

IL-18 (pg/ml) TNF-a (pg/ml)

103.46+10.12
362.77+30.49°

Sham operation
Model

Anthocyanin low

. 291.84+30.06°
concentration

Anthocyanin medium

. 232.55+26.47b¢
concentration

Anthocyanin high
concentration

Anthocyanin+TAK-242

182.74+16.510<d

139.29+10.94¢

22.46+2.03 6.32+0.54
282.55£12.34° 29.47+2.612
217.48+12.09° 20.96+2.03°

165.42+10.33b¢ 16.75+1.24

104.91+10.16° 13.27+1.090d

51.49+4.87¢ 9.52+0.83¢

Notes: Compared with sham operation group, 2p<0.05; compared with the model group, ®°p<0.05; compared with the anthocyanin low
concentration group, °p<0.05; compared with the anthocyanin medium concentration group, ‘p<0.05 and compared with the high

anthocyanin dose group, ¢p<0.05
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Fig. 1: Apoptosis of rat spinal cord tissues in each group (TUNEL, x200)
Notes: (A): Sham operation group; (B): Model group; (C): Anthocyanin low concentration group; (D): Anthocyanin medium concentration group;
(E): Anthocyanin high concentration group and (F): Anthocyanin+TAK-242 group

TABLE 4: COMPARISON OF APOPTOTIC INDEX IN SPINAL CORD TISSUE OF RATS IN EACH GROUP
(Xxts, n=5)

Group Apoptosis index (%)
Sham operation 8.02+0.62
Model 39.65+3.562
Anthocyanin low concentration 32.38+3.15°
Anthocyanin medium concentration 26.81+2.53%
Anthocyanin high concentration 18.12+1.780
Anthocyanin+TAK-242 13.75+1.06¢

Notes: Compared with sham operation group, 2p<0.05; compared with the model group, °p<0.05; compared with the anthocyanin low
concentration group, °p<0.05; compared with the anthocyanin medium concentration group, p<0.05 and compared with the high
anthocyanin dose group, ¢p<0.05

Fig. 2: Bcl-2 expression in spinal cord tissues of rats in each group (immunohistochemistry, x200)

Notes: (A): Sham operation group; (B): Model group; (C): Anthocyanin low concentration group; (D): Anthocyanin medium concentration group;
(E): Anthocyanin high concentration group and (F): Anthocyanin+TAK-242 group
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Fig. 3: Bax expression in spinal cord tissues of rats in each group (immunohistochemistry, x200)
Notes: (A): Sham operation group; (B): Model group; (C): Anthocyanin low concentration group; (D): Anthocyanin medium concentration group;
(E): Anthocyanin high concentration group and (F): Anthocyanin+TAK-242 group

TABLE 5: COMPARISON OF BCL-2 AND BAX EXPRESSION IN SPINAL CORD TISSUE OF RATS IN

EACH GROUP (xts, n=5, |0D VALUE)

Group Bcl-2 BAX
Sham operation 8.13+0.59 2.32+0.23
Model 1.65+0.14° 7.91:0.682
Anthocyanin low concentration 2.58+0.17° 5.76+0.36°
Anthocyanin medium concentration 3.74+0.41%¢ 4.82+0.35
Anthocyanin high concentration 4,68+0.34° 3.53+0.23b
Anthocyanin+TAK-242 6.85+0.36¢° 2.84+0.25¢

Notes: Compared with sham operation group, 2p<0.05; compared with the model group, °p<0.05; compared with the anthocyanin low
concentration group, °p<0.05; compared with the anthocyanin medium concentration group, 9p<0.05 and compared with the high

anthocyanin dose group, ¢p<0.05

TLR4 and COX-2 protein expression and p-NF-
kB/NF-xkB in spinal cord tissue of model rats
were significantly increased compared with sham
operation group rats (p<0.05); TLR4 and COX-
2 protein expression and p-NF-kB/NF-kB were
decreased significantly in the spinal cord of rats in
each concentration group of anthocyanin compared
with the model group, with a concentration effect
(p<0.05); compared with the high anthocyanin
concentration group, TLR4 and COX-2 protein
expression, and p-NF-xB/NF-xB in the spinal cord
of anthocyanin+TAK-242 group rats were decreased
significantly (p<0.05). The results are shown in fig.
4 and Table 6.

Due to the complex mechanism of SCII occurrence
and the existence of irreversible pathological
processes in the occurrence and development of
SCII, no effective treatment has been found so far.
SCII mostly causes neurological damage to the spinal
cord, and the rate of paralytic lethality is still high,

July-August 2023

in which inflammatory response and cell death are
the main mechanisms responsible for neurological

damage by SCII!'*2, Bcl-2 has been confirmed to be
a key factor in the regulation of apoptosis after nerve
injury!3l. BAX is a pro-apoptotic factor in cells, and
it is able to bind to Bcl-2, thereby inhibiting Bcl-2
activity!’®l. When SCII occurs, the dynamic balance
between BAX and Bcl-2 is disrupted, Bcl-2 secretion
is reduced, BAX secretion is increased and apoptosis

is induced!"”). In this study, we found that SCII rats
exhibited decreased behavioral scores, increased
apoptotic index in spinal cord tissue, and increased
inflammatory factors IL-6 and IL-1B3, and TNF-a
in serum, and the immunohistochemically results
showed that Bcl-2 expression was significantly
decreased and BAX expression was significantly
increased in the spinal cord tissue, which indicated
that the inflammatory reaction as well as cell
apoptosis occurred in the body after SCII, leading to
motor dysfunction.
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Anthocyanin is natural flavonoid pigments that can
be extracted in a variety of plants and have strong
antioxidant, anti-inflammatory, anti-apoptotic as well
as prevention against cardiovascular diseases!'®!?], In
this study, SCII rats after intervention of different
concentrations of anthocyanin showed IL-6, IL-1p,
TNF-a content in serum decreased, the apoptotic
index of spinal cord tissue decreased, Bcl-2
expression increased, Bax expression decreased, and
the behavioral score of rats increased, suggesting
that anthocyanin can effectively improve the
inflammatory response, upregulate Bcl-2 expression
and reduce apoptosis in SCII rats.

TLR4 is an important pathogen pattern recognition
receptor in the cell that is able to deliver exogenous
stimuli to the intracellular, causing the body

inflammatory response?”. TLR4 signaling is
stimulated by pathogens and binds to its receptor
protein Myeloid Differentiation Factor 88 (MyD8&8)
to activate a MyD88 dependent signaling pathway
that induces NF-xB downstream to undergo

A B
TLR4

COX-2
p-NF-xkB
NF-xB

f-actin

phosphorylation and mediates the expression of a
variety of pro-inflammatory proteins such as COX-2,
causing a large secretion of inflammatory factors!l.
In this study, we show that TLR4 and COX-2
protein expression as well as p-NF-«kB/NF-«kB are
upregulated in the spinal cord of SCII rats, indicating
that TLR4/COX-2/NF-xB signaling pathway in
spinal cord tissue of SCII rats is activated, causing
an inflammatory response that causes tissue damage
in the spinal cord after SCII. Compared with the
model group, TLR4 and COX-2 protein expression
as well as p-NF-kB/NF-kB in the spinal cord tissue
of SCII rats in anthocyanin low, medium and high
concentration groups decreased gradually, and TLR4
and COX-2 protein expression as well as p-NF-kB/
NF-kB in the anthocyanin+TAK-242 group was
further decreased, suggesting that the expression
of TLR4/COX-2/NF-«kB signaling pathway can be
downregulated to some extent by anthocyanin to
improve inflammatory response, reduce apoptosis
and alleviate motor dysfunction after SCII.

C D E F

Fig. 4: TLR4, COX-2, p-NF-kB and NF-kB protein expression in spinal cord tissue of rats from each group
Notes: (A): Sham operation group; (B): Model group; (C): Anthocyanin low concentration group; (D): Anthocyanin medium concentration group;
(E): Anthocyanin high concentration group and (F): Anthocyanin+TAK-242 group

TABLE 6: COMPARISON OF TLR4 AND COX-2 PROTEIN EXPRESSION AND P-NF-kB/NF-kB IN SPINAL
CORD TISSUE OF RATS FROM EACH GROUP (xts, n=5)

COX-2/B-actin p-NF-kB/NF-kB

Group TLR4/B-actin
Sham operation 0.13+0.01
Model 0.96+0.08°
Anthocyamp low 0.79+0.07
concentration

Anthocyanin medium 0.56+0. 04b

concentration

Anthocyanin high
concentration

Anthocyanin + TAK-242

0.38+0.04<

0.27+0.02¢

0.16+0.02 0.23+0.02
0.87+0.09° 0.91+0.10°
0.72+0.07° 0.75+0.06°
0.58+0.06" 0.61+0.05

0.43+0.03b< 0.48+0.05

0.31+0.03¢ 0.37+0.02¢

Notes: Compared with sham operation group, 2p<0.05; compared with the model group, p<0.05; compared with the anthocyanin
low concentration group, °p<0.05; compared with the anthocyanin medium concentration group, 4p<0.05; compared with the high

anthocyanin dose group, ¢p<0.05
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In conclusion, anthocyanin can reduce apoptosis and
improve motor function after SCII to some extent,
which may be related to the inhibition of TLR4/
COX-2/NF-kB signaling pathway expression and
improvement of inflammatory responses. These
results provide a theoretical basis for the use of
flavonoids in clinical prevention and treatment of the
occurrence of SCII, but the specific mechanism still
needs further exploration.
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