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Abstract

Propofol has been found to have a protective effect against spinal cord injury (SCI).
However, the underlying molecular mechanism of propofol regulating SCI process
remains unclear. In this study, lipopolysaccharide (LPS)-induced PC12 cells were
used to build SCI cell models. Cell viability and apoptosis were determined by cell
counting kit 8 assay, flow cytometry, and caspase-3 activity detection. The protein
levels of apoptosis-related markers and TNFAIP3 interacting protein 2 (TNIP2)
were assessed using western blot analysis, and the levels of inflammatory factors
were detected using ELISA. Cell oxidative stress was evaluated by measuring
malondialdehyde (MDA) and reactive oxygen species (ROS) levels. The expres-
sion of microRNA (miR)-672-3p was examined by quantitative real-time PCR. SCI
rat models were constructed to assess the effect of propofol in vivo. We found
that propofol treatment promoted viability, while inhibited apoptosis, inflammation
and oxidative stress of LPS-induced PC12 cells. Propofol decreased miR-672-3p
expression, and miR-672-3p overexpression eliminated the inhibiting effect of pro-
pofol on LPS-induced PC12 cell injury. Besides, miR-672-3p targeted TNIP2, and
TNIP2 knockdown reversed the protective effect of miR-672-3p inhibitor or propo-
fol against LPS-induced PC12 cell injury. In vivo experiments, propofol treatment
enhanced the motor function recovery and inhibited apoptosis of SCI rat models.
In conclusion, propofol increased TNIP2 level by reducing miR-672-3p expression,
thereby alleviating LPS-induced PC12 cell injury and improving the motor function
of SCI rat models.
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Introduction

Spinal cord injury (SCI) is the structural or functional damage of the spinal cord,
resulting in serious functional dysfunction of the limbs below the injured segments
(Anjum et al. 2020; Liu et al. 2021b). SCI is considered to be a serious central ner-
vous system trauma with a high rate of disability, which brings huge economic bur-
den to patients (Wang et al. 2021; Xia et al. 2022). Inflammation, oxidative stress and
apoptosis induced by SCI are important reasons for the difficulty in recovering spinal
cord function, which is very important for the prognosis of patients (Hou et al. 202 1a;
Li et al. 2022). There is growing evidence that the antioxidant and anti-inflammatory
therapy of SCI can promote the recovery of limb function after injury (Fakhri et al.
2022; Heo et al. 2020). Therefore, exploring the molecular mechanism affecting cell
injury may provide potential targets for the treatment of SCI.

Propofol is a kind of intravenous sedative anesthetic with quick action, short dura-
tion and rapid recovery, which is widely used in clinical practice for the induction
and maintenance of anesthesia and the sedation of critically ill ICU patients (Eleveld
et al. 2018; Sahinovic et al. 2018). Many studies have shown that propofol has anti-
inflammatory and antioxidant effects (Hou et al. 2021b; Zhang et al. 2022). Propofol
could reduce neuroinflammation caused by hypoxia via repressing oxidative stress
in BV2 microglia (Peng et al. 2020). Zhou et al. showed that propofol combined
with BMSCs transplantation could treat SCI in rats (Zhou et al. 2015). However, the
underlying molecular mechanism of propofol in treating SCI remains unclear.

MicroRNAs (miRNAs) are non-coding RNAs with a length of about 20-25 nts
that affect their translation or degradation by pairing with target mRNA (Correia de
Sousa et al. 2019). MiRNA is a potential target for treating human diseases, and its
abnormal expression can lead to the occurrence of diseases (He et al. 2020). Previous
studies revealed that miR-672-3p was upregulated in SCI rats, and its knockdown
had a neurorestorative effects (Wang et al. 2022a), suggesting its potential in target-
ing SCI mechanism. TNFAIP3 interacting protein 2 (TNIP2), an inhibitor of NF-kB,
has been found to be downregulated in SCI rat models and cell models (He et al.
2022). In this, we found that there had binding sites between miR-672-3p and TNIP2.
However, it is not clear whether miR-672-3p mediates SCI process by regulating
TNIP2.

The aim of our study is to reveal the underlying molecular mechanism of propofol
in the treatment of SCI. We found that propofol inhibited miR-672-3p expression and
promoted TNIP2 expression. Therefore, the hypothesis that propofol inhibited SCI
process through miR-672-3p/TNIP2 pathway was proposed and verified in vivo and
in vitro.

Materials and Methods
Cell Culture, Treatment and Transfection

Rat pheochromocytoma cells (undifferentiated PC12; CRL-1721, ATCC, Manassas,
VA, USA) were cultured at 37 °C with 5% CO, in RPMI-1640 medium (Gibco,
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Grand Island, NY, USA) containing 10% heat-inactivated horse serum (Gibco),
5% FBS (Gibco) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA).
PC12 cells were treated with 10 pg/mL lipopolysaccharide (LPS) (Sigma-Aldrich,
St. Louis, MO, USA) for 12 h to mimic SCI cell model. In addition, PC12 cells were
treated with 50 uM/L propofol for 12 h before LPS treatment. For cell transfec-
tion, Lipofectamine 3000 (Invitrogen) was used to transfect with miR-672-3p mimic,
inhibitor (anti-miR-672-3p), siRNA against TNIP2 (si-TNIP2) and their negative
controls into PC12 cells.

Quantitative Real-time PCR (qRT-PCR)

Total RNAs were extracted with Trizol reagent (Invitrogen) and reverse-transcribed
to cDNA using Prime-Script RT Reagent Kit (Takara, Tokyo, Japan). Then, qRT-PCR
was performed by SYBR green (Takara) with specific primers (miR-672-3p, F 5°-T
CGGCAGACACACAGTCGCCAT-3’, R 5’-CTCAACTGGTGTCGTGGA-3’; U6,
F 5-CTCGCTTCGGCAGCACA-3’, R 5’-AACGCTTCACGAATTTGCGT-3").
Relative expression of miR-672-3p was calculated using 2724t method with U6 as
internal control.

Cell Counting kit 8 (CCK8) Assay

PC12 cells seeded in 96-well plates were cultured for 48 h. Next, cells were treated
with CCKS8 solution (Dojindo, Kumamoto, Japan). Absorbance was detected at
450 nm to analyze cell viability.

Flow Cytometry

PC12 cells were suspended by binding buffer and dyed with Annexin V-FITC and PI
(Beyotime, Shanghai, China). Lastly, flow cytometry was employed to analyze cell
apoptotic rate.

Caspase-3 Activity Detection

Collected PC12 cells were centrifuged at 16,000 g for 15 min. Cell supernatant was
incubated with buffer solution and Ac-DEVD-pNA solution (Beyotime) for 2 h, and
the absorbance at 405 nm was analyzed with a microplate reader to calculate cas-
pase-3 activity.

Western Blot (WB) Analysis

RIPA buffer (Beyotime) was employed to extract total proteins, which were then
electrophoresed on SDS-PAGE gel and transferred to PVDF membranes. Membrane
was incubated with anti-Bax (1:1000, ab32503, Abcam, Cambridge, CA, USA), anti-
Bcl-2 (1:1000, ab32124), anti-TNIP2 (ab155513, 1:1000) or anti-GAPDH (1:2500,
ab9485), and hatched with secondary antibodies (1:50000, ab205718) after blockage.
Protein signals were visualized by ECL reagent (Beyotime).
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ELISA

Basing on the instructions of Rat TNF-a, IL-1p and IL-6 ELISA Kits (Abcam), the
levels of TNF-a, IL-1B and IL-6 in the culture supernatant of PC12 cells were deter-
mined, respectively.

Oxidative Stress Detection

According to the kit instructions, ROS and MDA levels in PC12 cells were measured
by ROS and MDA Assay Kits (Beyotime), respectively.

Dual-luciferase Reporter Assay

The wild-type and mutant-type fragments of TNIP2 3’UTR were integrated into the
pGL3 basic vector to construct TNIP2 3’UTR-WT and TNIP2 3’UTR-MUT vectors.
PC12 cells were co-transfected with above vectors and miR-672-3p mimic/miR-NC.
Relative luciferase activity was determined by Dual-Lucy Assay Kit (Solarbio, Bei-
jing, China).

Animals

Female SD rats (about 300 g; Hunan SJA Laboratory Animal Co., Ltd, Hunan, China)
were randomly divided into 3 groups (n=10/group). All rats were anesthetized with
10% chloral hydrate, exposed the spines of T9-11, and then resected T10 spines. For
sham group, rats could be sutured after disinfection and hemostasis. For SCI group,
the exposed spinal cord segment of rats were impinged by Infinite Horizon Impactor
(80 Kdyn; Precision Systems and Instrumentation, Lexington, KY, USA). Then, rats
were sutured. For SCI+propofol group, rats were injected with 2 mL/kg propofol
via the tail vein after SCI surgery. BBB score was performed at 1, 3, and 7 days after
SCI. 7 days later, 5 rats in each group were randomly selected for sacrifice, and their
spinal cord tissues were collected for gRT-PCR and WB analysis. 28 days later, the
remaining 5 rats in each group were monitored for the evaluation of motor function.
This study was approved by the Animal Ethics committee of First People’s Hospital
of Lianyungang.

Evaluate the Motor Function

For open-field test, the BBB score (021 points) was performed at 1 days, 3 days,
7 days, 14 days, 21 days, and 28 days after SCI. The rats were placed in a square
hard board and their left and right hind limbs were recorded and scored over a 4 min
period. For gait analysis, the stride length and stride frequency of locomotion were
quantified using Digigait analysis software (Digigait 12.4).
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HE and TUNEL Staining

Spinal cord tissues were fixed in 10% formalin and prepared for paraffin sections. The
sections were stained with hematoxylin and eosin solution according to the instruc-
tions of HE Staining Kit (Beyotime). Besides, the sections were stained with TUNEL
solution and DAPI solution using a TUNEL Detection Kit (Beyotime). Cavity arca
and TUNEL positive cells were observed under a microscope.

Statistical Analysis

The results were presented as mean+SD. Statistical analysis was performed using
GraphpadPrism 7.0 software. Comparisons between groups were conducted by Stu-
dent’s t-test or ANOVA. P<0.05 was considered as a significant difference.

Results

Propofol Played Pro-viability, Anti-apoptosis, Anti-inflammation and Anti-
oxidative Stress in LPS-induced PC12 Cells

In LPS-induced PC12 cells, we found that LPS treatment inhibited cell viability, pro-
moted cell apoptotic rate and enhanced caspase-3 activity, while propofol treatment
abolished these effect (Fig. 1 A-C). WB analysis showed that propofol decreased Bax
protein level and increased Bcl-2 level in LPS-induced PC12 cells (Fig. 1D). Also,
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Fig. 1 Effects of propofol on LPS-induced PC12 cell injury. PC12 cells were treated with propofol and
LPS. (A) CCK8 assay was used to measure cell viability. (B) Cell apoptotic rate was detected by flow
cytometry. (C) Caspase-3 activity was examined by Caspase-3 Assay Kit. (D) Protein expression was
examined by WB analysis. (E-G) ELISA was performed to measure inflammatory factor levels. (H-I)
MDA and ROS levels were detected to assess oxidative stress. ¥P<0.05
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the levels of inflammatory factors (IL-1B, TNF-a and IL-6) and oxidative stress-
related markers (MDA and ROS) were enhanced under LPS treatment in PC12 cells,
and propofol also reduced the levels of IL-1f3, TNF-a, IL-6, MDA and ROS in LPS-
induced PC12 cells (Fig. 1E-I). Above data indicated that propofol inhibited LPS-
induced PC12 cell apoptosis, inflammation and oxidative stress.

Propofol Decreased Mir-672-3p Expression in LPS-induced PC12 Cell Injury

MiR-672-3p was upregulated in LPS-induced PC12 cells, and propofol treatment
markedly reduced miR-672-3p expression (Fig. 2A). To explore whether propofol
regulated cell injury by mediating miR-672-3p expression, miR-672-3p mimic was
transfected into LPS-induced PC12 cells to enhance its expression (Fig. 2B). By
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Fig. 2 Effects of propofol and miR-672-3p on LPS-induced PC12 injury. (A) MiR-672-3p expression
was detected by gqRT-PCR in PC12 cells treated with propofol and LPS. (B) MiR-672-3p expression in
LPS-induced PC12 cells transfected with miR-672-3p mimic/miR-NC was measured using qRT-PCR.
(C-K) PC12 cells were transfected with miR-672-3p mimic/miR-NC and then treated with propofol
and LPS. (C) Cell viability was examined using CCKS8 assay. (D) Flow cytometry was used to measure
cell apoptotic rate. (E) Caspase-3 Assay Kit was performed to examine caspase-3 activity. (F) WB
analysis was employed to detect protein expression. (G-I) Inflammatory factor levels were detected by
ELISA. (J-K) Oxidative stress was assessed by measuring MDA and ROS levels. *P<0.05

@ Springer



Biochemical Genetics

detecting cell viability and apoptosis, we confirmed that miR-672-3p overexpres-
sion reversed propofol-mediated cell viability promotion, apoptotic rate inhibition,
and caspase-3 activity reduction in LPS-induced PC12 cells (Fig. 2C-E). Also, miR-
672-3p mimic eliminated the decreasing effect of propofol on Bax protein level and
the increasing effect on Bcl-2 protein level (Fig. 2F). In addition, the inhibitory effect
of propofol on the levels of IL-1B, TNF-a, IL-6, MDA and ROS in LPS-induced
PC12 cells were overturned by overexpressing miR-672-3p (Fig. 2G-K). These
results showed that propofol might alleviate SCI process by reducing miR-672-3p
expression.

MiR-672-3p Directly Targeted TNIP2

Targetscan software predicted the existence of complementary sites between miR-
672-3p and TNIP2 3’UTR, and the binding sites were shown in Fig. 3A. Dual-
luciferase reporter assay results revealed that only the luciferase activity of TNIP2
3’UTR-WT vector could be inhibited by miR-672-3p mimic (Fig. 3B), confirming
the interaction between miR-672-3p and TNIP2. WB results indicated that TNIP2
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Fig. 3 MiR-672-3p targeted TNIP2. (A) The sequences of TNIP2 3’UTR-WT/MUT are shown. (B)
Dual-luciferase reporter assay was used to assess the interaction between miR-672-3p and TNIP2. (C)
TNIP2 protein level was detected by WB analysis in PC12 cells treated with or without LPS. (D) The
transfection efficiency of anti-miR-672-3p was confirmed by qRT-PCR. (E) TNIP2 protein level was
examined using WB analysis in PC12 cells transfected with miR-672-3p mimic or inhibitor. *P<0.05
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protein level was downregulated in LPS-induced PC12 cells (Fig. 3C), which was
contrary to the expression trend of miR-672-3p. Moreover, anti-miR-672-3p was
transfected into PC12 cells to reduce miR-672-3p expression (Fig. 3D). The detection
of TNIP2 expression suggested that TNIP2 protein level could be inhibited by miR-
672-3p overexpression and promoted by miR-672-3p inhibition (Fig. 3E). Above all,
we pointed out that TNIP2 was targeted by miR-672-3p.

MiR-672-3p Inhibitor Reduced LPS-induced PC12 Cell Injury by Upregulating
TNIP2

In addition, si-TNIP2 was constructed to reduce TNIP2 protein level in PC12 cells
(Fig. 4A). To further investigate whether miR-672-3p regulated cell injury by target-
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Fig.4 Effects of anti-miR-672-3p and si-TNIP2 on LPS-induced PC12 injury. (A) The transfection ef-
ficiency of si-TNIP2 was confirmed by WB analysis. (B-J) PC12 cells were transfected with anti-miR-
NC, anti-miR-672-3p, anti-miR-672-3p+si-NC or anti-miR-672-3p+si-TNIP2, followed by treated
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cell apoptotic rate. (D) Caspase-3 activity was measured using Caspase-3 Assay Kit. (E) WB analysis
was employed to test protein expression. (F-H) ELISA was used to detect inflammatory factor levels.
(I-J) MDA and ROS levels were assessed to evaluate oxidative stress. *P<0.05
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ing TNIP2, PC12 cells were co-transfected with anti-miR-672-3p and si-TNIP2 fol-
lowed by treated with LPS. The results indicated that miR-672-3p inhibitor promoted
cell viability and Bcl-2 protein level, while reduced cell apoptotic rate, caspase-3
activity and Bax protein level in LPS-induced PC12 cells. However, these effects
were abolished by TNIP2 knockdown (Fig. 4B-E). Meanwhile, miR-672-3p inhibitor
also decreased the levels of IL-1p, TNF-a, IL-6, MDA and ROS in LPS-induced PC12
cells, while TNIP2 downregulation could partially reverse these effects (Fig. 4F-J).
The above data illuminated that miR-672-3p might aggravate SCI process by target-
ing TNIP2.

Propofol Alleviated LPS-induced PC12 Cell Injury through miR-672-3p/TNIP2 Axis

To further explore the regulation of propofol on TNIP2, we detected TNIP2 protein
level in LPS-induced PC12 cells transfected with miR-672-3p mimic and treated with
propofol. As shown in Fig. 5A, propofol treatment significantly increased TNIP2
protein level, and this effect could be reduced by miR-672-3p mimic transfection.
For revealing that propofol regulated cell injury by mediating TNIP2 expression,
LPS-induced PC12 cells were transfected with si-TNIP2 and treated with propofol.
Through assessing cell functions, we found that TNIP2 knockdown reversed the
enhancing effect of propofol on cell viability and Bcl-2 protein level, as well as the
repressing effect on cell apoptotic rate, caspase-3 activity and Bax protein level in
LPS-induced PC12 cells (Fig. 5B-E). Not only that, downregulation of TNIP2 also
partially abolished the decreasing effect of propofol on the levels of IL-1B, TNF-a,
IL-6, MDA and ROS in LPS-induced PC12 cells (Fig. 5F-J). Above all, we confirmed
that propofol suppressed SCI process by sponging miR-672-3p to increase TNIP2
expression.

Propofol Promoted the Recovery of Motor Function and Inhibited Apoptosis of
SCI Rat Models

To further confirm that propofol regulated miR-672-3p/TNIP2 axis to mediate SCI
process, we constructed SCI rat models in vivo. After SCI for 7 days, we collected
the spinal cord tissues of rat and detected miR-672-3p and TNIP2 expression. The
results showed that miR-672-3p expression was increased and TNIP2 protein level
was decreased in SCI models, while propofol treatment remarkably reduced miR-
672-3p expression and promoted TNIP2 protein level (Fig. 6A-B). Then, open-field
test and gait analysis were used to evaluate the motor function of rat. The results
indicated that the BBB scale was higher in propofol treatment group after SCI for
7, 14, 21 and 28 days (Fig. 6C). Also, the stride length were enhanced, while the
stride frequency was reduced in propofol treatment group (Fig. 6D-E). Moreover,
the results of HE staining and TUNEL staining showed that cavity area and TUNEL
positive ratio in the SCI group were higher than those in the sham group, while
propofol treatment could reduce cavity area and TUNEL positive ratio in SCI rat
models (Fig. 6F-G). These data revealed that propofol treated improved the motor
function and suppressed apoptosis of SCI rat models via enhancing TNIP2 expres-
sion by decreasing miR-672-3p expression. Above all, we confirmed that propofol
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Fig. 5 Effects of propofol and si-TNIP2 on LPS-induced PCI12 cell injury. (A) TNIP2 protein level
was detected by WB analysis in LPS-induced PC12 cells transfected with miR-672-3p mimic/miR-
NC and treated with propofol. (B-J) PC12 cells were transfected with si-TNIP2/si-NC and treated
with propofol and LPS. (B) Cell viability was determined using CCK8 assay. (C) Cell apoptotic rate
was examined using flow cytometry. (D) Caspase-3 activity was detected by Caspase-3 Assay Kit. (E)
Protein expression was tested by WB analysis. (F-H) ELISA was employed to measure inflammatory
factor levels. (I-J) Oxidative stress was evaluated to detect MDA and ROS levels. *P<0.05

could relieve SCI process, which repressed LPS-induced PC12 cell apoptosis, oxi-
dative stress and inflammation through regulating miR-672-3p/TNIP2 axis (Fig. 7).

Discussion

SCI is a serious complication of spinal fracture with high disability rate and great
cost. A lot of research has been carried out on the pathological mechanism of SCI.
In this study, we pointed out that propofol inhibited SCI process by the regulation of
miR-672-3p/TNIP2 axis.
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gait analysis. (F) HE staining was used to evaluate the pathological condition of SCI rats. (G) TUNEL
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In addition to anesthesia, other functions of propofol have been discovered. Pro-
pofol had been shown to restrain gastric cancer cell growth and metastasis to hinder
cancer malignant process (Y. P. Liu et al. 2021a). Also, propofol was considered to
use for preeclampsia treatment, which could inhibit LPS-induced toxicity in HTR-8/
SVneo cells (Y. Wang et al. 2022a). Previous reports have shown that propofol has
a protective effect on ischemia reperfusion damage to the brain and renal (Li et al.
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Fig.7 The mechanism diagram of this study. Propofol reduced LPS-induced PC12 cell apoptosis, oxi-
dative stress and inflammation by miR-672-3p/TNIP2 axis in SCI.

2021; Zhang et al. 2021). In LPS-induced SCI cell models, we confirmed that propo-
fol suppressed cell apoptosis, inflammation and oxidative stress, and promoted cell
viability in vitro. Also, propofol facilitated the motor function recovery of rat after
SCI, which was consistent with the results reported by Zhou et al. (Zhou et al. 2015).
These findings provide new evidence for the treatment of SCI with propofol.

Propofol mediates disease progression by regulating the expression of miRNA,
such as miR-125b-5p (Y. P. Liu et al. 2021b), miR-216-5p (Y. Wang et al. 2022b), and
miR-126-5p (Li et al. 2021). In this, we found that propofol had an inhibition on miR-
672-3p expression in vitro and in vivo. MiR-672-3p might be involved in regulating
stroke progression, and its expression was associated with functional recovery in rats
after stroke (Huang et al. 2022). Importantly, miR-672-3p, as well as miR-672-5p,
had been discovered to promote functional behavior recovery in SCI models (Wang
et al. 2022b; Zhou et al. 2022). MiR-672-3p was overexpressed in LPS-induced
PC12 cells and SCI rat models, and its inhibitor suppressed LPS-induced cell injury.
Moreover, miR-672-3p overexpression negated the protective effect of propofol on
cell injury, indicating that propofol decreased miR-672-3p expression to restrain SCI
process.

TNIP2, a hub protein in the NF-«B network, regulates the inflammatory activator
NF-«xB by binding to the anti-inflammatory signaling molecule A20 (Ma et al. 2012;
Ventura et al. 2018). TNIP2 has protective function in multiple organ dysfunction
syndrome development via repressing inflammation and oxidative stress (Gong et
al. 2019). TNIP2 level was associated with sepsis process, which could decrease the
releasing of inflammatory factors in LPS-induced macrophages (Lou et al. 2020).
TNIP2 mitigated inflammation and apoptosis in OGD/R-induced neuronal to play
neuroprotective functions (Yan et al. 2021). In SCI, downregulation of TNIP2 had
been confirmed to aggravate apoptosis and inflammation in LPS-induced PC12 cells
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(He et al. 2022). Consistent with this results, our data showed that TNIP2 knock-
down abolished the suppressive functions of miR-672-3p inhibitor or propofol on
LPS-induced PC12 cell injury, confirming the anti-apoptosis, anti-inflammation and
anti-oxidative stress of TNIP2 in SCI.

In conclusion, propofol could be used for SCI treatment, which inhibited LPS-
induced cell injury and improved motor function in SCI rats via the miR-672-3p/
TNIP2 axis. Our work offers a functional assessment of propofol in SCI, providing a
novel potential target for SCI treatment.
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