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ARTICLE INFO ABSTRACT

Bupivacaine is frequently administered for diagnosing and controlling spine-related pain in interventional spine
procedures. However, the potential cytotoxic effects of bupivacaine on intervertebral disc (IVD) cells and the
underlying molecular mechanisms have not yet been fully established. Here, we showed that bupivacaine de-
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Necrosis creased the viability of rabbit IVD cells in a dose- and time-dependent manner. Moreover, the short-term cy-
E\?; totoxicity of bupivacaine in IVD cells was primarily due to cell necrosis, as assessed by Annexin V-propidium

iodide staining and live/dead cell staining. Necrosis was verified by observations of swollen organelles, plasma
membrane rupture, and cellular lysis under transmission electronic microscopy. Interestingly, our data indicated
that bupivacaine-induced primary necrosis might involve the necroptosis pathway. The key finding of this study
was that bupivacaine was able to induce lysosomal membrane permeabilization (LMP) with the release of ca-
thepsins into the cytosol, as evidenced by LysoTracker Red staining, acridine orange staining, and cathepsin D
immunofluorescence staining. Consistently, inhibitors of lysosomal cathepsins, CA074-Me and pepstatin A,
significantly reduced bupivacaine-induced cell death. Finally, we found that bupivacaine resulted in an increase
in intracellular reactive oxygen species (ROS) and that inhibition of ROS by N-acetyl-L-cysteine effectively
blocked bupivacaine-induced LMP and cell death. In summary, the results of this in vitro study reveal a novel
mechanism underlying bupivacaine-induced cell death involving ROS-mediated LMP. Our findings establish a
basis for the further investigation of bupivacaine cytotoxicity in an in vivo system.

1. Introduction suggested that the intradiscal injection of bupivacaine caused chon-

drotoxic effects in IVD cells [16]. However, the underlying mechanisms

Low back pain, which is associated with intervertebral disc (IVD)
degeneration, is a major factor that affects quality of life [1]. In recent
years, local anesthetics have been frequently used for interventional
spinal procedures to diagnose and treat spinal pain [2-4]. Despite being
widely used in orthopedics, local anesthetics have been shown to be
detrimental to various types of cells, such as articular chondrocytes [5],
synovial cells [6], tenocytes [7], tenofibroblasts [8], and mesenchymal
stem cells [9]. Several studies have recently demonstrated that a
commonly used local anesthetic, bupivacaine, has direct cytotoxic ef-
fects on IVD cells [10-13]. In our previous studies, we showed that local
anesthetics induced a concentration- and time-dependent decrease in
the viability of IVD cells [14,15]. More importantly, an in vivo study

by which bupivacaine induces cytotoxicity remain largely unknown.
Lysosomes are cytoplasmic membrane-bound organelles that fill
numerous hydrolytic enzymes capable of breaking down macro-
molecules and cell components [17]. Lysosomes have been long re-
garded as simple waste bags, although they are now known to play a
crucial role in cell death [18,19]. Recent findings have suggested that
the involvement of lysosomes in cell death is closely associated with
lysosomal membrane permeabilization (LMP) [20,21]. It has been es-
tablished that cell fate is dependent on the extent of lysosomal mem-
brane damage; partial and selective lysosomal leakage results in
apoptotic cell death, while massive rupture of lysosomes and rapid leak
of lysosomal proteases into the cytosol lead to necrosis [20,22].
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However, it is unknown whether lysosomes are implicated in bupiva-
caine-induced IVD cell death.

In the present study, we first investigated the short-term cytotoxic
effect of bupivacaine on rabbit annulus fibrosus (AF) and nucleus pul-
posus (NP) cells in vitro and characterized the type of cell death induced
by bupivacaine. In addition, we studied the molecular mechanisms of
cytotoxicity by evaluating the role of reactive oxygen species (ROS) and
the lysosomal pathway in the process of cell death.

2. Materials and methods
2.1. Isolation and culture of primary IVD cells

All experimental procedures were approved by the Animal Care and
Ethics Committee of Huazhong University of Science and Technology.
The isolation and culture of primary IVD cells (AF and NP) were per-
formed according to our previous protocol [14,15]. Briefly, AF and NP
cells were sampled from the thoracolumbar spine (L5-T10) of 3-month-
old Japanese white rabbits and plated in Dulbecco's modified Eagle's
medium/Ham's F-12 (DMEM/F-12; Gibco, Grand Island, NY, USA) with
appropriate concentrations of fetal bovine serum (10%, 20%, respec-
tively) (Gibco, USA) at 37 °C in a humidified atmosphere of 5% CO,.
The cells were then expanded until the second passage. Second-gen-
eration IVD cells were seeded at a density of 1.2 x 10* cells/well in 96-
well plates, 2.5 x 10° cells/well in 6-well plates, or 5 x 10* cells/well
in 24-well plates and used for subsequent experiments when they
reached 80-90% confluence.

2.2. Treatment groups

To assess the dose-dependent effect of bupivacaine, AF and NP cells
were exposed for 60 min to 0.125%, 0.25%, 0.375%, or 0.5% bupiva-
caine (Zhaohui Pharm, China) or 0.9% saline solution. To evaluate the
time-dependent effect of bupivacaine, rabbit AF and NP cells were ex-
posed to 0.9% saline solution or 0.375% bupivacaine for 0, 30, 60, 90,
and 120 min. Normal (0.9%) saline solution served as a control because
it was the primary component of the bupivacaine solutions used here.
The 0.5% bupivacaine solution was used as provided by the manu-
facturer, and the lower-concentration bupivacaine solutions were di-
luted from 0.5% bupivacaine with 0.9% saline solution.

2.3. Cell counting kit-8 assay

The cytotoxic effect of bupivacaine on AF and NP cells was assessed
using a CCK-8 colorimetric assay (Dojindo, Japan) as described pre-
viously [14,15,23]. Briefly, cells were resuspended and seeded in 96-
well plates. After incubation for 48 h, cells were exposed to bupivacaine
as described above. Afterwards, the supernatants were removed and
replaced with 100 pl of fresh medium containing 10 pl of CCK-8 solu-
tion. After incubation for 4 h at 37 °C in the dark, the absorbance was
measured at 450 nm using a microplate reader (Biotek, Winooski, VT,
USA).

2.4. Annexin V-propidium iodide staining

Cell death was measured by flow cytometry using Annexin V and
propidium iodide (PI) (KeyGen Biotech, China) staining as described
previously [14,15,23]. Briefly, after treating with the designated con-
centrations of bupivacaine, cells were harvested and resuspended in
500 pul of Annexin V-FITC binding buffer, and then 5yl of Annexin V
and 5yl of PI were added to each specimen according to the manu-
facturer's instructions. Samples were analyzed by flow cytometry
(Becton Dickinson, Franklin Lakes, NJ, USA) using CellQuest analysis
software (BD, USA).
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2.5. Live/dead cell staining

Live and dead cells were detected using calcein acetoxymethyl ester
(calcein AM) and PI (Sigma-Aldrich, St. Louis, MO, USA), respectively.
Briefly, cells were seeded into 6-well plates and incubated for 48 h.
After the corresponding treatment, the supernatants were discarded,
and the wells were washed gently once with phosphate-buffered saline
(PBS). Calcein AM (2 M) and PI (1.5 uM) were added to each well to
stain cells for 15 min at 37 °C in the dark. After staining, the cells were
washed with PBS and imaged by fluorescence microscopy (IX71,
Olympus, Japan). Calcein AM fluoresced green in live cells, whereas PI
fluoresced red in dead cells.

2.6. Transmission electron microscopy

The ultrastructure of IVD cells after exposure to bupivacaine was
examined by transmission electron microscopy (TEM). Briefly, cells
were collected after the indicated treatments, washed twice with PBS,
and pelleted by centrifugation at 300 X g for 15 min. The pellets were
fixed with 2.5% glutaraldehyde in PBS for 2 h at room temperature and
post-fixed with 1% osmium tetroxide for 2 h at room temperature. After
dehydration in a graded series of ethanol, the cells were embedded in
Epon-812. Ultrathin sections were contrasted with uranyl acetate and
lead citrate and were then observed by using a Tecnai G2 12 trans-
mission electron microscope (FEI Company, Holland).

2.7. Western blot analysis

After the indicated treatments, the total protein of IVD cells was
extracted using a Western and IP cell lysis kit (Beyotime, China). The
protein concentrations were measured using a BCA protein assay kit
(Beyotime, China). Equal protein amounts (30 pg) were resolved on
10-12% SDS-PAGE gel and then transferred onto PVDF membranes
(Millipore, Burlington, MA, USA). After blocking with 5% nonfat milk
in TBST for 2h at room temperature, the membrane was washed with
TBST and incubated overnight at 4°C with primary antibodies. The
following antibodies were used: anti-receptor-interacting protein kinase
1 (RIPK1; 1:1000, Beverly, MA, CST, USA), anti-RIPK3 (1:1000, Abcam,
Cambridge, MA, USA), anti-mixed lineage kinase domain-like (MLKL;
1:1000, Abcam, USA), and anti-GAPDH (1:1000, MultiSciences Biotech,
China). Subsequently, the membranes were washed with TBST and
incubated with the appropriate horseradish peroxidase-conjugated
secondary antibodies for 60 min at room temperature. Protein bands
were visualized using an enhanced chemiluminescence kit (Thermo,
Rockford, IL, USA) as described previously [15]

2.8. Lysosomal staining

Lysosomal staining was performed using the lysosomotropic probe
LysoTracker Red DND-99 (LTR; Invitrogen, Carlsbad, CA, USA). Briefly,
cells were collected after exposure to bupivacaine, washed once with
PBS, and resuspended in 1ml fresh prewarmed medium containing
100 nM LTR. The cells were then maintained in the dark for 90 min at
37 °C. The cells were washed with DMEM/F-12 twice after incubation,
and the mean fluorescence intensity (MFI) was determined by flow
cytometry (BD LSR II, Becton Dickinson) using FlowJo V 7.6.1 software
(Tree Star, Olten, Switzerland). Stained lysosomes in situ were also vi-
sualized by laser-scanning confocal microscopy (Nikon Al, Japan).

2.9. Lysosomal membrane stability

Acridine orange (AO; Sigma-Aldrich, USA) was used to assess ly-
sosomal membrane stability by two complementary experiments as
described previously [24,25]. AO, a lysosomotropic weak base, accu-
mulates in acidic compartments on the basis of proton trapping. AO is
also known as a metachromatic fluorescent dye, for which fluorescence
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emission depends on its concentration. In intact lysosomes with high
concentrations, AO emits red fluorescence; in the cytosol and the nu-
cleus with low concentrations, it emits green fluorescence [20].
Therefore, lysosomal membrane stability can be determined by de-
tecting changes in either green fluorescence (AO relocation) or red
fluorescence (AO uptake).

For AO relocation experiments, IVD cells were first preincubated
with AO solution (5pg/ml) in complete medium for 15min at 37 °C.
The cells were then exposed to bupivacaine for 60 min, and the changes
in green fluorescence were measured by flow cytometry analysis.

For AO uptake experiments, IVD cells were first treated with bupi-
vacaine for 60 min and then stained with AO solution (5ug/ml) in
complete medium for 15min. The changes in red fluorescence were
determined by flow cytometry. The stained cells in situ were also vi-
sualized by laser-scanning confocal microscopy.

2.10. Immunofluorescence

After the indicated treatments, IVD cells were washed in PBS and
fixed in 4% paraformaldehyde at room temperature for 15 min. The
cells were then blocked for 30 min in 5% bovine serum albumin (BSA)
diluted with 0.3% Triton X-100. The cells were incubated with anti-
cathepsin D primary antibody (Abcam, USA) at a 1:50 dilution over-
night at 4°C in a dark humidified chamber. After washing, the cells
were incubated with a fluorophore-conjugated secondary antibody for
60 min. Then, the cells were counterstained with DAPI in the dark for
5min. Stained samples were visualized and photographed using laser-
scanning confocal microscopy.

2.11. Measurement of cellular ROS levels

The intracellular ROS level was measured by 2’,7’-dichloro-
fluorescin diacetate (DCFH-DA; Sigma-Aldrich, USA) staining as de-
scribed previously [15]. Briefly, the IVD cells were collected after the
indicated treatments, washed once with PBS, and stained with 10 uM
DCFH-DA in the dark at 37 °C for 20 min. After washing three times
with DMEM/F-12, the IVD cells were analyzed by flow cytometry.

2.12. Statistical analysis

Cells extracted from one rabbit were used to perform each in-
dependent experiment; neither AF cells nor NP cells from different
rabbits were mixed in any experiment. Data are expressed as the mean
values = standard deviation (SD) of three independent experiments.
Data analysis was performed using SPSS 22.0. Differences between
groups were determined by Student's t-test or one-way analysis of
variance (ANOVA) with the Bonferroni post hoc test, where appro-
priate. A value of P < 0.05 was considered statistically significant.

3. Results

3.1. Bupivacaine decreases the viability of rabbit IVD cells in a dose- and
time-dependent manner

To test the cytotoxic effects of bupivacaine on IVD cells, we used a
CCK-8 assay to measure cell viability. The absorbance value of cells
under untreated control conditions was set to 1. The cell viability of
both AF and NP cells after exposure to 0.25%, 0.375%, and 0.5% bu-
pivacaine was significantly reduced compared with that of the saline
control (Fig. 1A). Both AF and NP cells exposed to bupivacaine also
exhibited a time-dependent decrease in cell viability (Fig. 1B). Com-
pared with the IVD cells treated with normal saline, those treated with
0.375% bupivacaine showed a significant reduction in viability at all
time points (P < 0.05). These results demonstrate the dose- and time-
dependent cytotoxic effects of bupivacaine on IVD cells.
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3.2. Characterization of IVD cell death induced by bupivacaine

To identify the type of IVD cell death induced by bupivacaine, cell
death was determined by Annexin V/PI staining and live/dead cell
staining. After 60 min of exposure to bupivacaine, the increase in IVD
cell death was predominately due to cellular necrosis (PI-positive cells)
(Fig. 2A). There was a significant increase in PI-positive cells with in-
creasing concentration of bupivacaine, except 0.125% bupivacaine
(Fig. 2B). Consistently, live/dead cell staining showed that the number
of PI-positive cells (red fluorescence) increased in IVD cells after ex-
posure to bupivacaine, while the number of live cells (green fluores-
cence) decreased (Fig. 2C). To further confirm that cell necrosis was
induced by bupivacaine, we used TEM to observe morphological
changes. After exposure to 0.5% bupivacaine, the IVD cells exhibited
necrotic morphological features, as manifested by the swelling of or-
ganelles, disruption of the plasma membrane, and subsequent cellular
lysis (Fig. 3). These multiple lines of evidence indicate that a short-term
exposure of bupivacaine can cause rapid cell death, which is primarily
related to necrosis, in cultured rabbit IVD cells.

3.3. Cytotoxicity of bupivacaine involves the necroptosis pathway

One form of regulated necrosis, which is referred to as necroptosis,
has recently been found to contribute to several pathologies [26]. To
investigate whether bupivacaine-induced cell death is related to ne-
croptosis, Western blotting was performed to determine the expression
of key proteins of the necroptosis pathway, such as RIPK1, RIPK3, and
MLKL. As shown in Fig. 4A and B, the expression levels of RIPK1,
RIPK3, and MLKL protein were increased in response to bupivacaine
treatment. To further confirm the involvement of the necroptosis
pathway in bupivacaine-induced cell death, IVD cells were pretreated
with or without RIPK1 inhibitor necrostatin-1 (Nec-1, 20 uM), RIPK3
inhibitor GSK872 (4 uM), or MLKL inhibitor necrosulfonamide (NSA,
4 uM) before bupivacaine treatment. The results of the CCK-8 assay
showed that the viability of IVD cells was significantly improved by
Nec-1, GSK872, and NSA (Fig. 4C). Collectively, these findings imply
that bupivacaine-induced primary necrosis may involve RIPK1/RIPK3/
MLKL-mediated necroptosis.

3.4. Bupivacaine induces LMP in IVD cells

Loss of lysosomal membrane integrity, as in the case of LMP, may
lead to necrotic cell death. To further explore the mechanisms under-
lying bupivacaine-induced cell death, we investigated its possible ef-
fects on lysosomes. For this purpose, we first monitored the changes in
lysosomal compartments by LTR staining. The LysoTracker probe, a
fluorescent acidotropic probe, is usually used to label and track acidic
organelles (lysosomes) and can be detected by flow cytometry or
fluorescence microscopy. Analysis of the cells by flow cytometry
showed that the MFI of LTR staining was markedly increased in IVD
cells after exposure to lower doses of bupivacaine (0.125% and 0.25%),
although 0.125% bupivacaine only caused a detectable, but not sig-
nificant, increase in MFI in AF cells. Interestingly, this increase was
transient because it was not detectable at higher doses of bupivacaine
(0.375% and 0.5%). Conversely, a significant decrease in MFI was ob-
served in IVD cells exposed to higher doses of bupivacaine (0.375% and
0.5%) (Fig. 5A and B). To further confirm the lysosomal changes in-
duced by bupivacaine, the stained lysosomes in situ were observed
under confocal microscopy. In parallel, 0.125% and 0.25% bupivacaine
treatment induced an increase in punctuated red fluorescence of cells,
indicating an increased size of lysosomes, compared with saline control
treatment. However, the red fluorescence spots were dramatically de-
creased in IVD cells following 0.375% and 0.5% bupivacaine treatment,
indicating a disruption of lysosomes (Fig. 5C). These data imply that the
lysosomes in IVD cells seem to first increase in size and then disin-
tegrate with increasing bupivacaine concentrations.
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Fig. 1. Cytotoxic effects of bupivacaine on rabbit IVD
cells. Cell viability was determined by CCK-8 assays. (A)
CCK-8 assay dose-course. To determine the dose-depen-
dent effects of bupivacaine, cells were treated with various
concentrations of bupivacaine for 60 min or 0.9% saline as
a control. (B) CCK-8 assay time-course. To illuminate the
time-dependent effects of bupivacaine, cells were treated
with 0.375% bupivacaine for 0, 30, 60, 90, and 120 min,
and 0.9% saline was used as a control. The results are
expressed as the means = SD of three independent ex-
periments ("P < 0.05 vs saline control). AF, annulus fi-
brosus; NP, nucleus pulposus; B, bupivacaine.

Fig. 2. Bupivacaine induces necrotic cell death in IVD
cells. (A) Representative graphs obtained from flow cyto-
metry analysis. After 60 min of exposure to bupivacaine,
Annexin V/PI staining was performed to determine the
type of cell death. Annexin-/PI- represents live cells,
Annexin-/PI+ and Annexin + /PI+ represents necrotic
cells, and Annexin + /PI- represents apoptotic cells. (B)
Histogram analysis shows the percentage of PI-positive
IVD cells. Data are presented as the means + SD of three
independent experiments ("P < 0.05 vs. saline control).
(C) Typical fluorescence photomicrograph of live/dead
cell staining (Scale bars: 100 um). Green fluorescence re-
presents live cells, whereas red fluorescence represents
necrotic cells. Photographs of green and red fluorescence
were obtained under the same field and then merged. AF,
annulus fibrosus; NP, nucleus pulposus; B, bupivacaine.
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Fig. 3. Observations of the morphological ultrastructural appearance by TEM.
The IVD cells exposed to saline displayed a nearly normal cell morphology,
including plasma membrane integrity, abundant surrounding microvilli, and
slight swelling of organelles. The IVD cells exposed to 0.5% bupivacaine
showed typical necrotic morphological changes, including severe swelling of
organelles, severe disruption of the plasma membrane, and cellular lysis. AF,
annulus fibrosus; NP, nucleus pulposus; B, bupivacaine.

To investigate whether LMP actually occurred in IVD cells after
bupivacaine treatment, two complementary experiments (AO reloca-
tion and AO uptake) were applied. Early alterations in lysosomal
membrane stability can be detected in AO relocation experiments by
evaluating the increase in green fluorescence [24,25]. After exposure to
bupivacaine for 60 min, a dose-dependent increase in cellular green
fluorescence was detected by flow cytometry, indicating the release of
AO from ruptured lysosomes into the cytosol (Fig. 6A). Late lysosomal
membrane damage can be detected in AO uptake experiments by

AF NP
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analyzing the decrease in red fluorescence. “Pale cells” were designed
as cells with lower than normal red fluorescence [24,25]. The fraction
of “pale cells” was markedly increased among both AF and NP cells
after exposure to 0.375% or 0.5% bupivacaine, indicating late lyso-
somal membrane rupture, compared with exposure to saline control
(Fig. 6B and C). To further confirm the effects of bupivacaine on lyso-
somal membrane rupture, cells after AO staining in situ were observed
by confocal microscopy. As shown in Fig. 6D, the saline control cells
showed bright lysosomal red and low cytosolic green fluorescence, in-
dicating intact lysosomal membranes. However, there was a marked
reduction in lysosomal red fluorescence accompanied by increased
green cytosolic fluorescence when cells were exposed to bupivacaine,
indicative of LMP. Altogether, these data demonstrate that bupivacaine
can induce LMP in IVD cells.

3.5. Implication of lysosomal cathepsins in bupivacaine-induced death

Following lysosomal rupture, the translocation of cathepsins from
the lysosomal lumen to the cytoplasm is an essential step leading to cell
death. To determine the cytoplasmic relocation of cathepsins, we ex-
amined the subcellular distribution of cathepsin D in IVD cells after
bupivacaine treatment by immunofluorescence techniques. Cathepsin D
fluorescent staining was detected in a granular pattern representing
intact lysosomes in saline-treated control cells. Exposure to bupivacaine
caused a diffuse pattern, indicative of cathepsin D release from per-
meabilized lysosomes into the cytoplasm (Fig. 7A).

Fig. 4. Cytotoxicity of bupivacaine involves the ne-
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croptosis pathway. (A) Representative Western blots of the
expression of RIPK1, RIPK3, and MLKL.
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termined by Western blot. (B) Histogram analysis showing
the relative protein levels of RIPK1, RIPK3, and MLKL.
Data are presented as the means = SD of three in-
dependent experiments (P < 0.05 vs. saline control). (C)
Protection of necroptosis inhibitors against bupivacaine-
induced cytotoxicity. Before exposure to bupivacaine, IVD
cells were preincubated with or without the RIPK1 in-
hibitor Nec-1 (20uM), the RIPK3 inhibitor GSK872
(4 uM), or the MLKL inhibitor NSA (4 uM) for 60 min. After
bupivacaine treatment, we assessed cell viability by CCK-8
assays. Data are presented as the means + SD of three
independent experiments (P < 0.05, Nec-1-treated,
GSK872-treated, or NSA-treated vs. corresponding un-
treated cells). AF, annulus fibrosus; NP, nucleus pulposus;

MERE B, bupivacaine.
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Fig. 5. Effect of bupivacaine on lysosomal compartments. After exposure to the indi

cated concentrations of bupivacaine, the lysosomal compartments in IVD cells

was analyzed by LTR staining. (A) Representative graphs obtained from flow cytometry analysis. (B) Histogram analysis showing the MFI of LTR staining. Data are

+

presented as the means

SD of three independent experiments ("P < 0.05 vs. saline control). (C) Typical confocal images of in situ LTR staining (Magnification

% 400, scale bars = 50 pm). AF, annulus fibrosus; NP, nucleus pulposus; B, bupivacaine.

To investigate whether cysteine cathepsins participate in bupiva-
caine-induced cell death, IVD cells were pretreated with or without the
cathepsin B inhibitor CA074-Me (20 uM) or the cathepsin D inhibitor
pepstatin A (20 uM) before bupivacaine treatment. The cathepsin B
inhibitor CA074-Me resulted in partial but significant protection
against bupivacaine-induced cell death according to Annexin V/PI
staining. Likewise, inhibition of cathepsin D by pepstatin A significantly

70

attenuated the cell death induced by bupivacaine (Fig. 7B and C). Taken
together, these results supported the notion that bupivacaine-induced
death of IVD cells is associated with LMP and the release of lysosomal
cathepsins.
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Fig. 6. Bupivacaine induces permeabi-
lization of the lysosomal membrane.
(A) Histogram representing the statis-
tical analysis shows the MFI of green
fluorescence in the AO relocation ex-
periment. IVD cells were first pre-
incubated with 5 pg/ml AO solution for
15min with complete medium and
then exposed to bupivacaine for
60 min. Green fluorescence was de-
termined by flow cytometry. Data are
presented as the means *= SD of three
independent experiments (P < 0.05
vs. saline control). (B) Representative
graphs of the AO uptake experiment
obtained by flow cytometry analysis.
IVD cells were first treated with bupi-
vacaine for 60 min and then stained
with 5ug/ml AO solution in complete
medium. Cells deficient in intact lyso-
somes (“pale cells”) were determined
by flow cytometry. (C) Histogram ana-
lysis showing the percentage of “pale
cells”. Data are presented as the
means + SD of three independent ex-
periments (P < 0.05 vs. saline con-
trol). (D) Typical confocal images of in
situ AO staining (Magnification X 400,
scale bars = 50 um). AF, annulus fi-
brosus; NP, nucleus pulposus; B, bupi-
vacaine.
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Fig. 7. Implication of lysosomal cathepsins in bupivacaine-induced cell death. (A) Typical confocal images of cathepsin D immunofluorescence staining in IVD cells
after exposure to saline or bupivacaine (Magnification x 800, scale bars = 20 um). (B) Representative graphs obtained from flow cytometry analysis after Annexin V/
PI staining. Before exposure to bupivacaine, the IVD cells were pretreated with or without the cathepsin B inhibitor CA074-Me (20 uM) or the cathepsin D inhibitor
pepstatin A (20 uM) for 60 min. After bupivacaine treatment, cell death was assessed by flow cytometry. (C) Histogram analysis showing the percentage of PI-positive
cells. Data are presented as the means + SD of three independent experiments (P < 0.05, CA-treated or PstA-treated vs. corresponding untreated cells). AF, annulus
fibrosus; NP, nucleus pulposus; B, bupivacaine; CA, CA074-Me; PstA, pepstatin A.
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Fig. 8. ROS level increases in IVD cells after 60 min of treatment with bupivacaine. (A) Representative graphs obtained from flow cytometry analysis after fluorescent
labeling with DCFH-DA. FL1-H: green. (B) Histogram analysis showing the intracellular ROS levels. Data are presented as the means + SD of three independent
experiments (P < 0.05 vs. saline control). AF, annulus fibrosus; NP, nucleus pulposus; B, bupivacaine.

3.6. ROS is an important mediator of bupivacaine-induced LMP and cell
death

Oxidative stress caused by elevated cellular levels of ROS is one of
the principal factors leading to LMP. To investigate whether ROS for-
mation is involved in bupivacaine-triggered LMP and cell death, we
first analyzed intracellular ROS levels by flow cytometry in response to
bupivacaine treatment. As shown in Fig. 8, all concentrations of bupi-
vacaine, except 0.125% bupivacaine, significantly increased ROS levels
in both AF and NP cells in a dose-dependent manner. To examine
whether bupivacaine-induced LMP and cell death could be prevented
by inhibiting ROS generation, both AF and NP cells were pretreated
with 5mM N-acetyl-L-cysteine (NAC) for 60 min prior to bupivacaine
treatment. Bupivacaine-induced ROS levels were markedly reduced by
the antioxidant NAC (Fig. 9A and B). Notably, pretreatment with NAC
significantly increased the MFI of LTR and reduced the proportion of
“pale cells” (Fig. 9C-F). The addition of NAC significantly inhibited
bupivacaine-induced death of IVD cells (Fig. 9G and H). Together, these
results provide important evidence that ROS are involved in bupiva-
caine-induced LMP and cell death.

4. Discussion

Because of the widespread clinical use of bupivacaine in
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interventional spinal procedures, it is imperative to investigate the
potential toxicity of bupivacaine on IVD cells and to explore the mo-
lecular mechanisms underlying bupivacaine-induced cell death. The
present study shows that bupivacaine decreases the cellular viability of
rabbit IVD cells in a dose- and time-dependent manner, which is con-
sistent with the results of previous studies [10,14]. The novel finding of
this study is that short-term exposure of rabbit IVD cells to bupivacaine
causes increased induction of necrotic cell death, which involves
RIPK1/RIPK3/MLKL-dependent necroptosis. More interestingly, our
data provide the first evidence of the involvement of LMP in bupiva-
caine-induced death of IVD cells. Notably, ROS is a critical mediator in
bupivacaine-induced LMP and cell death.

Cell death plays important roles in eliminating undesired, damaged,
or infected cells during development, homeostasis, and pathogenesis.
Historically, cell death has been subdivided into two major types:
apoptosis and necrosis [27]. Apoptosis is characterized by cell
shrinkage, DNA fragmentation, and activation of caspases [28]. In
contrast to apoptosis, the key features of necrosis are organelle swel-
ling, plasma membrane rupture, and cellular lysis [29]. The results of
this study indicate that the characteristics of IVD cell death after short-
term exposure to bupivacaine appear to be more related to necrotic cell
death, as evidenced by a significant increase in PI-positive cells and the
necrotic morphological changes observed by TEM. This finding is in
agreement with previous reports by us and others suggesting that
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Fig. 9. ROS is an important mediator of bupivacaine-induced LMP and cell death. Prior to bupivacaine treatment, IVD cells were preincubated with or without 5 mM
NAC for 60 min. (A, B) Effect of NAC on ROS production. (C, D) Effect of NAC on lysosomal compartments by LTR staining. (E, F) Effect of NAC on LMP by AO uptake
experiments. (G, H) Effect of NAC on bupivacaine-induced cell death by Annexin V/PI staining. Data are presented as the means + SD of three independent
experiments (P < 0.05, NAC-treated vs corresponding untreated cells). AF, annulus fibrosus; NP, nucleus pulposus; B, bupivacaine.

necrosis may be the main mechanism for the death of IVD cells after
short-term exposure to bupivacaine [10,14]. Traditionally, necrosis has
long been described as an uncontrolled form of cell death, but an in-
creasing number of studies have shown that a regulated form of ne-
crosis, termed necroptosis, is carried out by complex signal transduc-
tion pathways and execution mechanisms [29]. Necroptosis generally
manifests with morphological features of necrosis and critically de-
pends on RIPK1, RIPK3, and MLKL [30]. Our data showed that the
protein levels of three key mediators of necroptosis, RIPK1, RIPK3, and
MLKL, were markedly increased after exposure to bupivacaine. Ac-
cordingly, pretreatment with the RIPK1-specific inhibitor Nec-1, the
RIPK3 inhibitor GSK872, or the MLKL inhibitor NSA significantly at-
tenuated bupivacaine-induced cytotoxicity in IVD cells. Collectively,
these results suggest that cell necrosis is the predominant form of IVD
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cell death after short-term exposure to bupivacaine and that bupiva-
caine-induced primary necrosis may involve RIPK1/RIPK3/MLKL-de-
pendent necroptosis.

The exact mechanisms involved in bupivacaine-induced death of
IVD cells remain unclear. Previous studies have shown that bupivacaine
affects mitochondrial function in other types of cells, such as chon-
drocytes [31-34]. Our previous results also suggested that mitochon-
dria are one of the targets of bupivacaine related to its cytotoxicity on
AF cells [15]. In addition to mitochondria, lysosomes have recently
been shown to play a critical role in the progression of cell death
[18,19]. Lysosomal cell death is initiated by LMP, which results in the
release of cathepsins from the lysosomal lumen into the cytoplasm.
Lysosomal cathepsin proteases ectopically present in the cytosol parti-
cipate in the execution of subsequent cell death [35]. The results of
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Fig. 10. Schematic illustration showing that ROS-mediated LMP is involved in
bupivacaine-induced death of IVD cells.

earlier reports in other cell types suggested that bupivacaine may affect
the activity of cathepsins and phospholipid metabolism in lysosomes
[36-38]. However, the role of the lysosomal pathway in the process of
bupivacaine-induced cell death has not yet been documented. In the
current study, the results of LTR staining indicated that the disin-
tegration of lysosomes is preceded by an increase in lysosomal size in
IVD cells. Interestingly, lysosomal size alterations have been reported to
be correlated with lysosomal instability and increased susceptibility to
non-apoptotic cell death pathways [39,40]. Our study is the first to
show based on various experimental approaches that exposure of IVD
cells to bupivacaine leads to LMP with the release of cathepsins, such as
cathepsin D, into the cytosol. Furthermore, the death induced by bu-
pivacaine was markedly but not completely blocked by pretreatment
with inhibitors of lysosomal cathepsins, such as CA074-Me and pep-
statin A. These results imply that the mechanisms of bupivacaine-in-
duced cell death are associated with increased LMP and cathepsin re-
lease.

After establishing the key role of LMP in bupivacaine-induced cell
death, it is necessary to explore the possible mechanism by which bu-
pivacaine destabilizes lysosome membranes in IVD cells. LMP can be
induced by a large panel of distinct agents and endogenous molecules,
but ROS-mediated LMP is the most studied mechanism of LMP [20].
ROS can easily diffuse into lysosomes and interact with free in-
tralysosomal iron to generate highly reactive hydroxyl radicals in a
Fenton-type reaction. Such a hydroxyl radical is then able to induce
LMP by causing lipid peroxidation of lysosomal membranes and da-
maging lysosomal membrane proteins [35,41,42]. Previous studies
have demonstrated that elevated levels of ROS appear to be particularly
important in bupivacaine-induced cytotoxicity [8,15,43,44]. Thus, it is
of interest to further explore the role of ROS in bupivacaine-induced
LMP and cell death. Accordingly, we observed that treatment with
bupivacaine stimulated IVD cells to generate ROS in a dose-dependent
manner. Moreover, blockade of ROS production by NAC treatment
significantly inhibited the extent of LMP and cell death. These results
strongly suggest that increased ROS levels are responsible for bupiva-
caine-induced lysosomal damage and cell death.

There are several limitations to our study. First, we used monolayer
NP cells to examine the direct cytotoxic effect of bupivacaine. Although
a three-dimensional culture environment can maintain the physiologic
phenotype of NP cells, a previous study showed that the cell death le-
vels were similar in NP cells grown on a monolayer and on three-di-
mensional alginate beads after bupivacaine treatment [10]. Second,
because of limited access to healthy human IVD tissue, rabbit IVD cells
were used to determine the cytotoxicity of bupivacaine in healthy cells.
Third, our experiments were performed in vitro, and in vitro results may
not directly reflect clinical settings. Thus, the next step is to assess the in
vivo cytotoxicity of bupivacaine on IVD cells. Fourth, our results pre-
sented are largely descriptive with only one aspect of toxicity pathway
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explored. However, multiple organelle-specific pathways may partici-
pate in the initiation of bupivacaine-induced cell death. Therefore,
further studies are needed to systematically investigate the roles of the
nuclear, plasma-membrane-triggered, mitochondrial, reticular, lyso-
somal, and cytoskeletal pathways in bupivacaine-induced death of IVD
cells.

In summary, we report, to the best of our knowledge, the first direct
evidence that ROS-mediated LMP is involved in bupivacaine-induced
death of IVD cells. A schematic of the proposed bupivacaine-induced
cell death mechanism is summarized in Fig. 10. Our findings establish a
basis for the further investigation of bupivacaine cytotoxicity in an in
vivo system. If the toxicity results obtained in this in vitro study can be
corroborated in vivo, caution regarding diagnosing and treating spine-
related pain with bupivacaine will be necessary.
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