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The recent societal debate on opioid use in treating postoperative pain has sparked
the development of long-acting, opioid-free analgesic alternatives, often using the
amino-amide local anesthetic bupivacaine as active pharmaceutical ingredient. A
potential application is musculoskeletal surgeries, as these interventions rank amongst
the most painful overall. Current literature showed that bupivacaine induced dose-
dependent myo-, chondro-, and neurotoxicity, as well as delayed osteogenesis and
disturbed wound healing in vitro. These observations did not translate to animal
and clinical research, where toxic phenomena were seldom reported. An exception
was bupivacaine-induced chondrotoxicity, which can mainly occur during continuous
joint infusion. To decrease opioid consumption and provide sustained pain relief
following musculoskeletal surgery, new strategies incorporating high concentrations of
bupivacaine in drug delivery carriers are currently being developed. Local toxicity of these
high concentrations is an area of further research. This review appraises relevant in vitro,
animal and clinical studies on musculoskeletal local toxicity of bupivacaine.

Keywords: tissue, regeneration, bone, muscle, wound healing, orthopedic

INTRODUCTION

Musculoskeletal surgeries rank amongst the most painful surgical interventions overall (1). The
debilitating effects of postoperative pain include delayed mobilization and complications, such as
pneumonia and decubitus, which in turn can lead to increased hospital stay and re-admissions (2).
Pain resulting from musculoskeletal surgery is usually treated with multimodal pain regimens in
which opioids often fulfill an important role. Opioids have, however, well-known side effects such
as nausea, respiratory depression and drowsiness, and can lead to dependence and addiction. Of
all patients enrolling in opioid-abuse treatment programs, almost half were first exposed to opioids
through prescription from their physician (3, 4). Currently, an estimated two million American
citizens are addicted to prescription pain killers, such as opioids (5). The risks of dependence
and abuse are especially relevant for patients undergoing musculoskeletal surgery (6). Despite
administration of opioids, poorly controlled postoperative pain is reported by 75% of patients (2).
Therefore, the interest in alternative pain treatments not displaying the systemic side effects of
current opioid-based regimes is increasing. The use of local anesthetics (LAs) has the potential to
accelerate postoperative recovery and reduce opioid consumption in musculoskeletal surgery. To
this end, bupivacaine is especially popular as it displays the longest duration of action of all LAs
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(up to 8h) (7). In comparison, the effects of lidocaine last up
to 2h in soft tissue (8). Because of its extensive clinical use and
the highest potency compared to other long-acting amino-amide
LAs such as ropivacaine and levobupivacaine, this review focuses
on bupivacaine (9). However, 8 h of analgesia is likely insufficient
for postoperative pain control and therefore novel formulations
aim to further extend the duration of action of LAs. In fact,
bupivacaine is the main LA that has been incorporated in recent
opioid-free inventions for postsurgical pain relief (10-14).

Recent studies have expressed concerns regarding the
local toxic effects of bupivacaine infiltration when used for
musculoskeletal applications. This review aims to assess (i) the
in vitro, in vivo and clinical effects of bupivacaine on various
musculoskeletal tissues, cell types and relevant environments
(including cartilage, bone, muscle, nerves, intervertebral disc,
and surgical wounds) and (ii) and the clinical translatability
and real-world relevance of these effects. Furthermore, recent
approaches and developments to decrease the toxic profile and
increase the duration of action of bupivacaine are discussed.
Studies providing data on in vitro, animal model or clinical local
toxicity of bupivacaine were manually selected. References of
selected papers were checked for relevant literature. In addition,
separate searches were performed for studies comparing free
bupivacaine with novel formulations of bupivacaine (e.g.,
liposomal bupivacaine). Articles published in languages other
than English and case reports were excluded from review.
Studies describing systemic toxicity following administration of
bupivacaine were outside the scope of this review. This literature
review did not require an ethical board approval because no
patients or patient data were involved in the review, and only
publicly available data was used.

BUPIVACAINE

After its discovery in 1957, bupivacaine (1-Butyl-N-(2,6-
dimethylphenyl)-2-piperidinecarboxamide) ~ (Figure1) has
become one of the most widely and frequently used LAs,
and is listed as a World Health Organization Essential Drug
(15, 16). Bupivacaine belongs to the class of amino-amide
LAs, exerting their anesthetic action through binding to the
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FIGURE 1 | Bupivacaine structure formula.

intracellular portion of voltage-gated sodium channels, more
specifically the alpha subunit. By inhibiting sodium influx into
axons, depolarization and, therefore, pain signal transduction is
inhibited (16). Examples of LA application in musculoskeletal
surgery are local infiltration anesthesia (LIA) after total hip and
total knee arthroplasty (THA and TKA, respectively). These local
applications are associated with low rates of systemic toxicity and
adverse effects, providing a favorable comparison with opioids
(17-20). Besides therapeutic applications, LA infiltrations also
serve as diagnostic tool in a variety of joint disorders, such as hip
or shoulder osteoarthritis (21).

The class of amino-amide LAs has been derived from amino-
ester LAs, such as cocaine. All amino-amide LAs have a similar
molecular structure, with an aromatic lipophilic portion linked
with an amide-containing intermediate chain to an amine
hydrophilic portion (22). Bupivacaine has the longest duration
of action (up to 8h) of all amino-amide LAs due to its butyl
group attached to the tertiary amine. The lipophilic butyl group
allows for easy membrane-crossing resulting in high anesthetic
potency and prolonged duration of action. In plasma, 95% of
bupivacaine is protein-bound, mainly to albumin. Bupivacaine
is metabolized in the liver by conjugation with glucuronic acid
and excreted renally (23). Elimination half-life is ~2.7 h in adults
and 8.1h in neonates (24). The recommended maximum doses
are 2 mg/kg body weight or a maximum of 400 mg per day.
The dose can be increased to 2.5 mg/kg body weight with
addition of epinephrine, by virtue of decreased systemic uptake
resulting from local vasoconstriction (25). The left-isomer-only
formulation of bupivacaine, levobupivacaine, is commercially
available separately and has been associated with decreased
systemic toxicity, predominantly cardiotoxicity (9). In in vitro
studies, the concentration of bupivacaine is often reported in
mM3 or uM. To help comparison between studies presented in
this review, it should be noted that a clinically used concentration
of 0.5% Bupivacaine HCI solution equals a molarity of 15.4 mM.
Bupivacaine HCI solutions are registered for use in spinal,
epidural, regional, or local infiltrative anesthesia. In all cases the
solution is administered by injection.

EFFECTS OF BUPIVACAINE ON SKELETAL
MUSCLE

In musculoskeletal surgery, exposing osseous structure(s) often
requires cutting through or releasing muscle tissue. Muscle
recovery after surgery is of paramount importance, since it
essential for wound healing, and facilitates quick mobilization
and uneventful return to preoperative function.

It is known that LAs are myotoxic in vitro. Bupivacaine
is reported to lead to 60-100% in vitro myocyte toxicity in
concentrations >1mM (i.e., in clinically used concentrations)
(26). Previous studies have described histopathological
changes at the injection site of LAs (27-30). Within min,
hypercontraction of fiber bundles and myofibrils occurs.
Within hours, a degenerative phase is observed, with disruption
and condensation of myofilaments, lytic degeneration of the
sarcoplasmic reticulum and mitochondria, and pathologic
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condensation of chromatin, which are signs of early necrosis and
apoptosis. The sarcolemmal structure remains intact, potentially
indicating that fiber degeneration occurs mainly intracellularly
and does not affect the macroscopic structure of the muscle.
This degenerative phase lasts for 24-48 h, after which phagocyte
infiltration of the application site occurs. Debris is cleared
without damage to basal laminae and satellite cells. As these cells
remain largely intact, complete muscular regeneration can occur
within 3-4 weeks.

It is hypothesized that the myotoxic effects of bupivacaine are
induced by calcium influx in muscle cells. This is supported by
the finding that bupivacaine in concentrations >>1 mM leads to
activation of the Ca-release channel-ryanodine receptor in the
sarcoplasmic reticulum (27, 31). Interestingly, levobupivacaine
has been shown to have stronger effects on Ca-uptake in
muscle cells compared with racemic bupivacaine, theoretically
potentiating its myotoxicity (31, 32). Another factor that might
play a key role in myotoxicity is pH. Indeed, the free base form
of LAs reaching the sarcoplasmic reticulum is thought to be
responsible for myocyte injury. At higher pH (i.e., closer to
and beyond the drug’s pKa), the free base fraction increases,
potentiating bupivacaine’s capacity to damage muscle (33).

Bupivacaine displays considerable myotoxicity in vitro,
leading to apoptosis and (myo-)necrosis (Figure 2) (34-36).
Bupivacaine-induced myotoxicity is dose and time dependent
(37), with the myotoxic effects being reversible within 3
weeks (38). Animal models have been established to study
muscle damage using bupivacaine as an agent to induce
myotoxicity (39). A recent systematic review summarized the
in vivo myotoxicity of bupivacaine and its effect on muscle
recovery. Myotoxicity was defined as the presence of (a
combination of) muscle weakness or paralysis, or enzymatic
changes indicative of muscle damage (e.g., elevated creatine
phosphokinase serum levels). Muscle tissue recovery time was
defined as regeneration of muscle fibers, normalization of
myofibil diameters, and resolution of inflammation and was
doubled after LA administration (up to 30 days, vs. normal
regeneration time of 14 days) (26, 40). Full recovery to
preoperative function was reported in 21 studies, partial recovery
in 17 studies and minimal recovery in four studies (26). Notably,
myotoxicity also occurred after administration of liposomal
bupivacaine (26, 41). The authors remarked that myotoxicity
was correlated with increased concentrations of and exposure
time to bupivacaine. The occurrence of myotoxicity can be
explained by the fact that liposomal bupivacaine uses relatively
high bupivacaine concentrations and sustained release leads to
increased exposure time.

Clinically, effects of muscle damage appear negligible except
in muscles of the eye, where temporary diplopia after local
anesthesia has been reported (42). Continuous infusion of
LAs after rotator cuff surgical repair did not lead to worse
clinical outcomes. The authors concluded that myotoxicity
may be reversible or is not severe enough to affect tissue
healing and postoperative outcomes (43). In orthopedic surgery
about 0.14% of patients experienced clinical symptoms of LA-
induced myotoxicity, which included significant loss of muscle
contraction force and tenderness of the operated extremity.

Recovery times ranged from 4 days up to 1 year (26). However,
clinical symptoms of muscle damage after LA infiltration
are prone to be under-reported. Pain and dysfunction after
injections administered for post-surgical analgesia can easily be
attributed to- or masked by postsurgical pain (33). Furthermore,
a variable degree of damage to muscle (and the associated
elevated serum creatine phosphokinase levels) will be caused by
muscle dissection during the surgical intervention, complicating
isolation of myotoxicity induced specifically by bupivacaine.

EFFECTS OF BUPIVACAINE ON
ARTICULAR CARTILAGE

Bupivacaine ranks amongst the most chondrotoxic LAs
(44). Levobupivacaine (the S-enantiomer of bupivacaine)
induces similar chondrotoxicity when compared to racemic
bupivacaine, with some studies also reporting increased
in vitro chondrocyte mortality after 1h of exposure to
levobupivacaine, when compared to the racemic mixture
(45, 46). The cytotoxicity of LAs might be due to lipophilicity
rather than stereoisomers, possibly explaining these differences
(47). The in vitro chondrotoxicity has been thoroughly reviewed
and is dependent on exposure time, dose and concentration,
and occurs at clinically used concentrations (44, 48-50).
Interestingly, osteoarthritic joints appear more susceptible to
LA-induced damage compared with joints with healthy cartilage.
Management of osteoarthritis-associated pain with LA injections
can, therefore, lead to increased cartilage damage, potentially
resulting in more pain (48). Exposure of cultured chondrocytes
to LAs in in vitro studies is often limited to 1h (48). As the
elimination half-life of bupivacaine is ~2.7h, the limited in
vitro exposure time could hamper translatability of laboratory
findings to the clinic (24).

The chondrotoxic effects of bupivacaine solutions and
liposomal bupivacaine were studied in a porcine model. The
bupivacaine solution (0.5% w/v) was injected in the stifle joint,
leading to significant chondrocyte death in vivo (33% non-
viable cells), when assessing full-thickness cartilage biopsies with
live/dead staining 1 week after administration (51). The use
of liposomal bupivacaine formulation (1.3% w/v) resulted in
a higher chondrocyte viability when compared to bupivacaine
HCl (6.2% non-viable cells for liposomal bupivacaine vs.
33% non-viable cells for bupivacaine HCI) and was therefore
considered safer for intra-articular use. However, histological
changes regarding surface integrity, fibrillation and chondrocyte
viability did not show significant differences between bupivacaine
solutions and liposomal bupivacaine formulation 1 week after
injection in a porcine model. The synovial membrane was not
assessed (51).

In another study, the long-term effects of bupivacaine during
48h of continuous infusion were studied in a rabbit shoulder
model (52). No macroscopic or radiological differences were
observed between infused glenohumeral joints and controls after
3 months. Cartilage metabolism assessed with sulfate uptake
increased after bupivacaine infusion, potentially indicating a
regenerative response. No difference in cell density, percentage
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Reprinted by permission of the publisher (Taylor & Francis Ltd.) (34).

FIGURE 2 | Light microscopy images of LA-induced myotoxicity. (A) Skeletal muscle 2 days after 0.9% saline injection, showing connective tissue (CT) between
normal muscle fibers (MC) (20x magnification, insert 40x). (B) Skeletal muscle 2 days after 0.5% bupivacaine injection, showing degenerative (DA) and inflammatory
areas (IA) alternated with MC (20x magnification). (C) Skeletal muscle 2 days after 0.5% ropivacaine injection, also displaying DA and IA (20x magnification). (D)
Skeletal muscle 2 days after 0.5% levobupivacaine injection, showing incidental IA and blood vessels (BV) between MC (20x magnification). Oz Gergin et al.
Comparison of the Myotoxic Effects of Levobupivacaine, Bupivacaine, and Ropivacaine: An Electron Microscopic Study. Ultrastructural Pathology, May 2015.

of live cells, macroscopic or radiographic changes were observed.
Therefore, in the model used, articular cartilage has the potential
to recover from chondrotoxic effects induced by bupivacaine.
However, other animal studies conclude that chondrocyte
homeostasis does not fully recover following intra-articular
bupivacaine administration. Rats received a 0.5% bupivacaine
injection into the stifle joint. The contralateral joint received
0.9% saline with the same volume. Cartilage was assessed
histologically after 1, 4, 12 weeks, and 6 months. Bupivacaine
did not lead to damage to the chondral surface, or superficial
chondrocyte viability up to 12 weeks after injection. After 6
months, chondrocyte density had significantly decreased when
compared with the control joint, despite cell viability remaining
constant (53).

Clinically, chondrolysis following a single intra-articular LA
administration has seldom been reported. This phenomenon
is characterized by increasing pain and stiffness in the treated
joint, with radiological signs of cartilage breakdown and reduced

joint space width. A 2015 systematic review discussed reports
of four clinical cases. The rate of chondrolysis when studying
continuous infusion was considerably higher compared with
single injections, and 97.7% (163 out of 167) of chondrolysis cases
reported occurred after continuous infusion and the majority
of cases occurred in the glenohumeral joint. It should be
noted that in most studies adrenaline was co-administered with
bupivacaine (54).

EFFECTS OF BUPIVACAINE ON THE
INTERVERTEBRAL DISC

Bupivacaine is a commonly used LA for both diagnosis
and treatment of discogenic back pain. However, various
in vitro studies have shown toxic effects of bupivacaine on
intervertebral disc (IVD) cells. Bupivacaine appears to lead to
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both concentration- and exposure time-dependent necrosis and
apoptosis of IVD cells, and decreased matrix synthesis (55-60).

As with osteoarthritic synovial joints, attempts to relieve
pain from degenerative disc disease using LAs could lead to
an increase of symptoms due to the cytotoxic effects of these
LAs. Interestingly, these findings only partially correlate with
data from in vivo and clinical studies. For instance, increased
rates of apoptosis were observed seven days after bupivacaine
(0.5%) injection into intervertebral discs of a rabbit model
when compared to saline controls, which are in agreement
with previous in vitro studies (61, 62). However, no significant
differences in IVD degeneration as scored on MRI, histological
scoring using safranin-O staining, or amount of viable IVD cells
between saline and bupivacaine injection were observed after
6 and 12 months. The main cause of damage appeared to be
insertion of the needle into the annulus fibrosus (61). When
comparing bupivacaine-treated (discography or disc-block, both
single injection) IVDs with control discs 5 years after treatment,
no significant radiological differences were observed between
groups regarding disc height, pain, disability scores or range
of motion (63). Accelerated disc degeneration 10 years after
discography has been reported, but this study did not specify the
injection fluid used (64). Therefore, the observed degeneration
following diagnostic or therapeutic disc injections appears to be
induced mainly by damage caused by insertion of the needle
and/or by the use of a contrast agent (61, 65). A potential
explanation for the discrepancies between in vitro and in vivo
or clinical observations might be cell proliferation reported in
vivo after bupivacaine injection into the IVD, which is potentially
associated with a regenerative response (66).

EFFECTS OF BUPIVACAINE ON BONE
REPAIR/REGENERATION

Bone (re)generation and formation are essential processes in
the recovery period following musculoskeletal interventions.
Impaired bone healing can have severe clinical consequences,
such as mal- or non-union of fractures or reduced
osteointegration of implants. Lucchinetti et al. reported a
dose-dependent reduction of mineralized matrix deposition by
MSCs during LA exposure, with bupivacaine being the most
inhibitory. At bupivacaine concentrations of 250 uM (=0.008%)
no osteogenesis was observed in vitro (67). These findings are
in contrast to studies in animal models assessing bone healing
in the presence of bupivacaine. Fourteen and thirty-five days
after hematoma infiltration with 0.25% bupivacaine following a
closed diaphysis fracture in rat femora, no difference in callus
composition, bone tensile strength, or histological appearance
was observed between bupivacaine-treated and control groups
(68, 69). Similar results were reported in dogs for 0.5%
bupivacaine infiltration (70). Clinical studies describing effects of
bupivacaine on bone healing is limited. Results of the few studies
available seem to agree with findings from the animal studies
mentioned. A retrospective cohort study assessing feasibility of
hematoma block following femoral fracture in 35 children did
not report delayed bone healing (71). The effect of liposomal

bupivacaine (120 mg) on bone healing was assessed on X-ray
images taken 4-6 weeks after bunionectomy. None of the 158
patients showed evidence of impaired bone healing. However,
whether the surgery included any correction osteotomy was not
specified. In the case of bunionectomy only, no bone fragments
would have to fuse (72).

EFFECTS OF BUPIVACAINE ON WOUND
HEALING

Wound healing is an important regenerative process following
surgery. Various drugs are known to be associated with delayed
or disturbed wound healing (73). In an in vitro wound healing
scratch assay, MSCs were cultured using medium supplemented
with 20 ng/mL TNF-alpha and exposed to bupivacaine 100 uM
(=0.00325%). Following 3 and 6h of bupivacaine exposure,
delayed migration of MSCs and delayed repopulation of the in
vitro defect size compared with controls were observed (67).
Population doubling time increased significantly from 40 to 93 h
at these concentrations. At higher concentrations of bupivacaine,
a decrease in cell count was observed. This phenomenon was
accompanied by LDH release, a marker for cytotoxicity and
increased membrane permeability (67).

However, in a rat model of wound healing, no differences
regarding amount of collagen fibers, wound tensile strength,
and inflammatory parameters were observed between the
intervention and control group after 14 days, indicating that
bupivacaine did not negatively affect wound healing (74). Similar
studies have been performed in mice (75). After 3 days, no
differences regarding wound surface, re-epithelialization, or
neutrophil numbers were observed compared to controls in both
the healthy and impaired healing groups. In contrast to results
from the rat model, a non-significant trend toward decreased
collagen accumulation in wounds following LA administration
was found in mice. However, this study did not objectify wound
tensile strength and used a shorter follow-up period (3 vs. 14
days) (74, 75).

Furthermore, results of clinical studies showed no significant
differences in wound healing or scar formation in later
phases when using liposome bupivacaine or conventional
bupivacaine HCIL. Overall, satisfactory wound healing in both
interventional groups was reported across various surgical
models (76). A randomized clinical trial reported no wound
healing complications of bupivacaine infiltration compared to
control group in human breast surgery (77).

EFFECTS OF BUPIVACAINE ON NEURAL
TISSUE

The musculoskeletal system, especially the spinal column, is
in close relationship with the central and peripheral nervous
system. To obtain anesthesia during orthopedic interventions,
administering regional or spinal blocks with bupivacaine are
common in the perioperative pain management.

Bupivacaine can lead to significant neuronal cell death in vitro.
In experiment using human SH-SY5Y neuroblastoma cells, a
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concentration-dependent decrease in cell viability after exposure
to various LAs was observed in 10 min. Bupivacaine had the
highest toxic potency of all LAs included in the study. Cell
death was primarily due to necrosis, but bupivacaine also led to
apoptosis when concentration or exposure time increased (78).
These results are in agreement with other reports (79).

In vivo, the effect of intraneural injection of both plain
bupivacaine solution and liposomal bupivacaine was studied at
clinically used concentrations in a porcine model. No persistent
neurological deficits were observed 12h after treatment. The
sciatic nerve was excised 2 weeks after injection and assessed
for histological nerve injury. Immune cell count, cytokine
mRNA and axonal density did not differ significantly in both
groups when compared to controls (80). In rabbits, bupivacaine
led to moderate neurotoxicity (regarding CSF glutamate
concentrations and vacuolation of the dorsal funiculus) of the
spinal cord 1 week after intrathecal administration. However, the
LA concentrations used in the study were higher than those used
clinically (81).

From a clinical perspective, persisting neurological damage
from LAs is rare, with risks of neurological injury after peripheral
nerve blocks estimated to be around 0.04% (82). The risk of
lasting damage is lower in central nerve blocks (i.e., spinal
and epidural applications), with estimates between 1 and 4
in 100.000 cases (83). The incidence of anesthesia-related
neurologic complications varies, however, both over time and
between studies (83, 84). For example, neurological deficits have
been reported in 3-5% of patients 2 weeks after undergoing
a brachial plexus block. After 4 weeks, 0.4% of patients still
experienced deficits (85). These numbers, apart from being at
risk for publication bias, might overestimate the actual damage
done by LAs, as injection pressure, needle trauma and patient
positioning during surgery can also account for (persisting)
neurological damage (83).

RECENT DEVELOPMENTS

To both extend duration of action and minimize toxicity,
alternative formulations of bupivacaine have been developed.
Examples are liposomal formulations and biodegradable polymer
matrices, with liposome bupivacaine being the only formulation
to have reached market approval presently (10-14). A hydrogel
formulations of bupivacaine, liposome bupivacaine, and a
conventional bupivacaine solution have been tested in vivo
in direct comparison (14). Following plantar incision, rats
were administered 0.1 mL near the sciatic nerve of either
liposome bupivacaine (13.3 mg/mL), hydrogel matrix containing
bupivacaine HCI (105 mg/mL), or the hydrogel matrix without
any bupivacaine. An irritant rank score was calculated based on
histological analysis, grading the presence of inflammatory cells,
fibroblasts, neovascularization, fibrosis, necrosis, hemorrhage,
and tissue ingrowth into the material. Mechanical pain sensitivity
threshold was tested using Von Frey ligaments. Rats treated with
the bupivacaine-containing hydrogel matrix tolerated higher
mechanical forces on the injured paw compared to the liposomal
bupivacaine group and the empty hydrogel matrix group.

However, this group also displayed the highest irritant ranking
scores after 5 (moderate score) and 42 (slight score) days. The
empty hydrogel matrix also displayed moderate and slight irritant
rank scores at 5 and 42 days, respectively, indicating local
toxic effects of the matrix itself. It is pointed out that only the
cumulative score was reported, preventing evaluation of specific
local effects on inflammation, vascularization, necrosis and other
factors. Furthermore, not only the concentration but also the
cumulative dose of bupivacaine differed between the intervention
and control group, hampering their comparability. No clinical
trials of the hydrogel bupivacaine formulation are available
yet. Liposomal bupivacaine formulations have been tested
clinically; however, the analgesic advantages compared with plain
bupivacaine solutions appear limited (86). In vivo, the myotoxic
effects of liposomal bupivacaine (13.3 mg/mL bupivacaine HCI)
were comparable to 5 mg/mL plain bupivacaine HCI solution
after 5 days, and significantly less than a 13.3 mg/mL plain
bupivacaine HCI solution. However, the degree of inflammation
after 2 weeks was comparable between the 13.3 mg/mL
bupivacaine HCI solution and liposomal bupivacaine (41).

CONCLUSIONS AND OUTLOOK

Bupivacaine is extensively used in (surgical) treatment of
musculoskeletal diseases since its discovery in 1957. In bone
regeneration, muscle repair, nerve damage, wound healing, and
intervertebral disc damage, the in vitro effects of bupivacaine
point toward an inhibitory effect, even at concentrations lower
and exposure times shorter than those used clinically. Racemic
mixtures of bupivacaine enantiomers and levobupivacaine lead to
similar degrees of in vitro toxicity. However, in both animal and
clinical studies, these effects are rarely reproduced and, if they are,
appear largely reversible. In IVD, neural and muscle applications,
the local toxic effects of bupivacaine displayed reversibility,
albeit delayed compared to controls. Clinically observed adverse
events following local toxicity of bupivacaine have seldom been
reported. The local toxic effects of bupivacaine, when used as
perioperative anesthetic, may have minimal impact compared to
the extensive tissue damage and systemic response elicited by
the surgery itself. Bupivacaine seems to induce chondrotoxicity
in vitro and up to a certain extent also in in vivo and in
clinical studies. Therefore, the use of bupivacaine in synovial
joints might best be avoided. Recently developed liposomal
and polymer matrix formulations of bupivacaine provide a
longer duration of action, but with similar degrees of local
toxicity. This leaves an unmet need for a LA-formulation that
increases the duration of pain blockage without increasing local
toxicity. As described in this review, the in vitro toxic effects
of bupivacaine are rare in in vivo studies. Interestingly, if
adverse effects are observed in vivo or clinically, they appear
to be reversible. A possible explanation for the discrepancies
observed between in vitro and in vivo data might be the
models used to study in vitro toxicity of bupivacaine. Indeed,
most of the in vitro tests are performed in two-dimensional
cell cultures, which are not representative of the complex
architecture and systemic absorption and metabolism of the
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human body. Furthermore, the inflammatory, high-perfusion,
regenerative phase taking place after both bupivacaine injection
and surgery is overlooked in vitro. In summary, this review
revealed that current literature report low levels of bupivacaine
local toxicity in clinically used concentrations for the majority of
musculoskeletal applications.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

. Becker

. Gerbershagen HJ, Aduckathil S, van Wijck AJM, Peelen LM, Kalkman CJ,

Meissner W. Pain intensity on the first day after surgery: a prospective
cohort study comparing 179 surgical procedures. Anesthesiology. (2013)
118:934-44. doi: 10.1097/ALN.0b013e31828866b3

. Joshi GP, Ogunnaike BO. Consequences of inadequate postoperative pain

relief and chronic persistent postoperative pain. Anesthesiol Clin North Am.
(2005) 23:21-36. doi: 10.1016/j.atc.2004.11.013

. Cicero TJ, Ellis MS, Kasper ZA. Psychoactive substance use prior

to the development of iatrogenic opioid abuse: a
analysis of treatment-seeking opioid abusers. Addict Behav.

65:242-4. doi: 10.1016/j.addbeh.2016.08.024

descriptive
(2017)

. Madras BK. The surge of opioid use, addiction, and overdoses: responsibility

and response of the US health care system. JAMA Psychiatry. (2017)
74:441-2. doi: 10.1001/jamapsychiatry.2017.0163

. Substance Abuse and Mental Health Services Administration, Rockville MD.

Results from the 2012 National Survey on Drug Use and Health: Summary of
National Findings. (2013) Available online at: https://www.samhsa.gov/data/
sites/default/filess/NSDUHresults2012/NSDUHresults2012.pdf. (accessed
May 19, 2021).

. Volkow ND, McLellan TA, Cotto JH, Karithanom M, Weiss SRB.

Characteristics of opioid prescriptions in 2009. JAMA. (2011)

305:1299-301. doi: 10.1001/jama.2011.401

. Accord Healthcare Limited. Bupivacaine 0.5%w/v Solution for Injection.

(2015). Utrecht: Accord Healthcare Limited.
DE, Reed  KL. Local
pharmacological considerations.
59:90-101. doi: 10.2344/0003-3006-59.2.90

review of
(2012)

anesthetics:
Anesth Prog.

. Casati A, Putzu M. Bupivacaine, levobupivacaine and ropivacaine:

are they clinically different? Best Pract Res Clin Anaesthesiol. (2005)
19:247-68. doi: 10.1016/j.bpa.2004.12.003

Chahar P, Cummings KC. Liposomal bupivacaine: a
of a new bupivacaine formulation. ] Pain  Res.
5:257-64. doi: 10.2147/JPR.S27894

Cusack SL, Reginald P, Hemsen L, Umerah E. The pharmacokinetics
and safety of an intraoperative bupivacaine-collagen  implant
(XaraColl®) for postoperative analgesia in women following total
abdominal hysterectomy. J Pain Res. (2013) 6:151-9. doi: 10.2147/JPR.
$40976

Viscusi E, Minkowitz H, Winkle P, Ramamoorthy S, Hu J, Singla N. HTX-
011 reduced pain intensity and opioid consumption versus bupivacaine HCI
in herniorrhaphy: results from the phase 3 EPOCH 2 study. Hernia. (2019)
23:1071-80. doi: 10.1007/s10029-019-02023-6

Ellis D, Verity N, Lissin D, Wendicke-Lophaven K. Treatment of
postoperative pain in shoulder surgery with SABER-Bupivacaine. ] Pain.
(2013) 14:584. doi: 10.1016/j.jpain.2013.01.673

Hutchins J, Taylor W. An evaluation of the analgesic effect of AnestaGel on
mechanical allodynia in a rat model of postoperative incisional pain. J Pain
Res. (2017) 10:2807-13. doi: 10.2147/JPR.S146759

World Health Organization. WHO Model List of Essential Medicines. 20th ed.
(2017). p. 1. Available online at: https://apps.who.int/iris/bitstream/handle/
10665/273826/EML-20-eng.pdf?ua=1 (accessed April 26, 2019).

Shafiei FT, Lopez J. Bupivacaine. In: StatPearls. (2020). Available online
at: http://www.ncbi.nlm.nih.gov/pubmed/30422478. (accessed November 19,
2020).

Rubin DS, Matsumoto MM, Weinberg G, Roth S. Local anesthetic systemic
toxicity in total joint arthroplasty: incidence and risk factors in the

review
(2012)

AUTHOR CONTRIBUTIONS

JSand]-JV conceptualized the review. JS performed the literature
search and data analysis. SP and JM drafted and critically revised
the work. All authors contributed to the article and approved the
submitted version.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Mpiniche

United States from the National Inpatient Sample 1998-2013. Reg Anesth Pain
Med. (2018) 43:131-7. doi: 10.1097/AAP.0000000000000684

. Mérwald EE, Zubizarreta N, Cozowicz C, Poeran ], Memtsoudis SG.

Incidence of local anesthetic systemic toxicity in orthopedic patients

receiving peripheral nerve blocks. Reg Anesth Pain Med. (2017)

42:442-5. doi: 10.1097/AAP.0000000000000544

S, Mikkelsen S, Wetterslev ], Dahl JB. A systematic
intra-articular local anesthesia for postoperative pain

relief after arthroscopic knee surgery. Reg Anesth Pain Med. (1999)

24:430-7. doi: 10.1016/S1098-7339(99)90010-X

Andersen L @, Kehlet H. Analgesic efficacy of local infiltration analgesia

in hip and knee arthroplasty: a systematic review. Br | Anaesth. (2014)

113:360-74. doi: 10.1093/bja/aeul55

Cardone DA, Tallia AF. Diagnostic and therapeutic injection of the hip and

knee. Am Fam Physician. (2003) 67:2147-52.

Pfizer. Bupivacaine HCl injection, USP [Internet]. (2015). p. 1-14. Available

online at: http://labeling.pfizer.com/ShowLabeling.aspx?id=4377 (accessed

April 30,2019).

National Institute of Health. Bupivacaine HCI Archived Drug Label

- NIH [Internet]. (2006). Available online at: https://dailymed.nlm.nih.

gov/dailymed/archives/fdaDruglnfo.cfm?archiveid=1828 (accessed April 30,

2019).

bupivacaine hydrochloride (Bupivacaine Hydrochloride) injection, solution

[Internet]. (2017). Available online at: https://dailymed.nlm.nih.gov/

dailymed/archives/fdaDrugInfo.cfm?archiveid=1828 (accessed December 20,

2017).

Williams DJ, Walker JD. A nomogram for calculating the maximum dose of

local anaesthetic. Anaesthesia. (2014) 69:847-53. doi: 10.1111/anae.12679

Hussain N, McCartney CJL, Neal JM, Chippor J, Banfield L, Abdallah

FW. Local anaesthetic-induced myotoxicity in regional anaesthesia:

a systematic review and empirical analysis. Br ] Anaesth. (2018)

121:822-41. doi: 10.1016/j.bja.2018.05.076

Zink W, Graf BM. Local anesthetic myotoxicity. Reg Anesth Pain Med. (2004)

29:333-40. doi: 10.1097/00115550-200407000-00007

Hall-Craggs EC. Early ultrastructural changes in skeletal muscle exposed

to the local anaesthetic bupivacaine (Marcaine). Br ] Exp Pathol.

(1980) 61:139-49.

Nonaka I, Takagi A, Ishiura S, Nakase H, Sugita H. Pathophysiology of

muscle fiber necrosis induced by bupivacaine hydrochloride (Marcaine). Acta

Neuropathol. (1983) 60:167-74. doi: 10.1007/BF00691863

Horiguchi T, Shibata M-A, Ito Y, Eid NAS, Abe M, Otsuki Y.

Macrophage apoptosis in rat skeletal muscle treated with bupivacaine

review of

hydrochloride:  possible role of MCP-1. Muscle Nerve. (2002)
26:79-86. doi: 10.1002/mus.10162

Zink W, Graf BM, Sinner B, Martin E, Fink RHA, Kunst
G. Differential effects of  bupivacaine on intracellular
Ca2+  regulation:  potential ~mechanisms of its  myotoxicity.
Anesthesiology.  (2002) 97:710-6. doi: 10.1097/00000542-200209000-0
0026

Zink W, Missler G, Sinner B, Martin E, Fink RHA, Graf BM. Differential
effects of bupivacaine and ropivacaine enantiomers on intracellular
Ca2+ regulation in murine skeletal muscle fibers. Anesthesiology. (2005)
102:793-8. doi: 10.1097/00000542-200504000-00015
Hogan Q, Dotson R, Erickson S, Kettler
anesthetic myotoxicity: a case and review. Anesthesiology.
80:942-7. doi: 10.1097/00000542-199404000-00029

Oz Gergin O, Yildiz K, Bayram A, Sencar L, Coskun G, Yay
A, et al. Comparison of the myotoxic effects of levobupivacaine,

R, Hogan K. Local
(1994)

Frontiers in Pain Research | www.frontiersin.org

August 2021 | Volume 2 | Article 723883


https://doi.org/10.1097/ALN.0b013e31828866b3
https://doi.org/10.1016/j.atc.2004.11.013
https://doi.org/10.1016/j.addbeh.2016.08.024
https://doi.org/10.1001/jamapsychiatry.2017.0163
https://www.samhsa.gov/data/sites/default/files/NSDUHresults2012/NSDUHresults2012.pdf
https://www.samhsa.gov/data/sites/default/files/NSDUHresults2012/NSDUHresults2012.pdf
https://doi.org/10.1001/jama.2011.401
https://doi.org/10.2344/0003-3006-59.2.90
https://doi.org/10.1016/j.bpa.2004.12.003
https://doi.org/10.2147/JPR.S27894
https://doi.org/10.2147/JPR.S40976
https://doi.org/10.1007/s10029-019-02023-6
https://doi.org/10.1016/j.jpain.2013.01.673
https://doi.org/10.2147/JPR.S146759
https://apps.who.int/iris/bitstream/handle/10665/273826/EML-20-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/273826/EML-20-eng.pdf?ua=1
http://www.ncbi.nlm.nih.gov/pubmed/30422478
https://doi.org/10.1097/AAP.0000000000000684
https://doi.org/10.1097/AAP.0000000000000544
https://doi.org/10.1016/S1098-7339(99)90010-X
https://doi.org/10.1093/bja/aeu155
http://labeling.pfizer.com/ShowLabeling.aspx?id=4377
https://dailymed.nlm.nih.gov/dailymed/archives/fdaDrugInfo.cfm?archiveid=1828
https://dailymed.nlm.nih.gov/dailymed/archives/fdaDrugInfo.cfm?archiveid=1828
https://dailymed.nlm.nih.gov/dailymed/archives/fdaDrugInfo.cfm?archiveid=1828
https://dailymed.nlm.nih.gov/dailymed/archives/fdaDrugInfo.cfm?archiveid=1828
https://doi.org/10.1111/anae.12679
https://doi.org/10.1016/j.bja.2018.05.076
https://doi.org/10.1097/00115550-200407000-00007
https://doi.org/10.1007/BF00691863
https://doi.org/10.1002/mus.10162
https://doi.org/10.1097/00000542-200209000-00026
https://doi.org/10.1097/00000542-200504000-00015
https://doi.org/10.1097/00000542-199404000-00029
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles

Steverink et al.

Bupivacaine Toxicity in Musculoskeletal Applications

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

bupivacaine, and ropivacaine: an electron microscopic  study.
Ultrastruct  Pathol. (2015) 39:169-76. doi: 10.3109/01913123.2015.101
4610

Zink W, Seif C, Bohl JRE, Hacke N, Braun PM, Sinner B, et al. The
acute myotoxic effects of bupivacaine and ropivacaine after continuous
peripheral nerve blockades. Anesth Analg. (2003) 97:1173-9, table of
contents. doi: 10.1213/01.ANE.0000080610.14265.C8

Irwin W, Fontaine E, Agnolucci L, Penzo D, Betto R, Bortolotto S, et al.
Bupivacaine myotoxicity is mediated by mitochondria. J Biol Chem. (2002)
277:12221-7. doi: 10.1074/jbc.M108938200

Hofmann P, Metterlein T, Bollwein G, Gruber M, Plank C, Graf BM, et al.
The myotoxic effect of bupivacaine and ropivacaine on myotubes in primary
mouse cell culture and an immortalized cell line. Anesth Analg. (2013)
117:634-40. doi: 10.1213/ANE.0b013e31829¢4197

Yildiz K, Efesoy SN, Ozdamar S, Yay A, Bicer C, Aksu R, et al. Myotoxic effects
of levobupivacaine, bupivacaine and ropivacaine in a rat model. Clin Invest
Med. (2011) 34:E273. doi: 10.25011/cim.v34i5.15670

Plant DR, Colarossi FE, Lynch GS. Notexin causes greater myotoxic damage
and slower functional repair in mouse skeletal muscles than bupivacaine.
Mouscle Nerve. (2006) 34:577-85. doi: 10.1002/mus.20616

Zhao P, Hoffman EP. Musculin isoforms and repression of MyoD
in muscle regeneration. Biochem Biophys Res (2006)
342:835-42. doi: 10.1016/j.bbrc.2006.01.188

McAlvin JB, Padera RE Shankarappa SA, Reznor G, Kwon AH, Chiang HH,
et al. Multivesicular liposomal bupivacaine at the sciatic nerve. Biomaterials.
(2014) 35:4557-64. doi: 10.1016/j.biomaterials.2014.02.015

Jehan FS, Hagan JC, Whittaker TJ, Subramanian M. Diplopia and ptosis
following injection of local anesthesia without hyaluronidase. J Cataract
Refract Surg. (2001) 27:1876-9. doi: 10.1016/S0886-3350(01)01099-9

Rhee S-M, Chung NY, Jeong HJ, Oh JH. Subacromial local anesthetics do not
interfere with rotator cuff healing after arthroscopic repair. Am ] Sports Med.
(2018) 46:1097-105. doi: 10.1177/0363546517753827

Jayaram P, Kennedy DJ, Yeh P, Dragoo J. Chondrotoxic effects of local
anesthetics on human knee articular cartilage: a systematic review. PM R.
(2018) 11:379-400. doi: 10.1002/pmrj.12007

Gungor I, Yilmaz A, Ozturk AM, Ergun MA, Menevse S, Kaya K.
Bupivacaine and levobupivacaine induce apoptosis in rat chondrocyte cell
cultures at ultra-low doses. Eur ] Orthop Surg Traumatol. (2014) 24:291-
5. doi: 10.1007/s00590-013-1202-5

Cobo-Molinos ], Poncela-Garcia M, Marchal-Corrales JA,
Delgado-Martinez  AD. Effect of levobupivacaine on articular
chondrocytes: an in-vitro investigation. Eur ] Anaesthesiol. (2014)
31:635-9. doi: 10.1097/EJA.0000000000000115

Werdehausen R, Braun S, Fazeli S, Hermanns H, Hollmann MW, Bauer
I, et al. Lipophilicity but not stereospecificity is a major determinant of
local anaesthetic-induced cytotoxicity in human T-lymphoma cells. Eur |
Anaesthesiol. (2012) 29:35-41. doi: 10.1097/EJA.0b013e32834cd6c4

Kreuz PC, Steinwachs M, Angele P. Single-dose local anesthetics exhibit a
type-, dose-, and time-dependent chondrotoxic effect on chondrocytes and
cartilage: a systematic review of the current literature. Knee Surg Sports
Traumatol Arthrosc. (2018) 26:819-30. doi: 10.1007/s00167-017-4470-5

Piper SL, Kramer JD, Kim HT, Feeley BT. Effects
anesthetics on articular cartilage. Am ] Sports Med.
39:2245-53. doi: 10.1177/0363546511402780

Baker JE, Mulhall KJ. Local anaesthetics and chondrotoxicty: what
is the evidence? Knee Surg Sports Traumatol Arthrosc. (2012)
20:2294-301. doi: 10.1007/s00167-011-1804-6

Shaw KA, Moreland C, Jacobs J, Hire JM, Topolski R, Hoyt N, et al.
Improved chondrotoxic profile of liposomal bupivacaine compared with
standard bupivacaine after intra-articular infiltration in a porcine model. Am
J Sports Med. (2018) 46:66-71. doi: 10.1177/0363546517732558

Gomoll AH, Yanke AB, Kang RW, Chubinskaya S, Williams JM, Bach BR, et al.
Long-term effects of bupivacaine on cartilage in a rabbit shoulder model. Am
J Sports Med. (2009) 37:72-7. doi: 10.1177/0363546508323748

Chu CR, Coyle CH, Chu CT, Szczodry M, Seshadri V, Karpie JC, et al. In
vivo effects of single intra-articular injection of 0.5% bupivacaine on articular
cartilage. ] Bone Joint Surg Am. (2010) 92:599-608. doi: 10.2106/JBJS.1.00425

Commun.

of local
(2011)

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gulihar A, Robati S, Twaij H, Salih A, Taylor GJS. Articular cartilage and
local anaesthetic: a systematic review of the current literature. ] Orthop. (2015)
12(Suppl. 2):S200-10. doi: 10.1016/j.jor.2015.10.005

Lee H, Sowa G, Vo N, Vadala G, O’Connell S, Studer R, et al. Effect
of bupivacaine on intervertebral disc cell viability. Spine J. (2010) 10:159-
66. doi: 10.1016/j.spinee.2009.08.445

Quero L, Klawitter M, Nerlich AG, Leonardi M, Boos N, Wuertz K.
Bupivacaine-the deadly friend of intervertebral disc cells? Spine J. (2011)
11:46-53. doi: 10.1016/j.spinee.2010.11.001

Wang D, Vo N V, Sowa GA, Hartman RA, Ngo K, Choe SR, et al.
Bupivacaine cell viability and matrix protein synthesis
in an intervertebral disc organ model system. Spine J. (2011)
11:139-46. doi: 10.1016/j.spinee.2010.11.017

Cai X-Y, Xiong L-M, Yang S-H, Shao Z-W, Xie M, Gao E et al
Comparison of toxicity effects of ropivacaine, bupivacaine,
lidocaine on rabbit intervertebral disc cells in vitro. Spine ]. (2014)
14:483-90. doi: 10.1016/j.spinee.2013.06.041

Chee A V, Ren J, Lenart BA, Chen E-Y, Zhang Y, An HS. Cytotoxicity
of local anesthetics and non-ionic contrast agents on bovine intervertebral
disc cells cultured in a three-dimensional culture system. Spine J. (2014)
14:491-8. doi: 10.1016/j.spinee.2013.06.095

Cai X-Y, Xia Y, Yang S-H, Liu X-Z, Shao Z-W, Liu Y-L, et al. Ropivacaine-
and bupivacaine-induced death of rabbit annulus fibrosus cells in vitro:
involvement of the mitochondrial apoptotic pathway. Osteoarthr Cartil.
(2015) 23:1763-75. doi: 10.1016/j.joca.2015.05.013

Iwasaki K, Sudo H, Yamada K, Higashi H, Ohnishi T, Tsujimoto T, et al.
Effects of single injection of local anesthetic agents on intervertebral disc
degeneration: ex vivo and long-term in vivo experimental study. PLoS ONE.
(2014) 9:€109851. doi: 10.1371/journal.pone.0109851

Iwasaki K, Sudo H, Yamada K, Ito M, Iwasaki N. Cytotoxic effects of
the radiocontrast agent iotrolan and anesthetic agents bupivacaine and
lidocaine in three-dimensional cultures of human intervertebral disc nucleus
pulposus cells: identification of the apoptotic pathways. PLoS ONE. (2014)
9:€92442. doi: 10.1371/journal.pone.0092442

Ohtori S, Inoue G, Orita S, Eguchi Y, Ochiai N, Kishida S, et al. No
acceleration of intervertebral disc degeneration after a single injection of
bupivacaine in young age group with follow-up of 5 years. Asian Spine J.
(2013) 7:212-7. doi: 10.4184/asj.2013.7.3.212

Carragee EJ, Don AS, Hurwitz EL, Cuellar JM, Carrino JA, Carrino J, et al.
2009 ISSLS prize winner: does discography cause accelerated progression of
degeneration changes in the lumbar disc: a ten-year matched cohort study.
Spine. (2009) 34:2338-45. doi: 10.1097/BRS.0b013e3181ab5432

Gruber HE, Rhyne AL, Hansen KJ, Phillips RC, Hoelscher GL, Ingram JA, et al.
Deleterious effects of discography radiocontrast solution on human annulus
cell in vitro: changes in cell viability, proliferation, and apoptosis in exposed
cells. Spine J. (2012) 12:329-35. doi: 10.1016/j.spinee.2012.02.003

Strube P, Pfitzner BM, Streitparth F, Hartwig T, Putzier M. In vivo
effects of bupivacaine and gadobutrol on the intervertebral disc following
discoblock and discography: a histological analysis. Eur Radiol. (2017)
27:149-56. doi: 10.1007/s00330-016-4358-7

Lucchinetti E, Awad AE, Rahman M, Feng ], Lou PH, Zhang L,
et al. Antiproliferative effects of local anesthetics on mesenchymal stem
cells: potential implications for tumor spreading and wound healing.
Anesthesiology. (2012) 116:841-56. doi: 10.1097/ALN.0b013e31824babfe
Henry BJ, Kenison M, McVay C, Rolfe R, Graham S, Rasty J, et al. The
effect of local hematoma blocks on early fracture healing. Orthopedics. (2002)
25:1259-62. doi: 10.3928/0147-7447-20021101-17

Huss MK, Felt SA, Pacharinsak C. Influence of pain and analgesia on
orthopedic and wound-healing models in rats and mice. Comp Med. (2019)
69:535-45. doi: 10.30802/AALAS-CM-19-000013

Dimopoulou I, Anagnostou TL, Prassinos NN, Savvas I, Patsikas M. Effect of
intrafragmentary bupivacaine (haematoma block) on analgesic requirements
in dogs undergoing fracture repair. Vet Anaesth Analg. (2017) 44:1189-
97. doi: 10.1016/j.vaa.2017.01.005

Herrera JA, Wall EJ, Foad SL. Hematoma block reduces narcotic pain
medication after femoral elastic nailing in children. J Pediatr Orthop. (2004)
24:254-6. doi: 10.1097/00004694-200405000-00003

decreases

and

Frontiers in Pain Research | www.frontiersin.org

August 2021 | Volume 2 | Article 723883


https://doi.org/10.3109/01913123.2015.1014610
https://doi.org/10.1213/01.ANE.0000080610.14265.C8
https://doi.org/10.1074/jbc.M108938200
https://doi.org/10.1213/ANE.0b013e31829e4197
https://doi.org/10.25011/cim.v34i5.15670
https://doi.org/10.1002/mus.20616
https://doi.org/10.1016/j.bbrc.2006.01.188
https://doi.org/10.1016/j.biomaterials.2014.02.015
https://doi.org/10.1016/S0886-3350(01)01099-9
https://doi.org/10.1177/0363546517753827
https://doi.org/10.1002/pmrj.12007
https://doi.org/10.1007/s00590-013-1202-5
https://doi.org/10.1097/EJA.0000000000000115
https://doi.org/10.1097/EJA.0b013e32834cd6c4
https://doi.org/10.1007/s00167-017-4470-5
https://doi.org/10.1177/0363546511402780
https://doi.org/10.1007/s00167-011-1804-6
https://doi.org/10.1177/0363546517732558
https://doi.org/10.1177/0363546508323748
https://doi.org/10.2106/JBJS.I.00425
https://doi.org/10.1016/j.jor.2015.10.005
https://doi.org/10.1016/j.spinee.2009.08.445
https://doi.org/10.1016/j.spinee.2010.11.001
https://doi.org/10.1016/j.spinee.2010.11.017
https://doi.org/10.1016/j.spinee.2013.06.041
https://doi.org/10.1016/j.spinee.2013.06.095
https://doi.org/10.1016/j.joca.2015.05.013
https://doi.org/10.1371/journal.pone.0109851
https://doi.org/10.1371/journal.pone.0092442
https://doi.org/10.4184/asj.2013.7.3.212
https://doi.org/10.1097/BRS.0b013e3181ab5432
https://doi.org/10.1016/j.spinee.2012.02.003
https://doi.org/10.1007/s00330-016-4358-7
https://doi.org/10.1097/ALN.0b013e31824babfe
https://doi.org/10.3928/0147-7447-20021101-17
https://doi.org/10.30802/AALAS-CM-19-000013
https://doi.org/10.1016/j.vaa.2017.01.005
https://doi.org/10.1097/00004694-200405000-00003
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles

Steverink et al.

Bupivacaine Toxicity in Musculoskeletal Applications

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Golf M, Daniels SE, Onel E. A phase 3, randomized, placebo-controlled trial
of DepoFoam® bupivacaine (extended-release bupivacaine local analgesic) in
bunionectomy. Adv Ther. (2011) 28:776-88. doi: 10.1007/s12325-011-0052-y
Guo S, Dipietro LA. Factors affecting wound healing. ] Dent Res. (2010)
89:219-29. doi: 10.1177/0022034509359125

Abrio J, Fernandes CR, White PE, Shimano AC, Okubo R, Lima GB, et al.
Effect of local anaesthetic infiltration with bupivacaine and ropivacaine
on wound healing: a placebo-controlled study. Int Wound J. (2014)
11:379-85. doi: 10.1111/j.1742-481X.2012.01101.x

Waite A, Gilliver SC, Masterson GR, Hardman M]J, Ashcroft GS. Clinically
relevant doses of lidocaine and bupivacaine do not impair cutaneous wound
healing in mice. Br ] Anaesth. (2010) 104:768-73. doi: 10.1093/bja/aeq093
Baxter R, Bramlett K, Onel E, Daniels S. Impact of local administration of
liposome bupivacaine for postsurgical analgesia on wound healing: a review
of data from ten prospective, controlled clinical studies. Clin Ther. (2013)
35:312-20.e5. doi: 10.1016/j.clinthera.2013.02.005

Campbell I, Cavanagh S, Creighton J, French R, Banerjee S, Kerr E, et al. To
infiltrate or not? Acute effects of local anaesthetic in breast surgery. ANZ J
Surg. (2015) 85:353-7. doi: 10.1111/ans.12541

Perez-Castro R, Patel S, Garavito-Aguilar Z V, Rosenberg A, Recio-Pinto E,
Zhang]J, et al. Cytotoxicity of local anesthetics in human neuronal cells. Anesth
Analg. (2009) 108:997-1007. doi: 10.1213/ane.0b013e31819385e1

Malet A, Faure M-O, Deletage N, Pereira B, Haas ], Lambert G.
The comparative cytotoxic of different local
on a human neuroblastoma cell line. Anesth Analg.
120:589-96. doi: 10.1213/ANE.0000000000000562

Damjanovska M, Cvetko E, Kuroda MM, Seliskar A, Plavec T, Mis K, et al.
Neurotoxicity of intraneural injection of bupivacaine liposome injectable
suspension versus bupivacaine hydrochloride in a porcine model. Vet Anaesth
Analg. (2019) 46:236-45. doi: 10.1016/j.vaa.2018.09.044

Yamashita A, Matsumoto M, Matsumoto S, Itoh M, Kawai K, Sakabe T.
A comparison of the neurotoxic effects on the spinal cord of tetracaine,
lidocaine, bupivacaine, and ropivacaine administered intrathecally in rabbits.
Anesth Analg. (2003) 97:512-9. doi: 10.1213/01.ANE.0000068885.78816.5B
Barrington MJ, Watts SA, Gledhill SR, Thomas RD, Said SA, Snyder
GL, et al. Preliminary results of the Australasian Regional Anaesthesia

anesthetics
(2015)

effects

Collaboration: a prospective audit of more than 7000 peripheral
nerve and plexus blocks for neurologic and other complications. Reg
Anesth Pain Med. (2009) 34:534-41. doi: 10.1097/AAP.0b013e3181ae
728

83. Brull R, McCartney CJL, Chan VWS, El-Beheiry H. Neurological
complications after regional anesthesia: contemporary estimates of risk.
Anesth  Analg. (2007) 104:965-74. doi: 10.1213/01.ane.0000258740.171
93.ec

84. Verlinde M, Hollmann MW, Stevens MF, Hermanns H, Werdehausen
R, Lirk P. Local anesthetic-induced neurotoxicity. Int J Mol Sci. (2016)
17:339. doi: 10.3390/ijms17030339

85. Urban MK, Urquhart B. Evaluation of brachial plexus anesthesia for upper
extremity surgery. Reg Anesth. (1994) 19:175-82.

86. Kendall MC, Castro Alves LJ, De Oliveira G. Liposome bupivacaine
compared to plain local anesthetics to reduce postsurgical pain: an updated
meta-analysis of randomized controlled trials. Pain Res Treat. (2018)
2018:5710169. doi: 10.1155/2018/5710169

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Steverink, Piluso, Malda and Verlaan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pain Research | www.frontiersin.org

August 2021 | Volume 2 | Article 723883


https://doi.org/10.1007/s12325-011-0052-y
https://doi.org/10.1177/0022034509359125
https://doi.org/10.1111/j.1742-481X.2012.01101.x
https://doi.org/10.1093/bja/aeq093
https://doi.org/10.1016/j.clinthera.2013.02.005
https://doi.org/10.1111/ans.12541
https://doi.org/10.1213/ane.0b013e31819385e1
https://doi.org/10.1213/ANE.0000000000000562
https://doi.org/10.1016/j.vaa.2018.09.044
https://doi.org/10.1213/01.ANE.0000068885.78816.5B
https://doi.org/10.1097/AAP.0b013e3181ae72e8
https://doi.org/10.1213/01.ane.0000258740.17193.ec
https://doi.org/10.3390/ijms17030339
https://doi.org/10.1155/2018/5710169
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles

	Comparison of in vitro and in vivo Toxicity of Bupivacaine in Musculoskeletal Applications
	Introduction
	Bupivacaine
	Effects of Bupivacaine on Skeletal Muscle
	Effects of Bupivacaine on Articular Cartilage
	Effects of Bupivacaine on the Intervertebral Disc
	Effects of Bupivacaine on Bone Repair/Regeneration
	Effects of Bupivacaine on Wound Healing
	Effects of Bupivacaine on Neural Tissue
	Recent Developments
	Conclusions and Outlook
	Author Contributions
	References


