Local Anesthetics Induce Chondrocyte Death
in Bovine Articular Cartilage Disks in a Dose- and
Duration-Dependent Manner
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Purpose: The purpose of this study was to evaluate the effect of various local anesthetics on
chondrocyte viability in articular cartilage by use of a bovine disk model. Methods: Full-thickness
bovine cartilage disks were isolated from the condylar surfaces of the radial-carpal joint by use of a
4-mm biopsy punch and were incubated in various concentrations of local anesthetics (e.g., bupiv-
acaine) for varying amounts of time and stained for membrane integrity by use of ethidium bromide
and SYTO 13 stain (Molecular Probes, Carlsbad, CA). Cell and nuclear morphology was assessed by
transmission electron microscopy. Results: The addition of local anesthetics (i.e., 0.25% bupiva-
caine, 1% lidocaine, and 0.5% ropivacaine) to bovine articular cartilage disks had a negative effect
on chondrocyte viability. Culturing bovine articular cartilage disks for increasing periods of time
decreased chondrocyte viability for each of the local anesthetics, with significant negative correla-
tions being shown between time of exposure to the drug and chondrocyte viability. These effects were
also affected by the presence or absence of epinephrine in local anesthetic preparations. Conclusions:
Our results suggest that local anesthetics (i.e., bupivacaine, lidocaine, or ropivacaine) can have a
detrimental effect on chondrocyte viability in bovine articular cartilage disks in a dose- and
duration-dependent manner. Clinical Relevance: After arthroscopic surgery, it has been common
practice to inject various local anesthetics into the joint for pain relief. Because adult chondrocytes
have little or no capacity to regenerate, these results suggest that high-dose, long-term intra-articular
administration of local anesthetics should be performed with caution. Key Words: Bovine—

Chondrocyte viability—Local anesthetics—Cytotoxicity—Chondrolysis.

rthroscopic joint surgery is one of the most com-
monly performed procedures in surgical practice.
In the United States arthroscopic procedures are 3 of the
top 5 most commonly performed procedures by ortho-
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paedic surgeons taking part II of the American Board of
Orthopaedic Surgery oral examinations.! One major ad-
vantage of arthroscopic surgery is its minimally invasive
nature, which limits surgical wounds, bleeding, and in
particular, postoperative pain. Despite this, however,
postoperative pain can still be problematic. In an effort to
decrease postoperative pain, various treatments have
been used including narcotics, anti-inflammatory drugs,
regional and local blocks, and local anesthetics, both
subcutaneously and intra-articularly. These methods
used alone or in combination have allowed most arthro-
scopic procedures to be performed on an outpatient ba-
sis. With superior pain control, the ability to perform
procedures in a minimally invasive outpatient manner
has resulted in a significant reduction in cost per case.>*

In an effort to improve postoperative pain control and
limit systemic side effects, the use of intra-articular local
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anesthetics (e.g., bupivacaine, lidocaine, and ropiva-
caine) has gained popularity. Local anesthetic use after
arthroscopic surgery is routinely performed as a single-
dose intra-articular injection (e.g., 20 mL of 0.25% bu-
pivacaine). Furthermore, to provide even longer-term
relief, continuous infusion of intra-articular local anes-
thetics has been commonly performed for up to 48 to 72
hours.>!! In this method a small catheter is placed intra-
operatively into the joint, and local anesthetic is contin-
uously infused into the intra-articular environment.
Many authors have reported superior pain relief with
intra-articular continuous infusion of local anesthetics
compared with placebo or other methods of pain re-
lief.>-1! In addition, some authors have reported devas-
tating complications with their use (mostly associated
with catheter placement).> Although intra-articular lo-
cal anesthetic use after surgery is a common indication,
intra-articular local anesthetics are also commonly used
in the outpatient setting. They have been used for pain
relief, to address diagnostic challenges, and in combina-
tion with other agents (methylprednisolone) for thera-
peutic use. Despite these common practices, the relative
safety of a single dose or continuous infusion of local
anesthetics is unclear. In particular, the constant “bath-
ing” of cartilage and articular chondrocytes in a foreign
environment (i.e., local anesthetics) may be of concern.
Recently, however, several authors have reported cases
of acute chondrolysis after arthroscopic shoulder sur-
gery.!?-15 In many cases the result has been a complete
denuding of cartilage leading to end-stage arthritis.
These cases are particularly devastating because postsur-
gical arthritis in the young population has no good treat-
ment option. Although many of these cases were asso-
ciated with the use of cautery or thermal capsulorrhaphy
(a potential cause of acute chondrolysis resulting from
increased joint temperatures during surgery), there have
been increasing concerns that the use of postoperative,
intra-articular local anesthetic infusion may be associated
with cytotoxicity and chondrolysis.!®-2° The purpose of
this study was to evaluate the effect of local anesthetics
(i.e., bupivacaine, lidocaine, and ropivacaine) on chon-
drocyte viability. Using bovine articular cartilage disks
as a model system, we hypothesized that local anesthet-
ics would have a negative effect in a dose- and duration-
dependent manner on chondrocyte viability.

METHODS

To evaluate the effects on articular cartilage chondro-
cytes, a bovine cartilage disk model was used. Disks
were chosen because chondrocytes in situ are more rep-
resentative of the in vivo state compared with isolated

chondrocytes. This model was used because of the rela-
tive inaccessibility of normal human articular cartilage
and the maintenance of an intact pericellular and extra-
cellular matrix surrounding articular cartilage chondro-
cytes. Bovine articular cartilage was obtained from a
local abattoir. Full-thickness cartilage disks were isolated
from the condylar surfaces of the radial-carpal joint by
use of a 4-mm biopsy punch and were used immediately
after harvest. Disks were washed twice with sterile phos-
phate-buffered saline solution (PBS), and 3 disks per
well were placed in a 24-well tissue culture plate and
were cultured under various conditions (e.g., concentra-
tions and times) with 3 commonly used local anesthetics:
0.25% bupivacaine, 1% lidocaine, and 0.5% ropivacaine.
Furthermore, to study the effect of epinephrine, 0.25%
bupivacaine with epinephrine (1:200,000 epinephrine, 5
pg/mL) and 1% lidocaine with epinephrine (1:200,000
epinephrine, 5 ug/mL) were used as prepared solutions
available from the manufacturer. To evaluate the com-
bined effects of ropivacaine with epinephrine, exogenous
epinephrine was added to each preparation to simulate
concentrations found in premade solutions of bupiva-
caine with epinephrine (i.e., 1:200,000 final epinephrine
concentration) and solutions of lidocaine with epineph-
rine that are obtained directly from the manufacturer.
Ropivacaine does not normally come prepared with epi-
nephrine because ropivacaine itself may cause vasocon-
striction.

Concentrations of each local anesthetic (i.e., 0.25%
bupivacaine with or without epinephrine, 1% lido-
caine with or without epinephrine, and 0.5% ropiva-
caine with or without epinephrine) were prepared in
sterile PBS. For example, to prepare 10 mL of a 50%
solution of bupivacaine (supplied at 0.25% by the
manufacturer), 5 mL of bupivacaine was added to 5
mL of sterile PBS to yield a 50% solution of the
original stock. Each of the concentrations of local
anesthetics used in the study was prepared in this
manner by use of sterile PBS. To determine the effect
of dose, articular cartilage disks were cultured in 1 mL
of 0%, 2.5%, 5%, 10%, 25%, 50%, and 100% solu-
tions of each local anesthetic in PBS at 37°C for 12
hours. To determine the effect of duration, articular
cartilage disks were cultured in 50% and 100% solu-
tions (as percents of the manufacturer’s concentra-
tions) of each local anesthetic for 1, 3, 5, 8, and 12
hours. For each experiment, 3 articular cartilage disks
were cultured in each well with 1 mL of solution to
approximate the relative surface area—to—joint volume
ratio in the human shoulder.2!-22 In addition, disks
were cultured in 1:200,000 concentrations of epineph-
rine in sterile PBS (both at 100% and 50% concentra-
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tions, prepared as described previously by use of PBS)
to serve as epinephrine controls. All experiments were
repeated 3 times to ensure reproducibility. Cartilage
disks were also incubated in PBS as controls, because
previous work has shown that cells in cartilage remain
viable in PBS, even with extended incubation.?3 After
incubation, disks were cut into 70-m sections by use of
a TPI Vibratome 1000 Sectioning System (TPI, St Louis,
MO). Cell viability was determined by use of SYTO 13
green fluorescent nucleic acid stain (Molecular Probes,
Carlsbad, CA) and 3.3-ng/mL ethidium bromide (Sigma-
Aldrich, Oakville, ONT, Canada). Sections were viewed
under a fluorescence microscope and scored for cell
viability. Cell viability was determined by a blinded
separate observer with significant experience in cell vi-
ability analysis. Nine cartilage slices were scored for
each of the treatment groups at the given time points and
for the given treatments. Digital images were projected,
and green and red cells were counted manually, with care
taken to include the full thickness of articular cartilage in
each field. In addition, for each of the incubation regi-
mens, cartilage disks were isolated for assessment of cell
and nuclear morphologic changes and chromatin orga-
nization by transmission electron microscopy. In brief,
disks were isolated and fixed in 0.1-mol/L sodium caco-
dylate—buffered 1.5% electron microscopy-grade glutar-
aldehyde, 1% paraformaldehyde, and 0.4% ruthenium
hexamine trichloride. After fixation, disks were set in 1%
osmium tetroxide and embedded in Poly/Bed 812 (Poly-
sciences, Warrington, PA). Thin sections of the disks
were obtained with an ultramicrotome and were stained
with 2% ethanolic uranyl acetate and lead citrate, and
electron micrographs were obtained with a Hitachi
H-7000 transmission electron microscope (Hitachi High
Technologies Canada Inc., Toronto, ONT, Canada). Sta-
tistical analysis was performed by use of the Pearson or
rank correlation coefficient to determine the degree of
correlation between variables.

RESULTS

The addition of local anesthetics (i.e., 0.25% bupiv-
acaine, 1% lidocaine, and 0.5% ropivacaine) to bovine
articular cartilage disks had a negative effect on chon-
drocyte membrane integrity. Representative data for
bupivacaine are shown in Fig 1. The results for vary-
ing doses of bupivacaine, lidocaine, and ropivacaine
are summarized in Fig 2. At a concentration of 50%,
chondrocyte membrane integrity was less than 30% at
12 hours when disks were cultured in any of the local

FiGure 1. Fluorescence microscopy of bovine articular carti-
lage disks cultured for 12 hours in differing solutions of 0.25%
bupivacaine: (A) 100%, (B) 50%, and (C) 0% (PBS). Magnifi-
cation 150X. The decrease in cell viability with increased
bupivacaine concentration should be noted. Green fluorescence
indicates live articular chondrocytes, and red fluorescence indi-
cates dead articular chondrocytes.
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FiGure 2. (A) Effect of varying
concentrations of 0.25% bupiva-
caine, 1% lidocaine and 0.5% ropi-
vacaine on chondrocyte viability in
bovine articular cartilage disks cul-
tured for 12 hours. (B) Scatter plot
and Pearson correlation coefficient
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R=-0.95, p<0.003

of chondrocyte viability in bovine
articular cartilage disks cultured in
increasing concentrations of 0.25%
bupivacaine.

20.00% 40.00% 60.00%

Drug Concentration

anesthetics. Culturing bovine articular cartilage disks
in increasing concentrations of each local anesthetic
for 12 hours resulted in significant decreases (P < .05)
in chondrocyte membrane integrity (Fig 2A), with a
significant negative correlation between chondrocyte
membrane integrity and drug concentration. A repre-
sentative scatter plot of this correlation is shown for
bupivacaine in Fig 2B (R = —0.95, P < .003). Similar
negative correlations were obtained for lidocaine (R =
—1, P < .003) and ropivacaine (R = —0.93, P <
.007).

80.00% 100.00%

The results of culturing bovine articular cartilage
disks in 50% and 100% solutions of 0.25% bupiva-
caine, 1% lidocaine, and 0.5% ropivacaine for increas-
ing periods of time are summarized in Figs 3A, 3B,
and 3C, respectively. Culturing bovine articular carti-
lage disks for increasing periods of time decreased
chondrocyte membrane integrity for each of the local
anesthetics, with significant negative correlations be-
ing shown between time of exposure to the drug and
chondrocyte membrane integrity (100% bupivacaine:
R = —0.93, P = .007; 50% bupivacaine: R = —0.96,
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FiGure 3. Effect of increasing
periods of culturing on chondro-
cyte viability in bovine articular
cartilage disks cultured in 50% so-
lutions and 100% solutions of (A)
0.25% bupivacaine, (B) 1% lido-
caine, and (C) 0.5% ropivacaine.
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P = .002; 100% lidocaine: R = —1, P < .003; 50% nephrine alone did not have a significant effect on

lidocaine: R = —1, P < .003; 100% ropivacaine: R = chondrocyte membrane integrity when compared
0.84, P < .05; and 50% ropivacaine: R = —1, P < with time O (P > .05) or PBS controls (P > .05)
.003). (Fig 4A). However, the presence of epinephrine in

The results of culturing bovine articular cartilage the bupivacaine solution (whether in the solution
disks in 50% solutions of 0.25% bupivacaine with provided by the manufacturer or when added exog-
and without epinephrine for 8 and 12 hours are enously to bupivacaine without epinephrine) had
summarized in Fig 4. Culturing bovine articular significant negative effects on chondrocyte mem-

cartilage disks in 50% or 100% solutions of epi- brane integrity (P < .008) (Fig 4B).
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The results of the assessment of cell morphology
(representative data showing exposure to bupivacaine)
are shown in Fig 5. As shown, nuclear changes appear
after only 1 hour of treatment, with more pronounced
changes occurring at the 5-hour time point. These
changes include alterations in nuclear morphology as
well as changes in chromatin organization. In addi-
tion, the cell membrane remains intact. These results
show that cells exposed to bupivacaine undergo visi-
ble morphologic changes in a short period of time.
Similar ultrastructural changes were observed with all
local anesthetics tested.

DISCUSSION

The results of this study show that the commonly
used local anesthetics bupivacaine, lidocaine, and
ropivacaine have a negative effect on chondrocyte
viability in cultured bovine articular cartilage disks.
Using a well-characterized model, this study showed

that the effect of exposure to bupivacaine, lidocaine,
and ropivacaine occurred in both a dose- and duration-
dependent fashion. In 2006 Chu et al.!® reported that
exposure of 0.5% bupivacaine to bovine articular car-
tilage chondrocytes was cytotoxic. They reported that
after exposure of chondrocytes with 0.5% bupivacaine
for 1 hour, fewer than 1% of chondrocytes were viable
using a chondrocyte—alginate bead culture system.
Furthermore, they reported that exposure of bovine
articular cartilage cores for 30 minutes with 0.5%
bupivacaine decreased chondrocyte viability. This ef-
fect was augmented when the superficial 1 mm of
cartilage was removed. Although our results are in
concordance with those of Chu et al., they studied the
effect of a single concentration of 0.5% bupivacaine,
and it was unclear whether this was specific to bupiv-
acaine or could be seen with other local anesthetics.
Similarly, Gomoll et al.?% studied the in vivo effects of
a continuous infusion of 0.25% bupivacaine with and
without epinephrine into the rabbit’s shoulder. They
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FiGure 5.  Effect of 100% solution
of 0.25% bupivacaine on bovine chon-
drocyte morphology (cell and nuclear)
as studied by transmission electron
microscopy. Magnification 3500X.
The arrows mark the nucleus. The
changes in chromatin organization and
nuclear membrane invaginations with
exposure to local anesthetic should be
noted. (A) PBS control (5-hour incu-
bation). (B) One-hour incubation. (C)
Three-hour incubation. (D) Five-hour
incubation.

showed that infusion of bupivacaine or bupivacaine
with epinephrine into the rabbit’s shoulder decreased
sulfate uptake, cell viability, and histologic scores.
Our results are in concordance with those reported by
Chu et al. and Gomoll et al. and suggest that bupiva-
caine has a negative effect on chondrocyte viability in
both in vitro and in vivo animal models. In addition,
we were able to examine the effects of other com-
monly used local anesthetics, and we showed that
lidocaine and ropivacaine have a similar detrimental
effect. This may be a result of the related structure of
these agents and therefore a general drug class ef-
fect.?3 Furthermore, our study shows that ultrastruc-
tural nuclear changes were found in chondrocytes
treated with local anesthetics. These changes in nu-
clear integrity as well an intact cell membrane are
consistent with observed phenotypic outcomes found
in apoptotic cells. We are currently assessing whether
specific apoptotic pathways are associated with chondro-
cyte death in this model system. Our preliminary results

have shown that local anesthetics (bupivacaine, ropiva-
caine, and lidocaine) induce apoptosis (as determined by
transmission electron microscopy) and necrosis in bo-
vine cartilage disk cells. The membrane integrity dyes
indicate cell death due to both apoptosis and necrosis.
Importantly, other factors that have been implicated
were also studied. In our study we determined that the
addition of epinephrine to a final concentration of 5
pg/mL, similar to the final concentrations of epineph-
rine found in the local anesthetics tested (1:200,000;
prepared in PBS), did not significantly or consistently
increase or decrease chondrocyte viability when used in
isolation. Interestingly, although the addition of epineph-
rine decreased chondrocyte viability when used in com-
bination with bupivacaine, there was no significant effect
when used in combination with lidocaine or ropivacaine.
These results suggest that although epinephrine may
augment the cytotoxicity of bupivacaine, the drug itself
(i.e., bupivacaine, lidocaine, or ropivacaine) may also be
cytotoxic. This portion of the study is important because,
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clinically, some intra-articular catheter companies have
continued to market their products and have suggested
that the addition of epinephrine may be the culprit and
that bupivacaine alone (or lidocaine and ropivacaine) can
be safely used.

Another factor that may be related to cytotoxicity is
the carrier solution itself. Local anesthetic solutions
are commonly stored and used at an acidic pH. This
pH varies between 4.0 and 5.7 and prevents precipi-
tation of the active ingredient during long-term stor-
age. Cells exposed to acidic stress are known to have
changes in cell metabolism and cell function, with
these changes possibly leading to a decrease in cell
viability. Thus it is possible that the acidity of the
carrier solution itself and not the active local anes-
thetic was cytotoxic to cells. However, in our study
although acidity may further enhance cytotoxicity, all
solutions were prepared by use of PBS and allowed to
equilibrate for 1 hour before usage. In each case the
pH of the solution was tested before usage, and in all
solutions except the 100% solutions (for which no
PBS was added), the pH was between 6.7 and 7.0
before usage and the pH was not significantly different
at the end of the culturing duration. Thus the pH of the
solution did not significantly affect the results. Of
note, neutralization of the pH did not cause precipita-
tion of the drug for the short durations evaluated in
this study.

In this study we also showed that exposure to any of
the local anesthetics occurred in a duration-dependent
manner. Similarly, in the study by Chu et al.,'° the
effect of duration of exposure was studied in bovine
articular chondrocyte—alginate beads. In their study
exposure of bovine articular chondrocyte—alginate
beads for 15, 30, or 60 minutes to 0.5% bupivacaine
decreased chondrocyte viability to less than 1% and
was not significantly different for each of the exposure
times. These results may be because of the differences in
model systems, whereby the alginate bead system does
not maintain the complex 3-dimensional pericellular and
extracellular architecture of articular cartilage and likely
allows more rapid and complete penetration into the
bead. Thus the chondrocytes in the alginate bead system
used by Chu et al. likely had exceptionally high concen-
trations of bupivacaine leading to almost complete death
of cells even after only 15 minutes of exposure. These
results highlight the importance of understanding each
model system and the impetus for further evaluation in
human articular cartilage.

Our study determined that the effect of chondrocyte
viability was also dose dependent. Although almost all
doses studied did affect chondrocyte viability, lower

concentrations did not affect chondrocyte viability as
much as higher concentrations. These results suggest
that, clinically, the effect of postoperative bleeding
may dilute the toxic effects of local anesthetics.

Despite the collective results of this study and pre-
vious studies,!6-29 the reported incidence of complica-
tions from a single dose or continuous infusion of
intra-articular local anesthetics is comparatively low.
However, no scientifically rigorous clinical evalua-
tions have been performed to objectively study this
effect. Furthermore, single-dose injections of local
anesthetics are commonly given with other drugs
(methylprednisolone) that may be potentially cytopro-
tective (or cytotoxic) or in joints already affected with
osteoarthritis. In addition, local anesthetic chondro-
cyte cytotoxicity postoperatively may also be affected
by joint specificity, the dilution effect of bleeding, and
extra-articular extravasation of local anesthetic. Fur-
thermore, the pharmacokinetics and clearance of intra-
articular local anesthetics are unclear and may be
accelerated during the initial inflammatory response
after surgery. In fact, our dosage and duration results
suggest that the cytotoxic effects of local anesthetics
may be affected by the initial concentration of drug
given, the dilution caused by bleeding, and the dura-
tion of exposure (which is affected by postoperative
pharmacokinetics of the drug). Clinically, the low
incidence of complications related to local anesthetic
use is in part likely directly related to its dose- and
duration-dependent characteristics. In most cases its
use clinically is likely below the threshold of cytotox-
icity but may reach and exceed this threshold in cases
of acute chondrolysis. However, to our knowledge,
the threshold for cytotoxicity in human articular car-
tilage has not been determined, and therefore intra-
articular local anesthetics should be used with caution.
Although we have shown that bupivacaine, lidocaine,
and ropivacaine have detrimental effects on chondro-
cyte viability in a dose- and duration-dependent man-
ner, this was determined in bovine articular cartilage
disks. A limitation of this study is that an in vitro
bovine articular cartilage disk model was used. Fur-
thermore, these results may not be generalizable to
large human joints. Consequently, the ability to abso-
lutely translate our findings into clinical practice re-
mains limited.

There is evidence that adult chondrocytes have little
or no capacity to regenerate,>*>> and therefore our
results suggest that high-dose, long-term intra-articu-
lar administration of local anesthetics should be per-
formed with caution.
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CONCLUSIONS

Our results suggest that local anesthetics (i.e., bu-

pivacaine, lidocaine, and ropivacaine) can have a det-
rimental effect on chondrocyte viability in bovine
articular cartilage disks in a dose- and duration-depen-
dent manner.
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