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ABSTRACT

In the realm of regenerativemedicine, humanmesenchymal stem cells (hMSCs) are gaining attention
as a cell source for the repair and regeneration of tissues spanning an array of medical disciplines. In
orthopedics, hMSCs are often delivered in a site-specific manner at the area of interest and may re-
quire the concurrent application of local anesthetics (LAs). To address the implications of using hMSCs
in combination with anesthetics for intra-articular applications, we investigated the effect that clin-
ically relevant doses of amide-type LAs have on the viability of bone marrow-derived hMSCs and be-
gan to characterize themechanismof LA-induced hMSCdeath. In our study, culture-expanded hMSCs
from three donors were exposed to the amide-type LAs ropivacaine, lidocaine, bupivacaine, and
mepivacaine. To replicate the physiological dilution of LAs once injected into the synovial capsule,
each anesthetic was reduced to 12.5%, 25%, and 50% of the stock solution and incubated with each
hMSC line for 40 minutes, 120 minutes, 360 minutes, and 24 hours. At each time point, cell viability
assays were performed. We found that extended treatment with LAs for 24 hours had a significant
impact on both hMSC viability and adhesion. In addition, hMSC treatmentwith three of the four anes-
thetics resulted in cell death via apoptosis following brief exposures. Ultimately, we concluded that
amide-type LAs induce hMSC apoptosis in a time- and dose-dependent manner that may threaten
clinical outcomes, following a similar trend that has been established between these particular anes-
thetics and articular chondrocytes both in vitro and in vivo. STEM CELLS TRANSLATIONAL MEDICINE
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INTRODUCTION

Increasing interest in cell-based therapies as a
method for treating tissue defects and disease
has turned the focus of medical investigators and
professionals tomultilineageprogenitorcells,which
are capable of repairing several tissues that exist
within the same niche [1]. Currently, many emerg-
ing tissue-repair concepts revolve around theuseof
allogeneic and autologous-derived human mesen-
chymal stemcells (hMSCs) for treatmentvia surgical
implantation [2–5] or local injection [6–8]. The com-
mon interest in hMSCs derives from their innate
(multipotent) capacity todifferentiate intocartilage,
bone, and adipose tissue aswell asmore specialized
neurons, tendons, ligaments, and muscle [9].

Therapeutic applications for hMSCs are largely
reliant on site-specific delivery and signaling from
the respective niche microenvironment to cue dif-
ferentiation [10, 11], allowing the clinical use of
hMSCs to span multiple medical fields including
cardiovascular repair, diabetes, stroke, multiple
sclerosis, and orthopedic diseases, with additional
applications developing on a regular basis [12]. De-
spite the ongoing characterization of these cells

from a functional perspective, few have addressed
the influence that adjuvants to the respective ther-
apymighthaveonhMSCintegrity.Amongthemore
commonly used adjuvant compounds in orthope-
dicpracticesareanesthetics,whichareusedtomin-
imizepatient sensitivityanddiscomfort [13, 14]and
have been well characterized in the native joint
niche with respect to cartilage.

Preceding the entry of hMSCs into the clinical
realm, chondrocyteswere a popular cell source for
the treatmentoforthopedic injuries [15],whichare
often characterized by eroding cartilage and chon-
drocyte death. Due to their suspected link to chon-
drolysis, various common local anesthetics (LAs)
have been studied extensively in combinationwith
chondrocytes [16–23].Althoughmanygroupshave
demonstrated LA-induced chondrocyte toxicity
and the coinciding upregulation of cartilage-
degradation factors [16], little work has been
performedwith LAswith regard to hMSCs, which
hold promise for repairing various tissues of or-
thopedic interest includingcartilage [9]. Inorthope-
dic injuries, the delivery of hMSCs is often required
intra-articularly and at regions surrounding dam-
aged ligament or tendon (e.g., anterior cruciate
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ligament), where it is common to introduce LAs before, during, and
after a procedure [13, 14]. Because of this practice, it is of critical im-
portance to gain a working knowledge of the risks associated with
theuseofLAs incombinationwithhMSCsandto recognize the impli-
cations it may have for clinical outcomes.

Previous work performed by Lucchinetti et al. with reference
tomesenchymal stemcells (MSCs)andLAsdemonstrated that ropi-
vacaine limited murineMSC proliferation and influenced the cells’
sensitivity to environmental cues but did not induce cell death at
the doses administered [24]. More recently, Rahnama et al. illus-
trated that 1-hour exposure of hMSCs to stock concentrations of
amide-type LAs significantly affected cell viability 23 hours follow-
ing exposure and concluded that bupivacaine is the least threaten-
ing to hMSC viability (of those examined) [25]. In this paper, we
investigate the impact of various LAs on hMSC viability, adhesion,
andmechanisms of LA-induced cell death in vitro.Weexpose bone
marrow-derived hMSCs from three separate donors to the
aminoamide-type LAs: lidocaine, bupivacaine, ropivacaine, and
mepivacaine. EachhMSC linewasexposed to the four LAsat various
dilutions fromthestocksolution (SS)over timecourses ranging from
40 minutes to 24 hours as a method of replicating the operational
concentrations and potential resident times of the anesthetics
when delivered into an average knee joint capsule containing
0.5–4.0mlof synovial fluid [26]. Inorthopedicpractice, it is common
that the volume of anesthetics delivered intra-articularly can range
from half of the total synovial capsule’s capacity to as little as one-
eighth. Hence, we investigated concentrations of each anesthetic
ranging from one-half to one-eighth of their SSs to replicate doses
that are often used in orthopedic procedures. Throughout this
study, we demonstrate that therapeutic concentrations of certain
LAs can result in a delayed adherence phenotype over extended
timecoursesand induceapoptosiswithinas little timeas40minutes
after exposure.

MATERIALS AND METHODS

hMSC Isolation and Culture

Primary hMSCswere culture expanded frombonemarrowof three
consenting patients/donors, as described previously [27]: a 27-
year-old male, a 45-year-old male, and a 56-year-old female with
osteoarthritis diagnosis in multiple joints. hMSCs were cultured
in minimum essential medium-a (aMEM) (Gibco, Grand Island,
NY, http://www.invitrogen.com; catalog no. 12571) with 10% fetal
bovine serum (FBS; Atlas Biologicals, Fort Collins, CO, http://www.
atlasbio.com; catalog no. F-0500-A). For all experimental set-ups,
cultures were established from cryo-containment in passage 1
and used between passage 2 and passage 3; total days in culture
(ex vivo) did not exceed 18 days. When prepared for experimenta-
tion, hMSCs were removed using TrypLE (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com; catalog no. 12563029) and seeded
in 24-well plates (BD Biosciences, San Diego, CA, http://www.
bdbiosciences.com; catalog no. 353047) at a density of 20,000 cells
per well with media containing the respective LA or saline compo-
nent and incubated at 37°C and 5% carbon dioxide until analyzed.

Validation of hMSC Lines

Characterization of hMSCs to validate our processwas done in one
patient by in vitro functional differentiation and four-color flow
cytometry, consistentwith the requirements established by the In-
ternational Society forCellular Therapy [28]. The cellswereblocked

with 1% BSA in phosphate-buffered saline (PBS) and then stained
with directly conjugated fluorescent antibodies: CD44-FITC,
CD105-PE, CD73-PerCP-Cy5.5, CD90-APC and CD34-FITC (BD Bio-
sciences; catalog nos. 560977, 560839, 561260, 561971, and
555821) and analyzed via the BD Accuri C6 flow cytometer and as-
sociated software. Cells were.99% CD44+/CD73+/CD90+/CD105+

and CD342 (.10,000 cells counted in gated area). The differenti-
ation capacity of the hMSCs was evaluated using the Human
MSC Functional Identification Kit (R&D Systems Inc., Minneapolis,
MN, http://www.rndsystems.com; catalog no. SC006). The cells
were incubated in differentiationmedia for 4weeks and then eval-
uated for adipocyte, chondrocyte, and osteocyte differentiation
according to the manufacturer’s instructions.

LA Preparation for Cell Culture

hMSCs were exposed to the LAs diluted to 50%, 25%, and 12.5% of
the SSs in aMEMwith 10% FBS immediately prior to cell exposure.
Purchased SSswere1% lidocaine (1mg/ml; Hospira Inc., Lake Forest,
IL, http://www.hospira.com; NDC catalog no. 0409-4276-02), 0.5%
ropivacaine (0.5mg/ml; APP Pharmaceuticals, Lake Zurich, IL, http://
www.fresenius-kabi.us/; NDC catalog no. 63323-286-30), 2% mepi-
vacaine (2 mg/ml; Hospira; NDC catalog no. 0409-2047-50), and
0.5% bupivacaine (0.5 mg/ml; Hospira; NDC catalog no. 0409-
1163-01).Dulbecco’sPBS(Gibco; catalogno.14190)wasusedasasa-
line control and occupied culture medium component at the same
respective volume/volume as LAs tested. The pH of all LAs at each
dilution in complete media was measured (Hanna Instruments,
Smithfield, RI, http://www.hannainst.com; catalog no. HI 32) and
comparedwith completemedia alone (aMEMplus 10%FBS). There
were nomajor changes in pHas a consequenceof adding LAs at any
concentration to total media; therefore, it is not considered to be
a confounding factor in the study (supplemental online Table 1).

24-Hour LA Exposure Live/Dead Assay

hMSCs from three separate patients (described in the hMSC Iso-
lation and Culture section) were analyzed concurrently while ex-
posed to the diluted LAs for 24 hours. After the exposure, the
media was collected and the wells trypsinized to determine via-
bility of both the adherent and nonadherent cells. A live/dead as-
saywasperformedusingCellTrace calcein red-orangeAMat2mm
(Molecular Probes, Eugene, OR, http://probes.invitrogen.com; cat-
alogno.C34851) todetect live cells and thenucleic acid stain SYTOX
green-1AM(SYTOX;MolecularProbes;catalogno. S-34860)diluted
1:2,000 from stock to detect dead cells. Each was added according
to the manufacturer’s instructions, and cells were analyzed using
flow cytometry. Gates were established by running an unlabeled/
single-labeled CellTrace and SYTOX in untreated samples. Live cells
were positive in FL3 only (calcein red-orange AM+), whereas dead
cells were positive in FL1 (SYTOX green+) or FL1 plus FL3 (SYTOX
green+/calcein red-orangeAM+),with color compensation applied.
For analysis, 5,000 cell counts were obtained in the gated area per
run per patient hMSC line as a measure of consistency across all
samples. Additional countswere collected thereafter until the sam-
ple was limited by the volume available; the distribution of fluores-
cencedidnotdifferbetweentheseprimaryandsecondary collection
subsets. Sample volume limitationswere the result of the formation
ofdensecrystalsbysomeanesthetics that settled in thecuvette. This
marked a threshold for collection volume because analyzing these
particles added significant background to the data set within the
gatedarea.Liveversusdeadcountswerecomparedwithdetermined
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viablepercentage ineachconditionbasedongating respective to the
unlabeled controls. Data are presented as a mean percentage and
theassociated standarderrorof themeanand represent themerged
data from the three hMSC lines per condition (n = 3).

Cells collected from the medium fraction of culture were an-
alyzed independentlyof theadheredpopulationvia flowcytometry
using the live/dead staining technique described. This provided
a method for determining “percentage adhered.” Cell counts (live
anddead) fromadheredandunadheredcell populationswerecom-
paredwith determined percentage adhered. Data are presented as
a mean percentage and the associated SEM and represent the
merged data from the three hMSC lines per condition (n = 3).

40-, 120-, and 360-Minute Apoptotic Assay

hMSCs from three separate patients (described in the hMSC Iso-
lation and Culture section) were analyzed concurrently fol-
lowing exposure to the listed dilutions of LAs for 40, 120, and
360 minutes. Adherent cells and cells in suspension were pooled,
centrifuged and washed two times in PBS. Apoptotic cells were la-
beled with annexin-V-conjugated APC antibody (BD Biosciences;
catalog no. 550475) and dead cells with SYTOX Green. Annexin-V
antibody and SYTOX were added according to the manufacturer’s
instructions and analyzed via flow cytometry in FL1 and FL4. Apo-
ptotic and necrotic controls were established prior to investigation
using camptothecin at 6 mM (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com;catalogno.C9911)andhydrogenperoxide
at 400mM(Sigma-Aldrich; catalog no. H1009), respectively, to ver-
ify the assay gating technique (supplemental online Fig. 1). It is
noteworthy to state that at these concentrations of hydrogen per-
oxide, a degree of apoptosis is to be expected [29]. Single-labeled
andunlabeledcontrol sampleswereusedtoestablishgatingcriteria
asshown insupplementalonlineFigure1;viability.80%wasamin-
imum criteria for annexin-V/SYTOX-stained controls (supplemental
online Fig. 2A). For analysis, 5,000 cells were counted in the gated
area per run per patient hMSC line as a measure of consistency
across all samples. Additional events were collected beyond
5,000 counts until limited by sample volume; these additional
counts showed no difference in marker distribution when com-
pared with the initial 5,000 cells counted (supplemental online
Fig. 2). Sample volume limitations were the result of the formation
of dense crystals by some anesthetics that settled in the cuvette.
This marked a threshold for collection volume because analyzing
these particles added significant background to the data set within
the gated area. Data are presented as a mean percentage and the
associated SEM and represent the merged data from the three
hMSC lines per condition (n = 3).

Adherent hMSC Toxicity Assay

In order to assess the effects of the delayed adherence on cell vi-
ability, hMSCs were allowed to adhere until 80% confluent and
then exposed to the 50% diluted LAs for 60 minutes. The medium
was removed, and thewellswere lightlywashedwithPBS. The live/
dead staining protocol was performed with CellTrace calcein red-
orangeAM(live)andSYTOXgreen(dead), and imageswerecaptured
inmonochromevia theAMGEVOS fl invertedmicroscope (LifeTech-
nologies, Rockville, MD, http://www.lifetech.com) using the RFP
LightCube (531nmexcitation, 593nmemission) andGFPLightCube
(470 nm excitation, 525 nm emission), respectively.

Quantification of hMSC metabolism during exposure to LAs
was determined by the use of the PrestoBlue cell viability reagent

(Molecular Probes; catalog no. A-13261) according to themanufac-
turer’s instructions. The 96-well plates were seeded with 5,000
hMSCs per condition, and each LA was added to a respective well
at 50% SS, as described previously. Once treated with LAs, wells
were excited with a 544-nm beam, and emission was collected
at 590 nm using a Fluoroskan Ascent FL plate reader (Thermo
Fisher Scientific, Waltham, MA, http://www.thermoscientific.
com). Cell-free blanks were prepared with media and each an-
esthetic at 50% SS to normalize each treatment against the respec-
tive background. Relative fluorescent units (RFUs) were obtained
from treatments and blanks at “time zero” and 60 minutes. Treat-
mentswerenormalized to their respectiveblanks.NormalizedRFUs
from time zero were subtracted from the 60-minute values to cal-
culate actual RFUs resulting fromcellularmetabolism. Data are pre-
sented as mean RFUs and the associated SEMs (n = 2).

Endoplasmic Reticulum and Intracellular
Calcium Labeling

Cells were allowed to adhere until 80% confluent, with the media
discarded and the wells washed with PBS. ER-Tracker Blue-White
DPX (Molecular Probes; catalog no. E12353) at 0.75mMwas added
according to the manufacturer’s instructions. Images are shown in
red for contrast. The wells were washed with PBS, and 5 mM Cal-
ciumGreen-1, AM (Molecular Probes; catalogno. C3012)was added
according to themanufacturer’s instructions. Thewellswerewashed
with PBS and visualizedwith fluorescentmicroscopy using the AMG
EVOS fl microscope. Monochrome images were captured for the
Calcium Green-1, AM, with the GFP Light Cube (470 nm excitation,
525 nm emission; shown as green), and the ER-Tracker Blue-White
DPXwas capturedusing theDAPI Light Cube (357nmexcitation, 447
nmemission; shownas red for contrast). Cellswere then exposed to
90% SS LA to exaggerate the effects noted at lower doses; images
were captured at 0, 5, 10, and 20 minutes after exposure.

Statistical Analysis

Analysiswasperformed inLAexposures for24-hourexperimentsas
well as 40-, 120-, and 360-minute experiments (n = 3). For each
treatment (e.g., exposure tobupivacaineat 50%SS for 40minutes),
rawdata fromeachof the three independenthMSC lineswereused
as the input for aone-wayanalysisof variance. Followingoutput, all
p valueswere generated by Tukey’s post-test. Resultswere consid-
eredtobesignificantwhenp, .05. Inmetabolicassays,experiments
wererun induplicate (n=2)andsignificancewasdeterminedbyone-
way analysis of variance and Tukey’s post-test where the resulting p
values,.05 were considered to be significant.

RESULTS

24-Hour Exposure to Diluted LAs Reduces hMSC
Viability and Adhesion

hMSCs were seeded with each of the respective LAs diluted in cul-
ture media to 50%, 25%, and 12.5% SS (Table 1) for 24 hours. We
found that the percentage of cell viability when treated with ropi-
vacaine, lidocaine, andmepivacaine at 12.5%SSdidnot differ signif-
icantly from the saline control (p . .05) (Fig. 1A). Bupivacaine
treatment alone at this concentration resulted in significantly lower
cell viability compared with the control (p, .01) (Fig. 1A). In addi-
tion, hMSC viability when treated with bupivacaine at this con-
centration was significantly lower when compared with all other
LAs examined (p , .05; not depicted). Percent viability of hMSCs
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exposed to 25% and 50% SS ofmepivacaine, bupivacaine, and lido-
caine was statistically lower than control (p , .001) (Fig. 1B, 1C);
however, ropivacaine did not differ from the saline control in terms
ofhMSCviabilityat these levels (p. .05) (Fig.1B,1C).Furthermore,
hMSC viability following ropivacaine treatment at these levels was
significantlyhigher than thatofhMSCs treatedwith thecorrespond-
ing levels ofmepivacaine, bupivacaine, and lidocaine (p, .001; not
depicted).

Interestingly, hMSC adhesion was significantly reduced when
exposed to 12.5% SS of bupivacaine (p , .001) and mepivacaine
(p, .01) for 24 hours (Fig. 2A). Treatment with higher concentra-
tions (25% and 50% SS) of lidocaine, bupivacaine, andmepivacaine
resulted in significantly lesscell adhesioncomparedwiththecontrol
(p, .001) (Fig. 2B, 2C). Likewise, the percentage of adhered hMSCs
treatedwith ropivacaine at thesehigher levels differed from the sa-
line control as well (p, .01) but also was characterized by a signif-
icantly higher percentage of adhered cellswhen comparedwith the
other three LAs (p, .001; not depicted).

Short-Term LA Exposure Initiates an Apoptotic Cascade
in hMSCs

To investigate themechanismof hMSCdeath following LA admin-
istration, we exposed each of the three cell lines to the equivalent

concentrations of the aminoamide-type LAs described above for
40, 120, and360minutes and then labeled cellswith theapoptotic
marker annexin-V and the nuclear stain SYTOX. Annexin-V staining
is dependent on flippase activity to translocate phosphatidylserine
from the cytoplasmicmembrane interface to the extracellular leaf-
let [30]. To accurately detect apoptotic populations, gates were
established based on unlabeled cell populations, and annexin-V/
SYTOX staining specificity was verified by the use of camptothecin
and hydrogen peroxide, respectively (supplemental online Fig. 1).
From these controls, we identified a “live” population (annexin-
V2/SYTOX2), an “early apoptotic” population (annexin-V+/SYTOX2

only), a “late apoptotic” population (annexin-V+/SYTOX+), and a “ne-
crotic”population (annexin-V2/SYTOX+only). In thispaper, early and
late apoptotic populations are combined and are referred to as
“apoptotic.”

At 40 minutes, apoptosis was only evident following hMSC
treatment with bupivacaine at 50% SS, marked by the significant
increase in annexin-V+ cells coupledwith the significant reduction
in live cells comparedwith the saline controls (p, .001),whereas
lidocaine, ropivacaine, and mepivacaine remained normal re-
spective to the controls (p. .05) (Fig. 3C). Increasing LA exposure
to 120 minutes resulted in the significant increase of annexin-V+

cells over the respective control with bupivacaine treatment at
the lower dose of 25% SS (p , .01) and the corresponding

Table 1. Dilution of stock LAs to working solutions

Stock concentrations Experimental concentrations

LA 100% of stock (%) mg/ml 50.0% of stock (%) mg/ml 25.0% of stock (%) mg/ml 12.5% of stock (%) mg/ml

Lidocaine 1.00 10 0.500 5 0.250 2.5 0.1250 1.25

Ropivacaine 0.50 5 0.250 2.5 0.125 1.25 0.0625 0.625

Bupivacaine 0.50 5 0.250 2.5 0.125 1.25 0.0625 0.625

Mepivacaine 2.00 20 1.000 10 0.500 5 0.2500 2.5

Stock concentrations of LAs purchased are shown as the percentage of LA in solution and milligrams per milliliter. Experimental concentrations are
shown as the final percentage of LA in solution and milligrams per milliliter once stock LA was diluted into culture media.
Abbreviation: LA, local anesthetic.

Figure 1. Percentage of viable human mesenchymal stem cells following 24-hour treatment with LAs. Human mesenchymal stem cells were
treated with LAs at 12.5% (A), 25% (B), and 50% (C) of the stock solution. Cells were stained with calcein red-orange AM and SYTOX green and
then analyzed via flow cytometry. All data are represented as a mean with the associated SEM (n = 3). Levels of significance compared with
control are depicted as follows: p, p , .05; pp, p , .01; ppp, p, .001. Abbreviation: LA, local anesthetic.
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decrease in live cells (p, .001) (Fig. 4B). When treated with lido-
caine,bupivacaine, andmepivacaine for 120minutes at50%SS, the
increase of annexin-V+ cells and decreased live cells reached signif-
icance respective to the control (p, .001) (Fig. 4C). hMSCs treated
with mepivacaine at 50% SS also demonstrated a necrotic pheno-
type (annexin-V2/SYTOX+) elevatedover control (p, .01) (Fig. 4C).

hMSCs treated for 360minuteswith the lowest levels of bupi-
vacaine (12.5% SS) led to an increase in annexin-V+ cells alongwith
the expected decrease in the live population (compared with the
saline control) (p , .01) (Fig. 5A). Increasing LA concentrations
to 25% SS resulted in significantly reduced live cell counts and in-
creased annexin-V+ counts over the control when exposed to lido-
caine (p, .01),bupivacaine (p, .001), andmepivacaine(p, .001)
(Fig. 5B). Ropivacaine-treated cells didnotdiffer fromthe control in
any terms. Increasing exposure to 50%SS resulted in greater statis-
tical separation from the control in the caseof lidocaine (p, .001),
whereas bupivacaine and mepivacaine remained consistent with
data from 25% SS. In contrast, ropivacaine maintained.70% via-
bilitywithnodifferenceversus thecontrols (p. .05) (Fig. 5C), com-
plementing the 24-hour viability data.

LA Exposure Induces Death in Adherent hMSCs

Adherent hMSCswere treatedwith LAs at 50%SS for 60minutes to
demonstrate that the onset of LA-induced cell deathwas indepen-
dent of the delayed adhesion phenotype. When stained concur-
rently with calcein and SYTOX, it is qualitatively evident that
bupivacaine and mepivacaine induce rapid cell death within an
hour at the concentrations used, demonstrated by (positive) nu-
clear staining with SYTOX. Alternatively, lidocaine and ropivacaine
exposure showed a low level of cells with stained nuclei (Fig. 6). In
addition,calcein stainingof ropivacaine-treatedhMSCswascompa-
rable to the saline control, characterized by cells saturatedwith sig-
nal, which is indicative of high cellular metabolism. In contrast,
calcein signal in cells treatedwith lidocaine, bupivacaine, andmepi-
vacaine was weak (comparatively). Furthermore, mepivacaine and

bupivacaine treatments where characterized by extensive cell de-
tachment, evident by thedisruptionof the adherent-typemorphol-
ogy in the phase contrast and fluorescent images. Lidocaine
treatment also resulted in hMSC detachment but to a much lesser
degree,whereas ropivacaine exposure hadnonoticeable influence
on cell adherence. These qualitative assessments were verified by
measuringmetabolic activity following 60-minute exposure toeach
LA at 50% SS using the PrestoBlue reagent and measuring RFUs.
Bupivacaine was the only LA treatment that differed significantly
from the saline control (p, .05) (Fig. 6B).

To determine whether hMSC death in response to specific LAs
is connected to calciumdysregulation,we labeled the endoplasmic
reticulum (ER), amajor calcium storage organelle, and intracellular
calcium in adhered hMSCs, much of which colocalized with the ER
(and nucleus). The influence of each LAon hMSCswas examined at
50% SS over a 50-minute time course (data not shown). Consistent
with trends identified in our previous experiments, bupivacaine
appeared to have the most prominent effect on hMSCs of the
LAs investigatedwith respect to intracellular calcium fluorescence,
whereas ropivacaine treatment resulted in the least. Toexaggerate
the response observed at 50% SS, hMSCs were exposed to a lower
dilution of ropivacaine and bupivacaine over a shortened time
course. Abrief 10-minuteexposure tobupivacaine (90%SS) resulted
in the rapid decrease of intracellular calcium in regions colocalized
with the ER. By 20 minutes, we observed the near complete evacu-
ation of intracellular calcium localized with the ER under these con-
ditions (supplemental online Fig. 3A). Concurrently, themorphology
of the ER in bupivacaine-treated cells became disrupted, taking on
a fragmented appearance (supplemental online Fig. 3B). In contrast,
exposure to ropivacaine (90%SS) did not result in anobservable loss
of intracellular calcium, and calcium signal localizedwith the ER (and
nucleus) maintained fluorescent intensity over the time course ex-
amined (supplemental online Fig. 3A). In addition, the structure
of the ER remained unaltered over the course of exposure
(supplemental online Fig. 3B).

Figure 2. Percentage of adhered humanmesenchymal stem cells following 24-hour treatment with LAs. Humanmesenchymal stem cells were
treated with LAs at 12.5% (A), 25% (B), and 50% (C) of the stock solution. Cells in suspension were analyzed independently of those adhered to
determine percentage adhered. All data are represented as ameanwith the associated SEM(n =3). Levels of significance comparedwith control
are depicted as follows: p, p, .05; pp, p, .01; ppp, p , .001. Abbreviation: LA, local anesthetic.
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DISCUSSION

Allogeneic andautologously sourcedhMSCs havegained significant
attention in the past several years as a potential method for the re-
pair and regeneration of orthopedic tissues [9]. Among the first
attempts to investigate the role for hMSCs in the orthopedic field
was Steadman et al. via microfracture [31]. This approach (in part)
is aimed to liberate hMSCs from long-bone marrow to allow for
restructuring of chondral defects and fill the chondral void with
the respective tissue.More recently, bonemarrowaspirateconcen-
trate has been used as an hMSC source for cartilage repair [32, 33].

Often, such procedures warrant intra-articular application of LAs to
minimize patient discomfort. We demonstrated that relevant or-
thopedic doses intended to mimic clinical dilutions of stock LAs in
the synovial capsule (or subcutaneously) have an adverse effect
onhMSCs thatmaynegativelyaffectclinicaloutcomes.Likewise, ex-
tensive studies that investigated chondrocyte viability and biologi-
cal effectiveness in response to LA exposure are consistentwith our
findings,which are among the first to characterize the impactof LAs
on hMSCs related to current clinical applications.

In the studies conducted, we investigated the impact of four
amide-type LAs on three separate hMSCs lines as a method to

Figure 3. Apoptosis of human mesenchymal stem cells following 40-minute exposure to LAs. Human mesenchymal stem cells were treated
with LAs at 12.5% (A), 25% (B), and 50% (C) of the stock solution. Unstained cells are “live”; annexin-V+ and annexin-V+/SYTOX+ cells are ap-
optotic; SYTOX+ cells are necrotic. All data are represented as a mean with the associated SEM (n = 3). Levels of significance compared with
control are depicted as follows: p, p , .05; pp, p , .01; ppp, p, .001. Abbreviation: LA, local anesthetic.

Figure 4. Apoptosis of human mesenchymal stem cells following 120-minute exposure to LAs. Human mesenchymal stem cells were treated
with LAs at 12.5% (A), 25% (B), and 50% (C) of the stock solution. Unstained cells are “live”; annexin-V+ and annexin-V+/SYTOX+ cells are ap-
optotic; SYTOX+ cells arenecrotic. All data are represented as ameanwith theassociated standard error of themean (n=3). Levels of significance
compared with control are depicted as follows: p, p , .05; pp, p, .01; ppp, p, .001. Abbreviation: LA, local anesthetic.
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demonstrate the consistency of the hMSC response to LAs regard-
less of the donor background. The LAs examined included ropiva-
caine, lidocaine, mepivacaine, and bupivacaine, diluted to 50%,
25%, and 12.5% of their stock. To establish a baseline for cell sur-
vival, hMSCs were treated with the respective diluted stock LAs
for24hours.Adherent cells and those in suspensionwerecollected,
stained with calcein red-orange and SYTOX and analyzed by flow
cytometry. At the lowest dose of LAs administered, bupivacaine
treatment alone resulted in a significant reduction of viable cells re-
spective to the control. At higher levels (25% and 50% SS), hMSC
exposure to three of the four LAs led to the significant loss of via-
bilityagainst the salinecontrol. Treatmentwith ropivacainewas the
lone exception, for which hMSC viability was comparable to the
control at all doses.

To evaluate the influence of LAs on hMSC adhesion, cells
remaining in suspension after 24 hours were compared with the
number of adherent cells for each treatment. Surprisingly, we
foundthatbupivacaineandmepivacaine inhibiteda significantpor-
tionof hMSCs fromadhering at all concentrations respective to the
saline control, whereas lidocaine differed only at 25% and 50% SS
Compared with the control, ropivacaine treatment also inhibited
hMSC adhesion at these levels; however, it is clinically relevant
to note that the percentage of adhered cells in ropivacaine treat-
ments at 25% and 50% SS was significantly elevated over the other
three LAs, despite contrast with the control groups.

In order to determine whether short-term hMSC exposure to
LAs resulted in cell death via apoptosis or necrosis, we labeled
cells treatedwith LAs for 40, 120, and360minutes for the apopto-
tic marker annexin-V and the nuclear stain SYTOX. In this study,
we classified apoptotic cells as annexin-V+/SYTOX2 (early apopto-
tic) and annexin-V+/SYTOX+ (late apoptotic), whereas annexin-V2/
SYTOX+ were necrotic (annexin-V2/SYTOX2 are live cells). At the
highest concentration of bupivacaine administered, we observed
significant apoptosis following 40 minutes of exposure. Similarly,
120 minutes of bupivacaine exposure at 25% SS led to increasing
apoptotic counts. In contrast, 120-minute exposure to 50% SS of
bupivacaine, lidocaine, and mepivacaine resulted in the vast

majority of the cell population undergoing apoptosis, with the ex-
ception being ropivacaine treatment. At 360 minutes, the lowest
dose of bupivacaine resulted in an apoptotic population that dras-
tically exceeded that of the live population. At this time point, both
the 25% and 50% SSs of lidocaine, bupivacaine, and mepivacaine
were characterized by .50% of the population in an apoptotic
state. Interestingly, ropivacaine treatment at all doses and time
points investigateddidnot result in anapoptotic population thatdif-
fered from the saline controls. Cumulatively, these findings suggest
that the initiation of apoptosis by amide-type LAs, specifically bupi-
vacaine, lidocaine, andmepivacaine, is a time- and dose-dependent
process. Consequently, lower doses require longer time courses to
initiate an apoptotic cascade, whereas the high doses lead to the
rapid onset. This suggests that the large, nonviable hMSC popula-
tion at 24 hours, when treatedwith bupivacaine, mepivacaine, and
lidocaine,was attributable toan LA-inducedapoptotic cascadedur-
ing early exposure.

To address the ability of LAs to induce apoptosis in adhered
cells and rule out delayed adherence as a major contributor,
hMSCs were adhered to the culturing well prior to LA administra-
tion. Using the higher concentration of each LA (50% SS), we ob-
served extensive cell death in hMSCs treated with bupivacaine,
mepivacaine, and lidocaine within 1 hour; however, cells treated
with ropivacainemaintained a large number of viable cells by com-
parison. Furthermore, adherent hMSCs exposed to mepivacaine
and bupivacaine—and, to a lesser extent, lidocaine—showed ex-
tensive detachment phenotypes, whereas ropivacaine-treated
cells remained attached. Thus, we identified a cell-death pheno-
type that develops concurrently with a detachment phenotype
in three of the four LAs. This serves as additional evidence to sup-
port the concept that reduced hMSC viability during 24-hour LA
treatmentswasnot theconsequenceofdelayedadhesion, suggest-
ing that the two phenotypes develop independently.

The rapid induction of cell death via the apoptotic pathway as
the consequence of failed calcium regulation is a well-studied
process [34, 35], including apoptosis as the result of coordinated
release of intracellular calcium stores [36]. In addition, cell

Figure 5. Apoptosis of human mesenchymal stem cells following 360-minute exposure to LAs. Human mesenchymal stem cells were treated
with LAs at 12.5% (A), 25% (B), and 50% (C) of the stock solution. Unstained cells are “live”; annexin-V+ and annexin-V+/SYTOX+ cells are ap-
optotic; SYTOX+ cells are necrotic. All data are represented as a mean with the associated SEM (n = 3). Levels of significance compared with
control are depicted as follows: p, p , .05; pp, p , .01; ppp, p, .001. Abbreviation: LA, local anesthetic.
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adhesion is a process that is mediated (in part) by intracellular cal-
ciumand is largelydependenton theactivityof intracellular calcium
stores for regulation [37–39]. Thus, wepostulated that intracellular
calcium stores are depleted during LA exposure and that specific
LA types are more effective in activating this cascade; the conse-
quences include hMSC apoptosis and abrogated adhesion.

In the interest of determining whether calcium played a role
in LA-mediated hMSC death, we labeled the ER of adherent
hMSCs concurrently with an intracellular calcium dye and exag-
gerated the effect of the LAs by adding them at 90% SS. Bupiva-
caine and ropivacaine were chosen based on our earlier data
regarding apoptotic/cell death phenotypes following exposure,
wherebupivacainewas themostrobust in inducingthephenotypes
and ropivacaine the least. Immediately prior to LA administration,
the labeled cellswere visualized by fluorescentmicroscopy to iden-
tify the ER structure and intracellular calcium deposits. We found
that punctate calciumstoreswere colocalizedwith the ERaswell as
the nucleus. The addition of bupivacaine at 90% SS resulted in

calciumdepletionwithin 10minutes,markedby the loss of fluores-
cent intensity. At 20minutes,most calcium appeared to have been
evacuated from intracellular calcium stores localized with the ER,
along with a noticeable loss of cytoplasmic calcium. Furthermore,
the ER structure became distorted and resembled a fragmented-
type morphology, a phenotype that has been previously linked to
calcium-induced apoptosis [40]. These observations suggest a piv-
otal role for calcium regulation in the initiation of the apoptotic cas-
cade during LA exposure and potentially explain the interruption of
hMSC adhesion, consistent with previous work in other cell types
[37–39]. It is possible that bupivacaine toxicity results from interac-
tion with the membrane protein sodium potassium ATPase [41],
whichmay trigger ERcalciumdepletion via interactionwith the ino-
sitol triphosphate receptor [42, 43]. Alternatively, hMSCs treated
with ropivacaine did not follow this trend. Calcium stores remained
intact, and the ER did not undergo an observable morphological
change; however, there does appear to be the formation of
calcium-rich membrane-based vesicles that extend into the

Figure 6. Local anesthetics (LAs) induce cell death in adherent human mesenchymal stem cells. Following 60-minute exposure to LAs at 50%
of the stock solution, cells were visualized (31,172 magnification). (A):Morphological changes by phase-contrast (i) and viability using calcein
red-orange (ii), SYTOX green (iii), and merged channels (iv). Scale bars = 100 mm. (B): Quantification of cellular metabolism via PrestoBlue is
represented as RFUs following 60-minute exposure to LAs at 50% of the stock solution. All data are represented as a mean with the associated
SEM (n = 2). Level of significance compared with control is depicted as follows: p, p , .05. Abbreviation: RFU, relative fluorescent unit.
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extracellular environment. We question whether this may be an
hMSC-specific response to ropivacaine, characterized by the mobi-
lizationof ropivacaine-boundplasmamembraneproteins, providing
a potential mechanism for hMSC resistance to this specific LA.

Althoughperformed inmurineMSCs,our findings complement
the results reported by Lucchinetti et al. [24], andwe find that ropi-
vacaine does not induce a significant degree of cell death at clini-
cally relevant doses. Contrary to the recent findings of Rahnama
et al. [25], our work identified diluted doses of bupivacaine to be
highly toxic to hMSCs within a 60-minute time course. Further-
more, we submit that ropivacaine is the ideal LA for use with
hMSC-based therapies (when required). We suspect that experi-
mental design plays a role in this discrepancy because initial expo-
sure of hMSCs to LAs by Rahnama et al. was for a period of 1 hour
before beingwashed and the cells allowed to expand [25]. It is pos-
sible that the surviving fractionwas able to propagate over the en-
suing 23 hours before measures were taken. In our study, we find
that themajority of adhered cells die within 60 minutes of bupi-
vacaine exposure (50% SS), as demonstrated by positive nuclear
staining in this hMSC population. Complementing these data is
our 40-minute time point, at which hMSCs exposed to 50% SS
bupivacaine resulted in .90% of the cell population in
apoptosis.

Across the spectrum of our study, we found that our results
aremost comparable to those performedwith articular chondro-
cytes [44]. Previously, short-termexposure to bupivacaine at high
doses (equivalent andhigher thanused in our study) for as little as
15 minutes was shown to result in significant human chondrocyte
death compared with the control [17]. Similarly, a comparative
study with human articular chondrocytes exposed to ropivacaine
(stock 0.5%) and bupivacaine (stock 0.5%) for 30 minutes showed
significantly greater viability in the ropivacaine-treated cells com-
pared with bupivacaine [22]; complementing results were derived
from articular bovine cartilage exposed to bupivacaine in vitro and
in vivo [17, 22, 45]. Our results support the previous claim that li-
docaine is less toxic than bupivacaine [20] but with respect to
hMSCs. Althoughmepivacaine appears to be the least characterized
in prior work, others suggest it is less toxic than bupivacaine and li-
docaine in equine chondrocytes [21], and this is partially supported
by our findings in hMSCs.

CONCLUSION

Wehave demonstrated that several common amide-type LAs are
capable of inducing apoptosis in hMSCs in a dose- and time-
dependent manner, possibly by means of intracellular calcium
store depletion and dysregulation of calcium signaling. Further-
more, LAs influence the ability for hMSCs to adhere in vitro, sug-
gesting an important role for delivery vehicles (e.g., fibrin glue) to
successfully place and maintain hMSCs at the sites of interest
when used in conjunction. The major exception was ropivacaine,
which, at the doses used in our study, did not induce significant
apoptosis andwas not subject to the scale of failed adherence ob-
served with bupivacaine, lidocaine, and mepivacaine. In light of
our findings, it is of critical importance that medical providers ex-
ercise extreme caution in the selection of the amide-type LA used
and the dose administered during hMSC therapies to avoid com-
promising the integrity and potency of the cell-based therapy.
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