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ABSTRACT Dimethyl sulfoxide (DMSO) is an impor-
tant aprotic solvent that can solubilize a wide variety of
otherwise poorly soluble polar and nonpolar mole-
cules. This, coupled with its apparent low toxicity at
concentrations <10%, has led to its ubiquitous use and
widespread application. Here, we demonstrate that
DMSO induces retinal apoptosis in vivo at low concen-
trations (5 �l intravitreally dosed DMSO in rat from a
stock concentration of 1, 2, 4, and 8% v/v). Toxicity
was confirmed in vitro in a retinal neuronal cell line, at
DMSO concentrations >1% (v/v), using annexin V,
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL), 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), and AlamarBlue
cell viability assays. DMSO concentrations >10% (v/v)
have recently been reported to cause cellular toxicity
through plasma membrane pore formation. Here, we
show the mechanism by which low concentrations
(2–4% DMSO) induce caspase-3 independent neuronal
death that involves apoptosis-inducing factor (AIF) trans-
location from mitochondria to the nucleus and poly-(ADP-
ribose)-polymerase (PARP) activation. These results
highlight safety concerns of using low concentrations
of DMSO as a solvent for in vivo administration and
in biological assays. We recommend that methods
other than DMSO are employed for solubilizing
drugs but, where no alternative exists, researchers
compute absolute DMSO final concentrations and

include an untreated control group in addition to
DMSO vehicle control to check for solvent toxicity.—
Galvao, J., Davis, B., Tilley, M., Normando, E.,
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Dimethyl sulfoxide [(CH3)2S; DMSO] is an organic
polar aprotic molecule widely used as a solvent for the
dissolution of small hydrophobic drug molecules due
to its amphipathic nature (1). DMSO is commonly
utilized for cell cryopreservation because of its mem-
brane penetrating and water displacement properties.
Due to its broad solubilizing capability, DMSO is em-
ployed as a solvent for many drug types and is often
used as the vehicle control-of-choice for both in vitro
and in vivo studies (2–4). While some studies recognize
that DMSO can be toxic (5, 6), so ubiquitous is the use
of this solvent that the concentration of DMSO used is
often unreported (2, 3). A similar disregard for its
potency is observed in vivo, where systemic DMSO
injections have been used as vehicle controls for: pe-
ripheral nerve regeneration (7), silencing gene expres-
sion (8, 9), inhibition of tumor growth (10), and
compression-induced muscle damage (11). In the eye,
DMSO has also been used as a topical vehicle control
(12), including a clinical study in 1975 in which 50%
(v/v) DMSO was applied topically twice daily for 2 yr
(13). Furthermore, subconjunctival administration of
80% (v/v) DMSO was used as a control for both
rapamycin treatment (14) and following trabeculec-
tomy (15). Most often, however, DMSO is administered
intravitreally (IVT) as a vehicle control in animal
studies, including for: curcumin (5 pmol, 20 pmol; ref.
16), rotenone (0.2 mg/kg in DMSO, with DMSO
vehicle controls; refs. 17, 18), 2-(6-cyano-1-hexyn-1-yl)
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adenosine [2-CN-Ado, 50% (v/v) DMSO; ref. 19], and
histone H4 deacetylation DMSO (1 �l; ref. 8).

Apoptosis, or programmed cell death, plays an essen-
tial role in homeostasis and the normal development of
all multicellular organisms; in fact dysregulation of this
process is responsible for a plethora of autoimmune
and neurodegenerative diseases (20). Mitochondria
play a central role in the regulation of apoptosis and
are involved in the release or interaction with different
pro- and antiapoptotic proteins that trigger both
caspase-dependent and caspase-independent cell death
(21, 22).

In vitro, DMSO is reported to induce apoptosis at
concentrations �10% (v/v), due to plasma membrane
pore formation (23, 24). Moreover, DMSO has been
previously reported to induce cell death through
caspase-9 in the EL-4 cell line and caspase-3 activation
both in vitro in a cochlear cell line and in vivo in the
developing central nervous system (6, 25, 26).

This study aims to establish whether the use of DMSO
as a vehicle control in ocular drug delivery is fit for
purpose. This was investigated by evaluating its effects
in the retina in vivo and in vitro at DMSO concentra-
tions �10% (v/v).

MATERIALS AND METHODS

Animals

Adult, male, Dark Agouti rats (Harlan Laboratories, Bicester,
UK) weighing 150–200 g were housed in an air-conditioned,
21°C environment with a 12 h light-dark cycle (50 lux), where
food and water were available ad libitum. All the experimental
and animal care procedures were approved by the UK Home
Office and in compliance with the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research.

Intravitreal injections

All animals were anesthetized by intraperitoneal injection
using a mixture of ketamine (37.5%)/medetomidine (25%
Dormitor; Pfizer Animal Health, Exton, PA, USA) solution
(0.75 ml ketamine, 0.5 ml medetomidine, and 0.75 ml sterile
water) at 0.2 ml/100 g as described previously (27). Animals
were randomly assigned to DMSO treatment (5 �l stock at 0,
1, 2, 4, 8, 10, 15, and 25%; minimum of n�4 eyes/concen-
tration). A final volume of 5 �l DMSO and fluorescently
labeled annexin V (Anx-F) was administered IVT (27) using a
34-gauge needle attached to a 5-�l Hamilton syringe (Ham-
ilton, Reno, NV, USA) under direct microscopic visualization.
The needle was inserted through the sclera superiorly, 1 mm
behind the limbus, at an angle of 45° (27), and caution was
taken to avoid contact with the lens.

In vivo imaging of externalization of phosphatidylserine of
retinal ganglion cell (RGC) apoptosis

Eyes were imaged using an Heidelberg Retinal Angiograph
(HRA) Spectralis (Heidelberg Engineering, Heidelberg, Ger-
many) as described previously (27). Preliminary experiments
established the effects of DMSO to be optimal 2 h after
injection IVT. Pupils were dilated with 1 drop each of

phenylephrine hydrochloride 2.5% and cyclopentolate hy-
drochloride 1.0%, and corneal clarity was preserved with
regular lubrication. During image acquisition, the HRA Spec-
tralis was focused on the retinal nerve fiber layer, as identified
in the reflectance mode. The images were collected and
analyzed using a recently validated MatLab script [validation
and refinement of an automated technique of counting
apoptosing retinal cells imaged with detection of apoptosing
retinal cells (DARC); ref. 28].

Cell culture

A transformed RGC-5 cell line was used in this study, which
was a kind gift from Dr. Neeraj Agarwal (Department of Cell
Biology and Genetics, University of North Texas Health
Science Center, Fort Worth, TX, USA). This cell line has been
characterized as expressing the RGC proteins Thy-1 and
Brn-3c (29), and we have confirmed that they express the
RGC marker Brn3a as well as the neuronal marker �3 tubulin
(16, 30). The original cell line was transformed with �2 E1A
virus and developed from postnatal Sprague-Dawley rats (29),
but recent controversy has suggested they may be derived
from mice (31). However, they remain the only cell line that
resembles RGCs and are repeatedly used in this manner (32,
33). RGC-5 were grown in Dulbecco’s modified Eagle’s me-
dium (DMEM; Invitrogen, Paisley, UK), supplemented with
10% heated-inactivated fetal bovine serum (Invitrogen), 100
U/ml penicillin, and 100 mg/ml streptomycin.

In vitro imaging of externalization of phosphatidylserine in
RGC-5 apoptosis

RGC-5 cells were seeded at 1 � 104 cells/well in a 96-well
plate. Cells were incubated for 24 h (37°C, 5% CO2) before
treatment with varying final concentrations of DMSO [0, 1, 2,
4, and 8% (v/v)] diluted in tissue culture medium for 2 h,
after which the DMSO was removed. Cells were next incu-
bated with 150 ng/ml Anx-F for 30 min. After this time, the
Anx-F was removed and cells were washed 3 times (10 mM
HEPES, 150 mM sodium chloride, 2 mM calcium chloride,
pH 7.4). Anx-F fluorescence was recorded in the same buffer
using an Odyssey imaging system (Li-Cor Biosciences, Lin-
coln, NE, USA), and the results are expressed as fluorescence
intensities normalized to controls (0% v/v DMSO).

Oxygen consumption measurement

The mitochondrial respiratory rates were measured using
polarographic oxygen sensors in a 2-chamber Oroboros Oxy-
graph (Oxygraph 2-k; Oroboros Instruments, Obergurgl,
Austria) with electromagnetic stirrers and thermostatically
maintained at 37°C. The cells were grown to 100% conflu-
ency in a T75 flask. They were washed twice with warm PBS,
trypsinized, and centrifuged for 2 min at 1000 g. The pellet of
cells was gently resuspended in DMEM/HEPES [DMEM
without sodium bicarbonate (NaHCO3), including 5.5 mM
glucose, and 20 mM HEPES] and kept in a 37°C water bath.
Then, 2.5 ml of medium containing �1 million cells was used
for each experiment. The cells were transferred to a cuvette,
which made contact with the O2 membrane and different
final concentrations of DMSO (to give final concentrations of
1, 2, and 4% v/v) were added. The system was then closed
and, after it reached equilibrium, the levels of oxygen were
recorded. Sequentially concentrations of the ATP-synthase
specific inhibitor oligomycin (1 mg/ml) were given; coupled
respiration was measured, followed by uncoupling with car-
bonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP; 1
mM); uncoupled respiration was next assessed by inhibition at
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complex III by antimycin A (1 mg/ml); and finally, ascorbate
and N,N,N=,N=-tetramethyl-p-phenylenediamine (TMPD; 0.8 M)
were added to determine the capacity of cytochrome c oxidase
(complex IV), as described previously (34). The oxygen con-
sumption was normalized to the number of cells in each cuvette
and to the basal control levels.

Cell treatment with DMSO

RGC-5 cells were plated in a T75 flask (for Western blot
extracts), on glass coverslips on a 12-well plate (for immuno-
cytochemistry), on glass coverslips on a 6-well plate (for live
cell imaging) or in 96-well plates (for the AlamarBlue assay)
and then treated with different final concentrations of DMSO
(0, 1, 2, 4, and 8% v/v) for 24 h, as in previous studies (2, 8,
9, 16).

In vitro cell viability and apoptosis assays

Terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL), propidium iodide (PI), and Hoechst assays
were used to assess the effects of DMSO on RGC-5 cells. For
Hoechst staining, cells were grown to 80% confluency and
separate wells were treated with DMSO at 0, 1, 2, 4, 8, and
10% final concentrations (2, 8, 9, 16). The cells were then
fixed with 4% paraformaldehyde (PFA) for 30 min and
stained with the cell permeable dye Hoechst 33342 (Molecu-
lar Probes, Eugene, OR, USA) at 5 �g/ml after a 5 min
incubation at room temperature. Nuclear morphology was
evaluated with a fluorescent microscope (Leica DM IRB;
Leica Microsystems, Wetzlar, Germany) to allow assessment
of apoptosis, which is characterized by bright staining and
chromatin condensation (34). Condensed nuclei were counted
using ImageJ (U.S. National Institutes of Health, Bethesda,
MD, USA) and were presented as a percentage of the total
number of cells in the field. For the simultaneous detection of
apoptosis and necrosis, 3 markers were used. Cells were
grown on glass coverslips to 80% confluence and treated with
a 10 �M caspase-3 inhibitor in accordance with the manufac-
turer’s protocol (Z-DEV-FMK, R&D Systems, Abingdon, UK;
ref. 35) before addition DMSO at final concentrations of 1, 2,
4, and 8%. The cells were then washed twice with fresh cold
PBS for 5 min each time, and incubated for 10 min on ice
with both PI (Invitrogen) at 5 �g/ml and Hoechst 33342
(Molecular Probes, Eugene, OR, USA) at 10 �g/ml. The 5
min wash was repeated twice as before with fresh cold PBS,
and the cells were fixed with 4% PFA in PBS for 30 min at 4°C.
After being washed again, the cells were permeabilized with
0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA). To
distinguish fragmented nuclei, a TUNEL kit (DeadEnd Fluo-
rometric TUNEL System; Promega, Madison, WI, USA) was
used following the manufacturer’s protocol.

The images were acquired on a Leica confocal scanning
microscope SP2 (Leica Microsystems) using a �40 oil objec-
tive lens coupled to a Kr/Ar laser (488 nm), an He/Ne laser
(543 nm), and a blue diode (405 nm). The total number of
cells, as well as the number of apoptotic and necrotic cells
were counted using ImageJ 1.44p software. The percentage of
apoptotic cells was calculated for each concentration in
relation to the total number of cells and compared with the
control. Cells stained with PI were colocalized with TUNEL,
as described previously for final stage of apoptosis (36).

Western blot analysis of mitochondrial proteins

Cells were grown to 80% confluence and treated for 24 h in
DMSO (1, 2 and 4%). For total extracts, cells were washed
twice using fresh cold PBS (Sigma-Aldrich) and lysate using

RIPA buffer (Sigma-Aldrich) for 10 min at 4°C on a plate
shaker. Cells were dissociated using a P 1000 micropipette
and stored at 	20°C for further analysis.

For analysis of the mitochondrial, nuclear, and cytosolic
fractions, cells were treated using a Qproteome Mitochondria
Isolation kit according to the manufacturer’s protocol (Qia-
gen, Hilden, Germany). The samples were stored at 	20°C
for further analysis.

The total protein content of samples was quantified using
the bicinchoninic acid assay (BCA; Thermo Fisher Scientific,
Rockford, IL, USA). Equal amounts of protein (20 or 40 �g)
were loaded on 12% gels after denaturation with 4� concen-
trated sample buffer [30% v/v glycerol, 0.6 M dithiothreitol
(DTT), 10% w/v sodium dodecyl sulfate (SDS), 715 mM
Tris-HCl (pH 6.8), and 0.012% bromphenol blue], and were
heat inactivated at 95°C for 5 min. The samples were sepa-
rated by SDS–polyacrylamide gel electrophoresis (PAGE) and
then electrotransferred to polyvinylidene difluoride (PVDF)
membranes (GE HealthCare, Little Chalfont, UK). After
blocking for 1 h at room temperature with 5% nonfat milk in
Tris-buffered saline (20 mM Tris and 140 mM Nach, pH 7.6)
containing 0.1% Tween 20 (TBS-T), the membranes were
incubated overnight at 4°C with primary antibodies against
apoptosis-inducing factor (AIF) 1:200 (SC-9416; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Bax 1:200 (sc-6236;
Santa Cruz Biotechnology), caspase-3 (BD Transduction Lab-
oratory, Lexington, KY, USA), cleaved caspase-3 (Asp175, Cell
Signaling Technology), and poly-(ADP-ribose)-polymerase
(PARP) 1:500 (Cell Signaling Technology, Danvers, MA,
USA). After being washed 3 times (15 min with TBS-T), the
membranes were incubated for 2 h at room temperature with
their respective alkaline phosphatase-linked secondary anti-
body (Cell Signaling Technology and DAKO, Carpinteria,
CA, USA) in TBS-T containing 5% nonfat milk. The mem-
branes were then washed 3 times (15 min in TBS-T), and
protein bands were revealed with enhanced chemilumines-
cent substrate (ECL; GE HealthCare). The membranes were
then reprobed and tested for 
-tubulin (DM1A; Cell Signal-
ing Technology) or VDAC (Cell Signaling Technology) im-
munoreactivity as loading controls.

Live cell imaging using Fluo-4

Live cell imaging was performed using a Zeiss LSM uv-vis 510
META (Carl Zeiss, Oberkochen, Germany). Experiments
were carried out at 37°C. The cells were washed twice with
PBS, and growth medium was replaced by HEPES-buffered
saline solution (156 mM NaCl, 3 mM KCl, 2 mM MgSO4, 1.25
mM KH2PO4, 2 mM CaCl2, 10 mM glucose, and 10 mM
HEPES, pH 7.35). Fluo-4 AM was loaded 45 min before the
beginning of the experiment to final concentrations of 2 �M
followed by washing. Fluo-4 fluorescence was excited using a
Kr/Ar laser at 488 nm. Images were acquired every 15 min for
2 h and were later analyzed using ImageJ software.

Measurement of NADH autofluorescence

As before, live cell imaging was performed using a Zeiss uv-vis
LSM 510 META (Zeiss). Experiments were carried out at
37°C. The cells were washed twice with PBS, and growth
medium was replaced by HEPES-buffered saline solution as
described above. NADH autofluorescence was excited at 351
nm and was measured using bandpass filter between 435 and
485 nm every 2 min for 20 min and quantified using ImageJ
software.
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AlamarBlue assay

Cell viability using a PARP inhibitor or calpain inhibitor at the
same time as DMSO was assessed using the AlamarBlue
(Invitrogen) viability assay, following preliminary experi-
ments to identify the most appropriate concentrations. RGC-5
cells were plated in a 96-well plate at 4000 cell/ml, and the cells
were pretreated for 1 h with either a PARP inhibitor (10 �M
PARP inhibitor III, DPQ; Merck Millipore, Nottingham, UK) or
calpain inhibitor (1 �M calpeptine; Merck Millipore). DMSO
(2%) was added to the cells with the inhibitors and incubated
for 24 h. Filtered AlamarBlue solution (10 �l) was added to each
100 �l well plate and incubated for 2.30 h according to manu-
facturer’s protocol. The fluorescence was read at 585 nm with
results presented as a percentage of the control.

Statistical analysis

Graphical data are represented as mean � sem values.
Statistical comparisons between different concentrations of
DMSO animals and controls were performed using the 1-way
ANOVA followed by Dunnett or Bonferroni post hoc test using
GraphPad Prism (GraphPad, San Diego, CA, USA). Differ-
ences were considered significant at values of P � 0.05.

RESULTS

DMSO is toxic to RGCs in vivo

To evaluate the effects of DMSO on rat RGCs in vivo,
injections (5 �l) of various stock concentrations of

DMSO (0, 1, 2, 4, 8, 10, 15, and 25% v/v) were
administered IVT to Dark Agouti rats with Anx-F.
Dosing of high stock concentrations of DMSO (�10%
v/v) resulted in lens toxicity, causing opacity and poor
visualization of the retina. DMSO was found to be toxic
at all stock concentrations dosed �10% (v/v; vitreal
concentration 0.1, 0.2, 0.4, 0.7, 0.9, and 1.4% v/v) 2 h
after intravitreal administration, inducing significant
(P�0.01, 1-way ANOVA) RGC apoptosis as detected by
Anx-F-positive cells [Fig. 1, white spots indicate apop-
tosing cells on the retina, present after dosing DMSO
stock concentrations of 1% (B), 2% (C), 4% (D), and
8% v/v (E)]. This occurred in a dose-dependent man-
ner, with RGC apoptosis increasing by 585, 717, 877,
and 1620% compared with control with dosing 1, 2, 4,
and 8% (v/v) stock DMSO concentrations respectively
(Fig. 1F).

DMSO is toxic to RGCs in vitro

Having established that low concentrations of DMSO
were toxic in the retina in vivo, we next investigated the
toxicity of DMSO in vitro. RGC-5 viability and apoptosis
were determined using Hoechst 33342 nucleic staining
following a 24 h treatment with 1, 2, 4, 8, or 10% (v/v)
DMSO. Hoechst 33342 staining is dull in normal cells
but much stronger when the chromatin is condensed in
apoptotic cells, allowing for both total and pyknotic cell

Figure 1. DMSO toxicity in vivo: effects on RGC apoptosis. In vivo DARC images obtained using an HRA Spectralis (Heidelberg
Engineering), show the effects of 5 �l of intravitreally administered DMSO at indicated stock concentrations of 0, 1, 2, 4, or 8%
(v/v) on RGC apoptosis 2 h following intravitreal injection of fluorescently labeled annexin V (Anx-F). White spots represent
apoptotic RGCs labeled by Anx-F. A–E) Wide-angle in vivo retinal images: PBS control (A), 1% DMSO (v/v; B), 2% DMSO (v/v;
C), 4% DMSO (v/v; D), and 8% DMSO (v/v; E). Scale bars � 200 �m. F) Statistical analysis of the number of Anx-F-positive cells
after intravitreal injection of PBS or DMSO. Error bars represent sem. *P � 0.05; **P � 0.01; ***P � 0.001.
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counts to be made. DMSO was found to induce cell loss
and apoptosis in a dose dependent manner (Fig. 2A–H).
The total number of cells fell by 24, 50, 70, 92, and 98%
respectively, with significance at 1% (P�0.05) and at
concentrations �2% DMSO (P�0.01) compared with
control (Fig. 2A). Similarly, the number of pyknotic
nuclei increased by 100, 550, 1725, and 2025% (per-
centage of total cells) compared with control (2, 4, 8
and 10% DMSO, respectively), with a significant in-

crease noted at 1 (P�0.05), 2 (P�0.01), and 4%
(P�0.001, 1-way ANOVA) DMSO (Fig. 2B). These
effects are clearly seen in the representative Hoechst
33342 images at DMSO final concentrations of 0 (Fig.
2C), 1% (Fig. 2D), 2% (Fig. 2E), 4% (Fig. 2F), 8% (Fig.
2G), and 10% DMSO (Fig. 2H).

Cell viability was further assessed using an 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay after 24 h treatment with 1, 2, 4, 8, and

Figure 2. DMSO toxicity in vitro: effects on RGC viability and apoptosis. Effects of DMSO after 24 h treatment at final
concentrations of 0, 1, 2, 4, 8, and 10%. DMSO increases chromatin condensation and decreases total cell count in a
dose-dependent manner. Cell viability was determined by nucleic morphology with Hoechst 33342 nucleic staining. Total cells
and apoptotic cells per field were counted using ImageJ for each concentration. A) Total number of cells per image at t � 24
h. B) Number of cells with pyknotic nuclei, represented as a percentage of total cells. C–H) Representative images: control (C),
1% DMSO (D), 2% DMSO (E), 4% DMSO (F), 8% DMSO (G), and 10% DMSO (H). Scale bar � 100 �m. I) MTT assay was
performed after 24 h treatment of RGC-5 cells with different final concentrations of DMSO (0, 1, 2, 4, 8, and 10% v/v). A
significant decrease in cell viability was observed with final concentrations �1% DMSO (v/v). J) IC50 occurs at 2.14% (v/v)
DMSO). K) After 2 h treatment, (0, 1, 2, 4, and 8% v/v DMSO), RGC-5 cells exhibited a significant increase in
phosphatidylserine externalization reported after 30 min incubation with the fluorescent conjugated annexin V (Anx-F, n�3,
means�sem). Statistical analysis using 1-way ANOVA followed by Dunnett’s multiple comparison test. Error bars represent sem.
*P � 0.05; **P � 0.01; ***P � 0.001.
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10% (v/v) DMSO. A decrease in cell viability was
observed with final concentrations �1% DMSO
(P�0.001, 1-way ANOVA), being 35, 68, 76, and 90.5%,
respectively for 2, 4, 8, and 10% DMSO (Fig. 2I). The
IC50 was also calculated after 24 h and was found to be
at 2.14% DMSO (Fig. 2J).

As apoptosis is associated with phosphatidylserine
(PS) externalization, we next investigated whether
DMSO induced PS externalization in vitro. RGC-5 cells
were treated with varying final concentrations of DMSO
(0, 1, 2, 4, and 8%) for 2 h and incubated with Anx-F for
30 min. Treatment of RGC-5 cells with final concentra-
tions of DMSO �2% (v/v) caused significant (P�0.05, t
test) dose-dependent phosphatidylserine externalization
compared with untreated controls (Fig. 2K).

DMSO inhibits mitochondrial oxygen consumption
and increases intracellular calcium concentration

Mitochondria play a crucial role in the control of
apoptotic events. Having established that DMSO in-
duces cell death, we next investigated whether this was
related to changes in mitochondrial function. Basal
cellular oxygen consumption by the RGC-5 cells in
suspension was significantly reduced following addition
of 1, 2, and 4% DMSO (P�0.001; Fig. 3A). Inhibition of
oxidative phosphorylation by oligomycin decreased ox-
ygen consumption, indicating the fraction of basal
respiration attributable to ATP synthase activity at 2 and
4% DMSO (Fig. 3B). Application of the uncoupler
FCCP increases oxygen consumption to reveal the

Figure 3. Effects of DMSO-induced apoptosis involve mitochondrial dysfunction. A) Oxygen consumption was measured in
RGC-5 cells. There is significant inhibition of mitochondrial respiration at final concentrations of 1, 2, and 4% DMSO. *P �
0.05; ***P � 0.001. B) DMSO was found to significantly decrease ATP-dependent respiration, at both 2 and 4%. ***P � 0.001.
C) Moreover, addition of the uncoupler FCCP induced a decrease in respiration at both 2 and 4% DMSO. ***P � 0.001. D)
NADH levels were evaluated using live cell imaging for a period of 20 min. Graph represents the gradient of each curve that
was shown not to be significant with 2 and 4% DMSO (v/v). E–K) Fluo-4 AM analysis assessing intracellular calcium was
performed. Average of F/Fo single cells at the end point of the experiment for each concentration (2 h), shows that DMSO at
both 2 and 4% final concentrations causes a significant increase in [Ca2�]c in RGC-5 cells (E). This change is clearly shown in
the raw data of calcium levels with single-cell (F–H) and average (I–K) analysis of the raw data for control (F, I), 2% (G, J), and
4% (H, K) DMSO F/Fo, respectively. Error bars represent sem. ***P � 0.001; t test analysis.
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maximal respiratory capacity. This measure was signifi-
cantly decreased at 2 and 4% DMSO compared with
control (P�0.001; Fig. 3C), consistent with damage to
the respiratory chain or decreased substrate availability.
Finally, antimycin A, a complex III inhibitor, was added
demonstrating that the oxygen consumption was due to
mitochondria respiration. The levels of NADH were
next investigated to assess the redox state of the mito-
chondrial NAD system by recording changes in NADH
fluorescence. The NADH pool is expected to become
more reduced if respiration is inhibited, while the
cellular NAD pool becomes depleted by PARP activa-
tion. NADH levels were not significantly affected by the
addition of 2 and 4% (v/v) DMSO (Fig. 3D), suggesting
that the decreased respiratory rates were not secondary
to substrate depletion. Next, intracellular calcium con-
centrations ([Ca2�]c) were investigated using Fluo-4.
Changes in [Ca2�]c were quantified over a period of 2
h following exposure to DMSO (Fig. 3E) and showed a
progressive and significant increase at both 2 and 4%
(v/v) final concentrations (P�0.001) compared with
control. Both single cell (Fig. 3F–H) and average traces
(Fig. 3I–K) clearly showing a progressive increase in
intracellular [Ca2�]c exposed to 2 and 4% DMSO over
time (Fig. 3F–K).

To assess the involvement of the mPTP in DMSO-
induced cell death, we also tested whether the mPTP
inhibitor cyclosporine A (CsA) had an impact on
DMSO-induced cell death. CsA did not decrease cell
death in any of the DMSO final concentrations tested
indicating that DMSO-induced cell death is mPTP
independent (data not shown).

Apoptosis induced by DMSO is caspase-3
independent

Having established that DMSO induces apoptosis at low
concentrations, we next investigated whether this in-
volved caspase-3. RGC-5 cells were incubated with the
caspase-3 inhibitor Z-DEVD-fmk (10 �M) and DMSO
(0, 1, 2, 4, and 8% v/v) for 24 h. Apoptosis and cell
death were determined using Hoechst, TUNEL, and PI
staining (Fig. 4A–D). Firstly, the presence of the
caspase-3 inhibitor had no effect on RGC-5 loss (Fig.
4A); cell viability still decreased with increasing final
concentrations of DMSO, as assessed using Hoechst
(Fig. 4A, D). Similarly, Z-DEVD-fmk did not influence
the number of TUNEL-positive cells, and increased
apoptosis was still associated with increasing final con-
centrations of DMSO (Fig. 4B, D). Finally, the number
of PI-positive cells increased with increasing DMSO
final concentrations, until 8% DMSO when the major-
ity of cells were stained with PI, with no effect by
caspase-3 inhibition (Fig. 4C, D). The findings were
further supported by Western blot analysis, which
showed no caspase-3 activity in RGCs at any of the
DMSO final concentrations tested (Fig. 4E), strongly
suggesting that the pathway by which DMSO triggers
cell death is caspase-3 independent.

DMSO induces cell death by nuclear translocation of
AIF and translocation of Bax to mitochondria

To determine the pathway by which DMSO induces cell
death, concentrations of the proapoptotic proteins AIF
and Bax were evaluated in mitochondrial, nuclear, and
cytosolic fractions of RGC-5 cells treated with DMSO.
Western blot analysis showed that after 24 h treatment,
there was a gradual decline in the levels of mitochon-
drial AIF (Fig. 5A, B) with increasing final concentra-
tions of DMSO, while a concomitant increase in nu-
clear AIF (Fig. 5A, C) was observed at equivalent
concentrations. This is in accordance with AIF translo-
cation from the mitochondria to the nucleus during
apoptosis. VDAC and 
-tubulin were used as loading
controls for the mitochondrial and cytosolic fractions,
respectively (Fig. 5A). Immunocytochemistry analysis
was performed using an AIF antibody after 24 h expo-
sure to different final concentrations of DMSO (Fig.
5D). From concentrations �1% DMSO (v/v), more AIF
is seen in the nucleus, as demonstrated by the colocal-
ization plots with AIF and nuclear staining (Hoechst;
Fig. 5D). This is in keeping with AIF translocation from
the mitochondria to the nucleus, as revealed by West-
ern blots analysis in Fig. 5A–C. The level of proapop-
totic Bax was evaluated similarly to AIF using Western
blots. Mitochondrial Bax (Fig. 5A, E) was increased at 2
and 4% DMSO, and this was paralleled by a corre-
sponding decrease in cytosolic Bax at the same concen-
trations (Fig. 5A, F). This is in accordance with Bax
oligomerization at the mitochondrial level. These data
strongly support the proposition that DMSO induces
AIF translocation from mitochondria to the nucleus
through Bax-induced mitochondria permeabilization.

DMSO causes PARP-1 activation

As AIF translocation has been associated with the
activation of PARP-1 (36, 37), we next assessed the
levels of PARP-1 expression in whole-cell extracts of
RGC-5 cells by Western blot after 24 h after treatment
with DMSO (0, 1, 2, 4, and 8% v/v). The anti-PARP-1
antibody used detects both the full-length (116 kDa)
and cleaved (activated) form (86 kDa) (Fig. 6A). We
detected cleaved PARP-1 at 2, 4, and 8% v/v DMSO
final concentrations, and this was found to be statisti-
cally significant compared with control, 2% (P�0.05),
and �4% (P�0.001; Fig. 6B). This suggests that PARP-1
activation is involved in the pathway by which DMSO
induces cell death.

To further evaluate the involvement of PARP and
calpains on the proposed pathway, we used PARP and
calpain inhibitors to investigate DMSO-induced cell
death with the AlamarBlue cell viability assay. Both the
PARP inhibitor (P�0.001; Fig. 6C) and calpain inhibi-
tor (P�0.05; Fig. 6D), significantly inhibited DMSO-
induced cell death with 1 h pretreatment and 24 h
treatment of 2% DMSO. These results strongly suggest
the involvement of both PARP-1 and calpain in DMSO-
induced cell death.
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DISCUSSION

Our findings have shown that final concentrations of
DMSO as low as 0.1% (v/v) are toxic in vivo (1, 2, 4, and
8% v/v stock; 5 �l injected volume) causing significant
retinal apoptosis. This is different to what has been
previously reported, and the widely accepted belief that
DMSO is well tolerated at concentrations �10% (8,
16–19). In previous intravitreal in vivo studies (2–4, 7,
10–15, 19, 39, 40), the stock concentrations of DMSO
administered are reported, although we have also quan-
tified corresponding final vitreous concentration of 0.1,
0.2, 0.4, 0.7, 0.9, 1.4, and 2.3% (v/v) based on the DA
rat vitreous volume of 55 �l. DMSO is also toxic to
RGC-5 cells in vitro, as demonstrated using fluorescently
labeled annexin V, TUNEL, PI, MTT, and Hoechst as
neuronal cell viability assays. The effective concentra-
tions of DMSO required to induce toxicity were greater
in vitro than in vivo. This can be readily explained as it
is well documented that cell lines are more resistant to
insults than primary cell cultures (41). High concentra-
tions of DMSO (�10% v/v) have previously been

shown to induce toxicity (5, 6, 40) through plasma
membrane pore formation (23, 24). In the present
study, we describe a new mechanism by which DMSO
induces neuronal death at significantly lower concen-
trations than previous reported. Cell death is induced
through AIF translocation to the nucleus and stimulation
of a caspase-3 independent pathway of apoptosis, involv-
ing PARP activation. Our proposed pathway (Fig. 7) is
initiated by inhibition of mitochondrial respiration
with elevation of intracellular calcium concentration.
This is followed by phosphatidylserine externalization
on the cell membrane. Next, Bax oligomerization in-
duces mitochondrial permeabilization, which in turn is
followed by AIF translocation, PARP activation, and,
finally, cell death.

DMSO is used widely in the eye as a vehicle control
(8, 9, 12, 14–19, 42), and there are several studies
claiming no adverse effects (43– 45). It has been used
topically (1–50% v/v; refs. 12, 13), subconjunctivally
(80–100% v/v; ref. 14), and IVT (up to 100% v/v; refs. 16,
18), but most often, its absolute concentration is not

Figure 4. DMSO-induced cell death in RGC-5
cells is caspase-3 independent. A–D) RGC-5 cells
were treated with 10 �M caspase-3 inhibitor Z-
DEVD-fmk before 24 h treatment with DMSO (1,
2, 4, and 8%). DMSO was found to decrease the
total number of cells while increasing the num-
ber of TUNEL- and PI-positive cells in a dose
dependent manner. The caspase-3 inhibitor Z-
DEVD-fmk did not have a significant effect on the
total number (A, D; Hoechst blue), TUNEL-
stained (B, D; TUNEL green) or PI-positive (C, D;
PI red) cells, compared with DMSO treatment
alone. Error bars represent sem. Scale bar � 100

�m. E) Assessment of the levels of caspase-3 and cleaved caspase-3 in DMSO-treated RGC-5 cells were achieved by Western
blot. No detection of activated caspase-3 was seen at any of the DMSO final concentrations (1, 2, 4, and 8%) tested. A
positive control and a loading control (
-tubulin) were used.
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reported (8, 9, 15–17). There is some functional, al-
though no structural evidence that retinal toxicity is
induced by low concentrations (0.6–8% v/v) of DMSO,
but this study was based only on electrophysiology
data (46).

However, DMSO has been reported to induce apo-
ptosis in vivo elsewhere in the body. After intraperito-
neal application to mice, apoptosis was reported in the
developing central nervous system at 10 ml/kg of
DMSO (100% v/v; ref. 6). Moreover, intraperitoneal
injections of 4 ml/kg of DMSO (10% v/v) have been
found to induce Tau hyperphosphorylation in the
brains of C57/129 mice (5). We believe our data
suggest that DMSO could be used as a new, inexpensive
model for retinal neuron cell death and neurodegen-
eration in vivo, with the opportunity of providing a
rapid assessment of neuroprotective strategies.

In vitro, DMSO is reported to induce apoptosis at
concentrations �10% (v/v), due to plasma membrane
pore formation (23, 24). Although rare, there are a few
reports of effects of DMSO at low concentrations
causing toxicity in cell types other than neurons. In
EL-4 lymphoma cells, for example, 2.5% (v/v) DMSO
was reported to induce apoptosis through a mitochondri-
al-mediated, caspase-3- and caspase-9-dependent pathway,
associated with down-regulation of Bcl-2, loss of mito-
chondrial membrane potential, and release of cyto-
chrome c from the mitochondria to the cytoplasm (25).
Elsewhere, exposure of U937 (monocytes) to 1% (v/v)
DMSO for 48 h was reported to have no effect on
apoptotic signaling proteins {Bcl-2, Fas-associated pro-
tein with death domain (FADD), caspase-3 and
caspase-8, inhibitor of apoptosis proteins (IAPs), or
cellular FLICE-inhibitory protein [cFLIP(L)]}. Finally,

Figure 5. DMSO induces cell death through AIF
translocation from mitochondria to the nucleus
and Bax translocation to mitochondria. A–C) West-
ern blot analysis shows that AIF translocation from

the mitochondria (A, B) to the nucleus (A, C) occurs after 24 h, following 2 and 4% DMSO treatment (v/v). Levels of AIF
were decreased in mitochondria fractions with increasing DMSO final concentrations (A, B), while increasing AIF in nuclear
fractions (A, C). D) Immunocytochemistry images show immunoreactivity against AIF (green), 
-tubulin (red), and Hoechst
(blue) at different final concentrations of DMSO after 24 h treatment. Scale bar � 20 �m. E, F) Signal intensity profiles show
colocalization of AIF and Hoechst at 2, 4 and 8% DMSO (F), confirming concentration-dependent AIF translocation to
nucleus. Similarly, the levels of Bax change: with increasing DMSO final concentrations, levels of Bax increased in
mitochondrial fractions (A, E) while decreasing in cytosolic fractions (A, F). VDAC and 
-tubulin were used as loading
controls for the mitochondrial (E) and cytosolic (F) fractions, respectively. Error bars represent sem. *P � 0.05; **P � 0.01;
***P � 0.001.
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treatment of U937 cells in this way was found to lead to
an increased sensitivity to receptor-mediated apoptosis
(47). In ocular tissues, 48 h incubation with 1% (v/v)
DMSO to human lens epithelial cells has been re-
ported to decrease cell viability (MTT assay) and
increase cellular apoptosis (TUNEL assay; ref. 48). In
ARPE 19 (human retinal pigment epithelial cell
line), there is a significant increase in caspase-3/7
activity after 24 h treatment with 1 mg/ml and 0.5
mg/ml DMSO (0.11 and 0.055% v/v, respectively)
although the same was not observed on r28 (retinal
precursor cell line; ref. 49).

The present study suggests that DMSO induces apo-
ptosis via inhibiting mitochondrial respiration and
increasing intracellular calcium. DMSO crosses biolog-
ical membranes (50) and has been reported to induce
apoptosis through mitochondrial depolarization as vi-
sualized using JC-1 (25). The results of the present
study suggest a similar process occurs in RGCs, as
inhibition of mitochondrial respiration was observed
after 1, 2, and 4% (v/v) DMSO application (Fig. 3).
Mitochondria play a crucial role in many models of cell
death and determine the irreversibility of cell injury
(22). However, there are several issues to consider with
regard to the effects of DMSO on mitochondrial respi-

ration. Analysis of the fraction of respiration that is ATP
dependent revealed a significant decrease (P�0.001) in
this parameter at 2 and 4% (v/v) DMSO, suggesting an
effect of DMSO on ATP synthase activity. Measurement
of maximal mitochondrial respiration was provided by
FCCP, which is an uncoupler of the electron transport
chain and oxidative phosphorylation. Both 2 and 4%
DMSO reduced maximal respiratory capacity in re-
sponse to uncoupler, providing further evidence of a
direct effect of DMSO on the mitochondrial mem-
brane. This observation is in broad agreement with
previous observations in intact and permeabilized neu-
rons (51). We found that after DMSO application
mitochondrial respiration was decreased while PARP
was activated. The association between PARP activation
and inhibition of mitochondrial respiration is well
documented, and inhibition of mitochondria respira-
tion is reported to precede or proceed PARP activation
(52, 53). PARP activation and NAD� depletion can
cause decreased mitochondrial respiration and would
reduce both basal and maximal respiratory capacity in
conjunction with a decrease in NADH. Our results,
however, did not show any significant change in NADH,
suggesting that changes in mitochondrial respiration
induced by DMSO precede PARP activation. Moreover,

Figure 6. DMSO induces PARP activation. A) Western blot analysis shows PARP-1 activation at 2, 4, and 8% DMSO after 24 h
treatment. 
-Tubulin was used as the loading control. B) Statistical analysis identified a significant increase in the levels of
PARP-1 activation after exposure of RGC-5 cells to 2, 4, and 8% v/v DMSO. C, D) Cell viability assay using AlamarBlue was
performed after pretreatment of cells with PARP (C) or calpain (D) inhibitors with 2% DMSO compared with 2% DMSO alone.
Statistical analysis shows a significant reduction in cell death with PARP (P�0.001; C) or calpain (P�0.05; D) inhibitor treatments,
although levels did not return to control (P�0.001). Error bars represent sem. *P � 0.05; **P � 0.01; ***P � 0.001 vs. controls.
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changes in the lipid content of the mitochondrial
membrane are reported to affect mitochondrial respi-
ration, and as DMSO has been suggested to interfere
with lipid structure, this could provide an alternative
explanation for the effects observed in the present
study. Furthermore, on analysis of complex IV activity,
our results indicated that the inhibitory effects ob-
served were not due to complex IV inhibition. As all 3
mitochondrial parameters measured (basal respiration,
ATP dependent, and FCCP) decreased in the presence
of DMSO, this implies mitochondrial function is di-
rectly impaired on addition of DMSO. An increase in
intracellular calcium was observed after DMSO applica-
tion (Fig. 7). DMSO-induced cytoplasmic calcium in-
flux has previously been reported in isolated Balanus
eburneus photoreceptors after application of 5% (v/v)
of DMSO, which is in accordance with our results (54).
Calcium cell dysregulation is associated with cell death
particularly in muscle and neuronal cells (55). While
increased intracellular calcium leads to mitochondrial
Ca2� uptake, up-regulation of the TCA cycle, and
increased oxidative phosphorylation (55, 56), Ca2�

overload may induce formation of the mitochondrial
permeability transition pore (mPTP) and necrosis (56,
57). However, our results suggest that DMSO-induced
cell death is mPTP independent. Furthermore, as
shown in Fig. 5, DMSO-induced cell death increased
expression of Bax in mitochondrial extracts at final
concentrations of 2 and 4 but not 1% (v/v), up to 24 h
after exposure. This observation is in agreement with
the existing literature where 1% DMSO treatment for
up to 40 h in U937 cells (the human myeloid leukemia
cell line) did not show changes in Bax levels (46).

Likewise, in an in vivo model, Dalton’s lymphoma mice
mRNA levels were assessed and the levels of Bax
increased with the concomitant decrease of the Bcl-2/
Bax ratio after DMSO treatment (7.5 g/kg ip; ref. 58).

Our results show that DMSO-induced cell death is
caspase-3 independent. This differs from results ob-
tained previously in hepatocytes (59) and in vivo in the
central nervous system (6). In this study, results ob-
tained in the brain of mice treated with DMSO show
caspase-3 activation in brain slices of different regions
of the brain (6). At first glance, the data presented in
this study appear to contradict these findings. However,
Hanslick et al. (6) postulate that a possible source of the
detected caspase-3 activation could be astrocytes or
other glia-like cells, as white matter was predominantly
stained. Since caspase-3 activation was not colocalized
with a neuronal marker in their study, further work is
needed to confirm this hypothesis.

DMSO-induced RGC-5 cell death appeared AIF de-
pendent as DMSO induced a significant degree of AIF
translocation from mitochondria to the nucleus 24 h
after exposure to 2 or 4% (v/v) DMSO. A number of
cytotoxic drugs used to induce cell death, N-methyl-
d-aspartic acid (NMDA), glutamate, methylnitroni-
trosoguanidine (MNNG), hydrogen peroxide (H2O2),
serum withdraw, staurosporine, glucocorticoids, adria-
mycin, cisplatin, ceramide, and etoposide (topoisomer-
ase II inhibitor), have been shown to cause cleavage of
AIF and its release from mitochondria and transloca-
tion to the nucleus (60–63). This is, however, to our
knowledge, the first occasion that AIF release and
translocation from the mitochondria to the nucleus
following treatment with DMSO has been reported. AIF

Figure 7. Proposed pathway for the induction of neuronal cell death in the eye by low doses of DMSO. DMSO (2–4% v/v)
inhibits mitochondrial respiration and stimulates intracellular calcium transients. This leads to phosphatidylserine externaliza-
tion and the earliest stages of apoptosis. Bax oligomerization induces mitochondrial permeabilization, and AIF activation and
translocation. Apoptosis continues through PARP activation resulting in cell death. Timeline shown is based on in vitro results.
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has been previously linked to the activation of PARP-1
in the pathway to cell death (62–64). Figures 5 and 6
indicate that a simultaneous increase in PARP-1 acti-
vation 24 h after exposure to 2, 4, and 8% (v/v)
DMSO and nuclear AIF after 2 and 4% (v/v) DMSO.
Increased PARP expression has also been described
in vivo, following DMSO treatment in Dalton’s lym-
phoma mice (58).

AIF and PARP-1 activation have been previously
implicated in caspase-independent cell death, through
a newly proposed pathway of cell death: Parthanatos
(65, 66). Parthanatos is a form of apoptosis associated
with rapid activation of PARP-1 with early accumulation
of poly-(ADP-ribose) (PAR) polymers, mitochondria
depolarization, loss of NAD and ATP, late caspase-3
activation (although not necessary for cell death), PI
cell permeabilization within 18–24 h of onset, and
calpain-independent AIF activation (52, 61, 67–69). In
this study, we see PARP-1 activation, AIF translocation,
and mitochondrial respiration inhibition in accordance
with what is described for Parthanatos cell death.
Despite being a strong candidate, particularly as we do
not see caspase-3 activation during the 24 h treatment,
we do not believe that we are observing the Parthanatos
pathway of cell death in response to low concentrations
of DMSO. PI staining is a good indicator of plasma
membrane permeabilization, and our results showed
that there was little evidence of this �8% (24 h) despite
the observed cell death (Fig. 4). In addition, it has been
noted that inhibition of PARP-1-dependent cell death
by CsA after MNNG treatment affects Parthanatos (37);
our data indicate that CsA does not decrease cell death
after DMSO treatment (data not shown). Since there is
no evidence for mPTP involvement in response to low
concentrations (�8% v/v) of DMSO, no changes to
NADH levels and no PI staining within 24 h of the
DMSO insult, this suggests that low concentrations of
DMSO induced a cell death pathway that differs from
the Parthanatos pathway (Fig. 7).

AIF and Bax have been implicated in the Fas-induced
cell death pathway (70). Furthermore, Fas levels were
reported to be elevated after DMSO treatment in the
human myeloid leukemia cell line (47). In the eye,
Fas-mediated cell death has been reported though
activation of Fas/FasL to glia (71, 72) and in vitro
RGC-5 apoptosis has been shown to occur in coculture
with activated T cells (73). Neither glial or T cells were
present in our in vitro study, which is therefore unlikely
to involve Fas.

We propose that the mechanism by which DMSO
induces cell death (Fig. 7) involves inhibition of mito-
chondrial respiration leading to decreased oxygen con-
sumption within minutes of application. Moreover,
elevation of cytosolic calcium and phosphatidylserine
externalization occur. Calcium has been implicated in
phosphatidylserine flipping previously (74–76) and is
known to induce calpain activation (77, 78). Calpain
acts to induce the release and redistribution of AIF to
the nucleus (77, 78). This could occur through Bax-
translocation from the cytosol to the mitochondria (79,

80). Increased levels of Bax in mitochondrial fractions
and decreased levels in the cytosolic fractions are in
accordance with Bax oligomerization and pore forma-
tion indicating that AIF translocation from mitochon-
dria is via Bax pore formation (Fig. 5). AIF has also
been implicated in phosphatidylserine externalization
through the interaction with scramblase Scrm-1 (81).
AIF can in addiction translocate to the nucleus and
cause DNA fragmentation and activation of PARP-1
(Figs. 5 and 6) leading to cell death (Fig. 2).

DMSO is a universal solvent routinely used in exper-
imental and biological disciplines, and is widely ac-
cepted to be nontoxic at concentrations �10% (v/v;
refs. 8, 9, 12, 14–19, 42). It is often used to solubilize
drug molecules that are otherwise poorly soluble. Our
finding that at concentrations �10% (v/v), DMSO is
toxic is unexpected. These results underline safety
concerns of using low concentrations of DMSO as a
solvent for in vivo administration of numerous mole-
cules, which we show not to be safe. We believe that the
scientific community should question the use of DMSO
in biological assays, with particular relevance to delivery
to neuronal cells. Finally, due to the broad number of
drugs dissolved in DMSO, we believe these results have
widespread implications, not only in the eye and in
neuroscience, but also throughout the whole body.

Given the ubiquitous use of DMSO in biological
assays, we would like to highlight to the scientific
community the implications of our results. We recom-
mend that other methods (such as micelle/liposomal
formulations) are used in preference to DMSO for
solubilizing drugs, but where no alternative exists,
absolute DMSO concentrations are calculated and re-
ported. We recommend that the percentage of DMSO
used to dissolve drugs should be kept to a minimum
(injection of �1% v/v solutions in vivo), and an un-
treated control group is included in addition to DMSO
vehicle control to check for solvent toxicity.
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