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Abstract: Dimethylsulfoxide (DMSO) is an amphipathic molecule composed of a polar domain
characterized by the sulfinyl and two nonpolar methyl groups, for this reason it is able to
solubilize polar and nonpolar substances and transpose hydrophobic barriers. DMSO is widely used
to solubilize drugs of therapeutic applications and studies indicated that 10% v/v concentration
did not modify culture viability when used to treat human peripheral blood mononuclear cells
(PBMC). However, some DMSO concentrations could influence lymphocyte activation and present
anti-inflammatory effects. Therefore, the objective of this study was to evaluate the effect of DMSO
on lymphocyte activation parameters. Cell viability analysis, proliferation, and cytokine production were
performed on PBMC from six healthy subjects by flow cytometry. The results indicated that 2.5% v/v DMSO
concentrations did not modify lymphocytes viability. DMSO at 1% and 2% v/v concentrations reduced the
relative proliferation index of lymphocytes and at 5% and 10% v/v concentrations reduced the percentage of
total lymphocytes, cluster of differentiation 4+ (CD4+) T lymphocytes and CD8+ T lymphocytes interferon-γ
(IFN-γ), tumor necrosis factor-α (TNF-α) and interleukin-2 (IL-2) producers. Thus, it was concluded that
DMSO has an in vitro anti-inflammatory effect by reducing lymphocyte activation demonstrated with
proliferation reduction and the decrease of cytokine production.

Keywords: dimethyl sulfoxide; solvents; anti-inflammatory agents

1. Introduction

Dimethyl sulfoxide (DMSO, (CH3)2SO), presents a highly polar domain characterized by a sulfinyl
group and two apolar methyl groups. Such characteristics provide amphipathic properties to the
molecule [1]. DMSO is able to solubilize polar and nonpolar substances and transpose hydrophobic
barriers, such as the plasma membrane. These properties are important for vehicle pharmacological
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compounds that act intracellularly [2]. Thus, DMSO is used as a solvent for pharmacological substances,
as well as to several other applications such as therapeutic applications, excipient for veterinary therapeutic
formulations, as control group for testing natural products, to treat cultured cells and in other experimental
in vitro studies. Despite of the multiple applications of DMSO, its physiological and pharmacological
effects are not fully understood [3].

DMSO is considered as a low toxicity solvent. According to Kloverpris et al. [4] DMSO can be used up
to 10% v/v for one hour treatment of human peripheral blood mononuclear cells (PBMC) cultures without
changing culture viability. However, some concentrations of DMSO could modify cell activation in culture.
Cultures of cells extracted from rat liver treated with DMSO at 25% v/v increased the activity of lysosomal
enzymes [5]. Human peripheral blood lymphocytes treated in vitro with 40% v/v DMSO increased
the expression of selectins and the phosphorylation of proteins involved in intracellular activation
pathways [6]. C-28/I2 human chondrocyte cultures treated with different DMSO concentrations for 12 h,
indicated that concentrations higher than 1% v/v reduced the expression of interleukins 6 and 8 (IL-6 and
IL-8) [7]. On intestinal cells (Caco-2), in vitro stimulation with an inflammatory cocktail and treatment
with low concentrations of DMSO (0.1 to 0.5% v/v) reduced the expression of IL-6 and IL-1β inflammatory
cytokines [3]. Such outcomes can indicate that different cell types respond very differently to DMSO
concentrations and stimuli conditions. Another reported application for DMSO is cell cryopreservation [8],
although in this case cell viability could be affected by the solvent proportion. Long-term cryopreservation
of fibroblasts with 1% v/v DMSO reduced cell viability to 73%, while using 0.5% v/v DMSO, the fibroblasts
viability was greater than 80% [9]. In another study, the treatment of immortalized mice macrophages
(v-myc) with 2% v/v DMSO for 48 h increased cell death by apoptosis [10]. In cultures of different Candida
species, 1% v/v DMSO did not modify cell viability, however the expression of cell wall proteins and the
catalase activity were affected [11].

Despite its well-documented capacity to dissolve a wide range of chemical compounds, further
investigations regarding DMSO’s pharmacological activities and reliable safe use concentrations are
required. For this purpose and regarding previous studies that used DMSO doses ranging from 0.5 to
40% v/v, the main objective of this study was to verify DMSO concentrations that are not toxic and do
not modify the activation of peripheral blood cells on in vitro cultures.

2. Results

2.1. Cytotoxicity Tests (Assays)

Hemolysis and trypan blue exclusion assays were performed to evaluate the cytotoxic effect of
different DMSO concentrations. The results indicated that 20% v/v DMSO was hemolytic, presenting
higher percentage value (4.0 ± 0.97%) when compared to spontaneous hemolysis in control group
(0.48 ± 0.08%) (Figure 1).

To analyze DMSO cytotoxicity on PBMC, the trypan blue exclusion assay by flow cytometry was
performed at 24 and 120 h. In the first 24 h, DMSO at 10% v/v increased PBMC death, while DMSO at
5% v/v increased PBMC death after 120 h (Figure 2).
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Figure 1. Hemolytic effect of different dimethyl sulfoxide (DMSO) concentrations (1, 5, 10, and 20% v/v).
Hemolysis percentage after 4 h of incubation (n = 6 subjects). Results were expressed as mean and
standard deviation (SD). * Statistically significant difference when compared to the control culture
(p < 0.05, one-way ANOVA followed by Tukey’s post hoc test).
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cultures at 24 and 120 h. Non-viable PBMC percentage (n = 6 subjects) in cell cultures not treated with 
DMSO (control) or treated with it at concentrations of 1, 2.5, 5, 10, and 20% v/v. Results from trypan 
blue exclusion test by flow cytometry technique were expressed as mean and standard deviation (SD). 
* Statistically significant difference when compared to the control culture (p < 0.05, One-way ANOVA 
followed by Tukey’s post hoc test). 
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Control (PC) culture (p < 0.05, one-way ANOVA followed by Tukey’s post hoc test). 

2.3. Effect of Dimethyl sulfoxide on the Production of Cytokines by Lymphocytes 
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Figure 2. DMSO cytotoxic effect on peripheral blood mononuclear cells (PBMC) cultures at 24 and
120 h. Non-viable PBMC percentage (n = 6 subjects) in cell cultures not treated with DMSO (control) or
treated with it at concentrations of 1, 2.5, 5, 10, and 20% v/v. Results from trypan blue exclusion test by
flow cytometry technique were expressed as mean and SD. * Statistically significant difference when
compared to the control culture (p < 0.05, One-way ANOVA followed by Tukey’s post hoc test).

2.2. Dimethylsulfoxide Effect on Lymphocytes Proliferation

After five days of culture (120 h), DMSO concentrations of 1% and 2% v/v reduced the lymphocyte
proliferation index compared to the phytohemagglutinin (PHA)-stimulated positive control culture,
in 55% and 90%, respectively. That reduction was also observed on the inhibition control culture,
treated with cyclosporine (CsA). 0.5% v/v DMSO did not change the relative proliferation index of
lymphocytes when compared to the control culture (Figure 3).
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Figure 3. DMSO effect on lymphocyte proliferation using the 5-(and-6)-carboxy-fluorescein-
succinimidyl ester (CFSE) label decay technique. NC = Negative Control not stimulated with PHA.
PC = phytohemagglutinin (PHA)-stimulated control, CsA = inhibition control stimulated with PHA and
treated with 5 µg/mL cyclosporine (CsA). The other cultures were stimulated with PHA and treated with
different concentrations of DMSO (n = 6 subjects). Results were expressed as mean and SD. * Statistically
significant difference when compared to the Positive Control (PC) culture (p < 0.05, one-way ANOVA
followed by Tukey’s post hoc test).

2.3. Effect of Dimethyl sulfoxide on the Production of Cytokines by Lymphocytes

DMSO at 10 and 5% (v/v) concentrations decreased interleukin-2 (IL-2), tumor necrosis factor-α
(TNF-α) and interferon-γ (IFN-γ) cytokines production in the total lymphocyte population and in
cluster of differentiation 4+ (CD4+) and CD8+ T lymphocyte subsets (Figure 4). Furthermore, at the
concentration of 2.5% (v/v), DMSO reduced IL-2 cytokine production by total lymphocytes and by CD4+

and CD8+ T lymphocytes subsets. The observed decrease of IL-2 cytokine for total lymphocytes and
for CD4+ and CD8+ T lymphocytes subsets in stimulated cultures with phorbol-12-myristate-13-acetate
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(PMA) and treated with 2.5% (v/v) DMSO was 38, 40, and 50%, respectively (Supplementary Figure S1).
For the IFN-γ production, the results revealed a decrease of 56% for total lymphocytes, 56% for
CD4+ lymphocytes and 61% for CD8+ lymphocytes, when the cultures were treated with 5% DMSO
v/v comparing to the positive control culture (Supplementary Figure S2). Similarly, 5% v/v DMSO
reduced TNF-α production by the stimulated culture in 60% for total lymphocytes, 53% for CD4+

lymphocytes and 61% for CD8+ lymphocytes (Supplementary Figure S3).
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Figure 4. DMSO effect on the production of interleukin-2 (IL-2) (A), interferon-γ (IFN-γ) (B) and tumor
necrosis factor-α (TNF-α) (C) in lymphocytes populations. Analysis of total lymphocytes, CD4+ and
CD8+ relative percentage that were positives for cytokines in non-stimulated and untreated (NC),
stimulated with phorbol-12-myristate-13-acetate (PMA) (PC) and stimulated with PMA cells culture
in the last 4 h in a total of 8 h of DMSO treatment at 1, 2.5, 5, or 10% v/v or with 5 µg/mL of CsA.
Results were expressed as mean and SD. * Statistically significant difference when compared to PC
(p < 0.05, one-way ANOVA followed by Tukey’s post hoc test).

3. Discussion

According to the results, DMSO presented toxicity to red blood cells at 20% v/v after four hours
incubation. In the literature, the hemolytic concentration of DMSO is controversial, varying largely
according to the experimental conditions adopted. Yi et al. [12] showed that small concentrations,
as 0.2%, were able to induce hemolysis, however, Ansel and Leake [13] discussed the significant
influence of the extracellular material on the hemolytic activity of DMSO. In that study, DMSO in
aqueous solution caused hemolysis in rabbit erythrocytes at concentrations smaller than 2%, but no
considerable hemolytic activity was observed when the cells were exposed to 25% DMSO in the
presence of 0.6% saline. Therefore, the differences between the hemolytic concentration of DMSO
established by Yi et al. (2017) [12] and the present study can be partially explained by differences in
the extracellular material used.
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The results showed that DMSO was toxic to PBMC at 10% v/v for the first 24 h and at 5% v/v
after 120 h. Kloverpris et al. [4], suggested that the exposure time to DMSO can be more harmful than
concentration itself, since it was observed that PBMC treated with 10% DMSO for 1 h did not affect cells
viability, on contrast 0.2% DMSO increased cell death after seven days. The suggested mechanism for
DMSO cytotoxicity is the effect on the physical properties of the phospholipids in membranes. As an
amphipathic solvent, DMSO can interact with the plasma membrane allowing pores formation, which
contribute to decrease membrane selectivity and increases cell permeability [14]. Moreover, our results
demonstrated that the effect of DMSO treatment is not cell-specific because the DMSO concentrations
values able to inhibit cytokine production were similar for total lymphocytes as for CD4+ and CD8+ T
lymphocyte subsets. These results are in agreement to the study performed by Kloverpris et al. [4],
where they demonstrated that long-term exposition to DMSO abolished similarly both CD4+ and CD8+

T-lymphocyte antigen-specific responses. Nevertheless, our data do not allow direct comparison of the
DMSO effect on red and white blood cells due to the methodological differences used which include
reagents and incubation times.

After antigenic activation, resting T lymphocytes undergo a process of clonal expansion
(proliferation) and differentiate into effector cells. Proliferation precedes the effector responses
of lymphocytes that are importantly orchestrated by cytokines [15]. Thus, the effect of different
concentrations of DMSO on lymphocytes proliferation was evaluated, and the results showed that,
at 1% v/v, DMSO was able to reduce the proliferation of PHA activated lymphocytes after five days
of incubation. Kloverpris et al. [4] reported that DMSO at 1% and 1.5% concentration reduced by
50% the CD4+ and CD8+ T lymphocytes proliferative capacity when evaluated after seven days with
Staphylococcal Enterotoxin type B (SEB) stimuli. Then, considering the DSMO antiproliferative effect,
it is recommended a careful use for both in vitro and in vivo models.

IL-2 is synthesized by activated lymphocytes and acts as an autocrine growth factor in cells
promoting clonal expansion and proliferation [16–18]. Since DMSO reduced lymphocyte proliferation,
we investigated the effect of different concentrations on IL-2 cytokine production. The results
demonstrated the reduction of total lymphocytes-IL-2+, as well as CD4+IL-2+ and CD8+IL-2+ T
lymphocytes in cultures stimulated with PMA and treated with 2.5% v/v DMSO. Part of the
DMSO anti-proliferative effect could be attributed to its action over the production of IL-2 cytokine.
Santos et al. (2015) [19] observed that DMSO up to 0.5% v/v did not modify IL-2 production in PBMC
cultures after stimulation with PHA for 36 h. However, its effect observed on cell proliferation cannot
be attributed only to the reduction of IL-2 cytokine production, since other many mediators, such as
Ca2+ and NF-κB, are also involved in cell proliferation stimulation [20–22].

Cytokines are important mediators responsible for the establishment, maintenance, and resolution
of inflammatory reactions [23] and were further investigated concerning the effect of DMSO treatment
on cultures stimulated with PMA. PBMC incubated for eight hours at different DMSO concentrations
received PMA stimulus in the last 4 h, and then the production profile of proinflammatory cytokines
IFN-γ and TNF-α were evaluated. We observed that 5% v/v DMSO substantially reduced all
evaluated cytokines of total lymphocytes and CD4+ and CD8+ T lymphocytes subsets. These results
can be attributed to DMSO since the cell viability was not affected by the treatment of DMSO at
5% v/v (Figure 2). Although the treatment with 10% DMSO for 8 h reduced the production of
proinflammatory cytokines, we cannot exclude the possibility of cell death because the PBMC viability
data demonstrated that the 10% DMSO treatment, for 24 h, induced death of approximately 20% of
the cells. Another consideration is that the viability experiments were conducted with no stimulation
while cytokine analyses were performed under PMA stimulation, a mitogen that commonly modifies
cell morphology and could induce a low rate of cell death by itself. The simultaneous use of cell
viability dyes in the experiment could clarify this issue. Specially, at the 10% v/v concentration,
the inhibitory effect on IFN-γ production was nearly 5 times greater than the cyclosporine effect for the
assessed cell populations. Avelar-Freitas et al. [24] observed that concentrations up to 1% v/v of DMSO
did not change IFN-γ and TNF-α production when they were evaluated in the cytoplasm of human
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lymphocytes and neutrophils stimulated with PMA for 4 h. When evaluating DMSO anti-inflammatory
activity over whole blood samples using ELISA assay, during 7 h incubation, Elisia et al. (2016) [25]
verified that DMSO reduced the secretion of 13 cytokines important in inflammatory response. It was
shown that 0.5% DMSO concentration is able of inhibit IFN-γ secretion, while 2% inhibits TNF-α
secretion. In a different way, it was evaluated in the present study that IFN-γ and TNF-α secretion
were inhibited by 5% DMSO specifically in total lymphocytes, CD4+ and CD8+ T lymphocytes subsets.
An important aspect about DMSO and the suppression of proinflammatory cytokines is that the solvent
could enable the differentiation and activation of the effector function of regulatory T cells (Treg: CD4+

CD25+ Foxp3+), that are relevant cells in the regulation of proinflamatory cytokine production.
The immunosuppressive activity of DMSO was demonstrated by Lin et al. [26] using in vivo and
in vitro models. They determined that solvent treatment decreases the percentage of IFN-γ-producing
T lymphocytes and increases the percentage of Treg cells. In addition, Huang et al. [27] reported that
different concentrations of DMSO stimulated the production of the immunosuppressive cytokine
transforming growth factor-β (TGF-β) as well as its receptors. In the present study, we demonstrated
the effect of DMSO on reducing proinflammatory cytokines production by lymphocytes, as well as
reducing proliferation, highlighting a possible anti-inflammatory effect for DMSO.

4. Materials and Methods

4.1. Study Subjects and Biological Samples

Approximately 10 mL of venous blood sample from healthy donors (n = 6 subjects) was drawn by
venipuncture into heparinized tubes following these blood-drawing criteria: no reported infection
or symptoms of infection for seven days prior to the sample collection, subject reported adequate
sleep (6–9 h), no exercise or alcohol use for 24 h prior to withdrawal of the blood sample, no topical
corticosteroid or aspirin use for the previous 48 h, no systemic antihistamines or corticosteroid use
for one week prior to obtaining the sample and no immunizations during the previous three weeks.
All subjects included filled the informed consent, and the local Ethics Committee approved the
realization of the present study (CEP/UFVJM-24530913.6.00005108).

4.2. Hemolysis Tests

To evaluate the toxicity of different DMSO concentrations to human red blood cells, the hemolysis
test was performed as described. Total blood samples were diluted (1:20), adding 500 µL of total blood
to 10 mL of phosphate buffered saline (PBS) in a beaker and the suspension was gently stirred on a
magnetic stirrer throughout the course of the test. Then, DMSO at final concentrations of 1, 2, 5, 10,
and 20% v/v were incubated with 100 µL of red blood cell suspension. Ultrapure water was added to
cultures containing the cell suspension and DMSO, with the same final concentrations to provide the
positive control that represents 100% hemolysis. Controls (blank) were made with DMSO at the tested
concentrations. Spontaneous hemolysis cultures (negative control) consisting of PBS and 100 µL of
red blood cell suspension with their respective blanks (PBS only) were also performed. Cultures were
incubated in polystyrene tubes for 4 h at 37 ◦C and 5% CO2. After that time, the tubes were centrifuged
(7 min; 500 g; 22 ◦C) and 200 µL of the supernatant was transferred to a flat bottom 96-well plate and
absorbance was measured at 540 nm. The result of the hemolysis test was a hemolysis percentage
obtained by the equation:

% Hemolysis =
(Absorbance test − absorbance control negative)× 100

(Absorbance of the positive control − Absorbance of the negative control)

4.3. Peripheral Blood Mononuclear Cells (PBMC) Isolation

PBMC were isolated by centrifugation using Ficoll-Histopaque-1077 (Sigma-Aldrich Corporation,
St. Louis, MO, USA) as described by Bicalho et al., (1981) [28] and adapted as follows. Briefly, the blood
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was gently added over Ficoll-Paque and centrifuged at 520 g. PBMC were collected after Ficoll
separation and washed three times with PBS (0.015 M, pH 7.4) and cell suspension was adjusted to
1.0 × 107 cells/mL.

4.4. Peripheral Blood Mononuclear Cells (PBMC) Viability Analysis

PBMC (5 × 105) were cultured in Roswell Park Memorial Institute-1640 (RPMI-1640) medium
(Sigma-Aldrich Corporation, St. Louis, MO, USA) supplemented with 2 mM L-glutamine, 10% fetal
calf serum (FCS) (Gibco by Thermo Fisher Scientific, Waltham, MA, USA) and antibiotic–antimycotic
cocktail (penicillin G 100 IU/mL, streptomycin 100 µg/mL and amphotericin B 250 ng/mL)
(Sigma-Aldrich Corporation). Cells were treated with DMSO at concentrations of 1, 2.5, 5, 10, and 20%
v/v (Sigma-Aldrich Corporation) in a humidified incubator (Ultrasafe, Biosystems, Curitiba, Paraná,
Brazil) at 37 ◦C with 5% CO2 air atmosphere for 24 h or 120 h. The cell culture control was composed
by untreated PBMC. PBMC were washed with PBS (200 g, 7 min, 4 ◦C) and re-suspended in 0.5 mL
PBS. Then, 10 µL of the cell suspension was mixed with 190 µL of 0.002% trypan blue (Sigma-Aldrich
Corporation) and analyzed by flow cytometry (FACScan, Becton Dickinson BD Biosciences, San Jose,
CA, USA) [29]. 10,000 events were acquired in the region corresponding to lymphocytes. CellQuest™
software (version 2.0, Becton Dickinson BD Biosciences, San Jose, CA, USA) was used for data collection
and analyses (Figure 5). Cell viability was calculated by dividing the number of viable cells by the
total cell number.
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Figure 5. Computational strategy used to evaluate the percentage of dead cells by flow cytometry
using trypan blue. Lymphocytes gating (A); selection of lymphocytes-trypan blue+ in a culture with
low percentage of dead cells (B); and high percentage of dead cells (C).

4.5. Proliferation Analysis with 5-(and-6)-Carboxy-fluorescein succinimidyl ester (CFSE) Label
Decay Technique

The effect of DMSO on the proliferative lymphocyte response to PHA stimulation was
evaluated by 5-(and-6)-carboxyfluoresceinsuccinimidyl ester (CFSE) fluorescence decay assay [30,31].
PBMC (1 × 107) were re-suspended in phosphate buffer saline/bovine serum albumin (PBS/BSA)
0.1% and labeled with 10 µM CFSE (Sigma-Aldrich Corporation) for 10 min at 37 ◦C. CFSE-stained
PBMC (5 × 105; n = 6 subjects) were cultured in RPMI-1640 containing 10% FCS (Gibco, by Thermo
Fisher Scientific), 2 mM L-glutamine, antibiotic-antimycotic cocktail (Sigma-Aldrich Corporation),
either with or without phytohemagglutinin (PHA) (1 µg/mL). Cells also were stimulated with PHA in
combination with different DMSO concentrations (0.5–1% and 2% v/v). Untreated PBMC were used
as the non-stimulated cell culture control (NC). The cells were kept in a humidified incubator with
a 5% CO2 air atmosphere for five days at 37 ◦C. Samples were analyzed on a BD FACSCanto™ II
(Becton Dickinson BD Biosciences, San Jose, CA, USA) with 50,000 events acquired. Data acquisition
and analysis were performed using software BD FACSDiva (v6, Becton Dickinson, BD Biosciences)
and FlowJo software (v10.0.7, FlowJo LLC, Ashland, OR, USA), respectively. The proliferative index
was then calculated from CFSE fluorescence histograms using the following formula [32]:

Proli f erative index = 100 − Y/Y,



Molecules 2017, 22, 1789 8 of 10

being Y (%) = X0 + X1/2 + X2/4 + X3/8 + X4/16 + X5/32 + X6/64; X0 represents the percentage of T cells
that did not divide and X1–6 represents the maximum gradual division.

4.6. Analysis of the Cytokines Production by Lymphocytes

PBMC (5 × 105) (n = 6 subjects) were cultured in RPMI-1640 containing 10% FCS (Gibco, by Thermo
Fisher Scientific), 2 mM L-glutamine and antibiotic-antimycotic cocktail (Sigma-Aldrich Corporation).
The cells were pretreated for four hours with PBS (negative control) or DMSO (1%, 2.5–5% and
10% v/v). In the next four hours, it was added 25 ng/mL phorbol-12-myristate-13-acetate-PMA
(Sigma-Aldrich Corporation), 1 ng/mL ionomycin (Sigma-Aldrich Corporation) and 1 µg/mL
Brefeldin-A (Sigma-Aldrich Corporation) to the stimulated cultures. Untreated PBMC were used
as the non-stimulated cell culture control (NC). The cells were maintained at 37 ◦C in a humidified
incubator (Ultrasafe, Biosystems) with a 5% CO2 atmosphere for 8 h. Cells were then fixed and
incubated with anti-CD4 surface human antibodies labeled with fluorescein isothiocyanate (FITC)
(BD PharMingen, San Diego, CA, USA) and anti-CD8 surface human antibodies labeled with
PerCP-Cy5.5 (BD PharMingen, San Diego, CA, USA). After that, PBMC were permeabilized and
incubated with monoclonal antibodies (mAb) conjugated with specific fluorochromes for IFN-γ
(mAb-IFN-γ-PE-Cy7), TNF-α (mAb-TNF-α-PE), and IL-2 (mAb-IL10-APC,) cytokines (all from BD
PharMingen). The expression of cytokines by lymphocytes was evaluated using a BD FACSCanto™
II (Becton Dickinson BD Biosciences) with 30,000 events recorded (Figure 6). Data acquisition and
analysis were performed using software BD FACSDiva (v6, Becton Dickinson, BD Biosciences) and
FlowJo software (v10.0.7, FlowJo LLC, Ashland, OR, USA), respectively.
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Figure 6. Computational strategy used to evaluate the percentage of positivity of cytokines
on lymphocytes. Dot plot graphs were used sequentially for the selection of single cells (A);
total lymphocytes (B); and CD4+ or CD8+ lymphocytes (C). In the sequence, histograms were used in
the analysis of the percentage of cytokine-stained total lymphocytes (D), CD4+ lymphocytes (E) and
CD8+ lymphocytes (F).

4.7. Statistical Analyses

GraphPad Prism, version 5.0 for Windows (GraphPad Software, La Jolla, CA, USA) was used for
statistical analysis. One-way ANOVA with Tukey’s post hoc test were performed. p values lower than
0.05 were considered to be statistically significant. Data was reported as means and standard deviation.

Supplementary Materials: Supplementary materials are available online.

Acknowledgments: Brazilian funding agencies FAPEMIG, CNPQ, and CAPES are acknowledged for financial
support and grants. The authors acknowledge the Integrated Center for Health Research (CIPq), the Graduate
Program in Pharmaceutical Sciences, PRPPG and Graduate Program in Dentistry (PPGODONTO) all programs
from UFVJM/Brazil.



Molecules 2017, 22, 1789 9 of 10

Author Contributions: L.d.A.C., M.H.F.O., M.G.d.S., V.G.d.A., and B.A.d.A.-F. conceived and designed the
experiments; L.d.A.C., M.H.F.O., and M.G.d.S. performed the experiments; B.A.d.A.-F., V.G.d.A., A.B.M., W.d.F.P.,
and G.E.A.B.-M. analyzed the data; W.d.F.P. and G.E.A.B.-M. contributed reagents/materials/analysis tools;
B.A.d.A.-F. and A.B.M. wrote this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brayton, C.F. Dimethyl sulfoxide (DMSO): A review. Cornell Vet. 1986, 76, 61–90. [PubMed]
2. Timm, M.; Saaby, L.; Moesby, L.; Hansen, E.W. Considerations regarding use of solvents in in vitro cell

based assays. Cytotechnology 2013, 65, 887–894. [CrossRef] [PubMed]
3. Hollebeeck, S.; Raas, T.; Piront, N.; Schneider, Y.J.; Toussaint, O.; Larondelle, Y.; During, A. Dimethyl sulfoxide

(DMSO) attenuates the inflammatory response in the in vitro intestinal Caco-2 cell model. Toxicol. Lett. 2011,
206, 268–275. [CrossRef] [PubMed]

4. Kloverpris, H.; Fomsgaard, A.; Handley, A.; Ackland, J.; Sullivan, M.; Goulder, P. Dimethyl sulfoxide
(DMSO) exposure to human peripheral blood mononuclear cells (PBMCs) abolish T cell responses only in
high concentrations and following coincubation for more than two hours. J. Immunol. Methods 2010, 356,
70–78. [CrossRef] [PubMed]

5. Misch, D.W.; Misch, M.S. Dimethyl sulfoxide: Activation of lysosomes in vitro. Proc. Natl. Acad. Sci. USA
1967, 58, 2463–2467. [CrossRef]

6. Wedner, H.J.; Bass, G. Induction of the tyrosine phosphorylation of a 66 KD soluble protein by DMSO in
human peripheral blood T lymphocytes. Biochem. Biophys. Res. Commun. 1986, 140, 743–749. [CrossRef]

7. Kloesch, B.; Liszt, M.; Broell, J.; Steiner, G. Dimethyl sulphoxide and dimethyl sulphone are potent inhibitors
of IL-6 and IL-8 expression in the human chondrocyte cell line C-28/I2. Life Sci. 2011, 89, 473–478. [CrossRef]
[PubMed]

8. Abbruzzese, L.; Agostini, F.; Durante, C.; Toffola, R.T.; Rupolo, M.; Rossi, F.M.; Lleshi, A.; Zanolin, S.;
Michieli, M.; Mazzucato, M. Long term cryopreservation in 5% DMSO maintains unchanged CD34(+) cells
viability and allows satisfactory hematological engraftment after peripheral blood stem cell transplantation.
Vox Sang. 2013, 105, 77–80. [CrossRef] [PubMed]

9. Chen, X.; Thibeault, S. Effect of DMSO concentration, cell density and needle gauge on the viability of
cryopreserved cells in three dimensional hyaluronan hydrogel. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2013,
2013, 6228–6231. [CrossRef] [PubMed]

10. Marthyn, P.; Beuscart, A.; Coll, J.; Moreau-Gachelin, F.; Righi, M. DMSO reduces CSF1 receptor levels and causes
apoptosis in v-myc immortalized mouse macrophages. Exp. Cell Res. 1998, 243, 94–100. [CrossRef] [PubMed]

11. León-García, M.C.; Ríos-Castro, E.; López-Romero, E.; Cuéllar-Cruz, M. Evaluation of cell wall damage by
dimethyl sulfoxide in Candida species. Res. Microbiol. 2017, 168, 732–739. [CrossRef] [PubMed]

12. Yi, X.; Liu, M.; Luo, Q.; Zhuo, H.; Cao, H.; Wang, J.; Han, Y. Toxic effects of dimethyl sulfoxide on red blood
cells, platelets, and vascular endothelial cells in vitro. FEBS Open Bio 2017, 7, 485–494. [CrossRef] [PubMed]

13. Ansel, H.C.; Leake, W.F. Hemolysis of erythrocytes by antibacterial preservatives III: Influence of dimethyl
sulfoxide on the hemolytic activity of phenol. J. Pharm. Sci. 1966, 55, 685–688. [CrossRef] [PubMed]

14. Notman, R.; Noro, M.; O’malley, B.; Anwar, J. Molecular Basis for Dimethylsulfoxide (DMSO) Action on
Lipid Membranes. J. Am. Chem. Soc. 2006, 128, 13982–13983. [CrossRef] [PubMed]

15. Boyman, J.F.; Purton, C.D.; Surh, J.; Sprent, J. Cytokines and T-cell homeostasis. Curr. Opin. Immunol. 2007,
19, 320–326. [CrossRef] [PubMed]

16. Ganguly, T.; Bandheka, L.P.; Sainis, K.B. Immunomodulatory effect of Tylophoraindica on Con A induced
lymphoproliferation. Phytomedicine 2001, 8, 431–437. [CrossRef]

17. Malek, T.R. The biology of interleukin-2. Annu. Rev. Immunol. 2008, 26, 453–479. [CrossRef] [PubMed]
18. Gharagozloo, M.; Velardi, E.; Bruscoli, S.; Agostini, M.; Di Sante, M.; Donato, V.; Amirghofran, Z.; Riccardi, C.

Silymarin suppress CD4+ T cell activation and proliferation: effects on NF-κB activity and IL-2 production.
Pharmacol. Res. 2010, 61, 405–409. [CrossRef] [PubMed]

19. Santos, M.G.; Almeida, V.G.; Avelar-Freitas, B.A.; Grael, C.F.F.; Gregório, L.E.; Pereira, W.F.; Brito-Melo, G.E.A.
Phytochemical screening of the dichloromethane–ethanolic extract of Eriosema campestre var. macrophylum roots

http://www.ncbi.nlm.nih.gov/pubmed/3510103
http://dx.doi.org/10.1007/s10616-012-9530-6
http://www.ncbi.nlm.nih.gov/pubmed/23328992
http://dx.doi.org/10.1016/j.toxlet.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21878375
http://dx.doi.org/10.1016/j.jim.2010.01.014
http://www.ncbi.nlm.nih.gov/pubmed/20156444
http://dx.doi.org/10.1073/pnas.58.6.2462
http://dx.doi.org/10.1016/0006-291X(86)90794-1
http://dx.doi.org/10.1016/j.lfs.2011.07.015
http://www.ncbi.nlm.nih.gov/pubmed/21821055
http://dx.doi.org/10.1111/vox.12012
http://www.ncbi.nlm.nih.gov/pubmed/23384290
http://dx.doi.org/10.1109/EMBC.2013.6610976
http://www.ncbi.nlm.nih.gov/pubmed/24111163
http://dx.doi.org/10.1006/excr.1998.4149
http://www.ncbi.nlm.nih.gov/pubmed/9716453
http://dx.doi.org/10.1016/j.resmic.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28629869
http://dx.doi.org/10.1002/2211-5463.12193
http://www.ncbi.nlm.nih.gov/pubmed/28396834
http://dx.doi.org/10.1002/jps.2600550704
http://www.ncbi.nlm.nih.gov/pubmed/5967746
http://dx.doi.org/10.1021/ja063363t
http://www.ncbi.nlm.nih.gov/pubmed/17061853
http://dx.doi.org/10.1016/j.coi.2007.04.015
http://www.ncbi.nlm.nih.gov/pubmed/17433869
http://dx.doi.org/10.1078/S0944-7113(04)70061-6
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090357
http://www.ncbi.nlm.nih.gov/pubmed/18062768
http://dx.doi.org/10.1016/j.phrs.2009.12.017
http://www.ncbi.nlm.nih.gov/pubmed/20056147


Molecules 2017, 22, 1789 10 of 10

and its antiproliferative effect on human peripheral blood lymphocytes. Rev. Bras. Farmacogn. 2016, 26, 464–470.
[CrossRef]

20. Zhang, X.Q.; Eyzaguirre, C. Effects of hypoxia induced by Na2S2O4 on intracellular calcium and resting
potential of mouse glomus cells. Brain Res. 1999, 818, 118–126. [CrossRef]

21. Medeiros, M.C.; Frasnelli, S.C.; Bastos Ade, S.; Orrico, S.R.; Rossa, C., Jr. Modulation of cell proliferation,
survival and gene expression by RAGE and TLR signaling in cells of the innate and adaptive immune
response: role of p38 MAPK and NF-κB. J. Appl. Oral Sci. 2014, 22, 185–193. [CrossRef] [PubMed]

22. Tonello, S.; Rizzi, M.; Miqliario, M.; Rocchetti, V.; Reno, F. Low concentrations of neutrophil extracellular
traps induce proliferation in human keratinocytes via NF-kB activation. J. Dermatol. Sci. 2017, 88, 110–116.
[CrossRef] [PubMed]

23. Turner, M.D.; Nedjai, B.; Hurst, T.; Pennington, D.J. Cytokines and chemokines: At the crossroads of cell
signalling and inflammatory disease. Biochim. Biophys. Acta 2014, 1843, 2563–2582. [CrossRef] [PubMed]

24. Avelar-Freitas, B.A.; Almeida, V.G.; Santos, M.G.; Santos, J.A.T.; Barroso, P.R.; Grael, C.F.F.; Gregório, L.E.;
Rocha-Vieira, E.; Brito-Melo, G.E.A. Essential oil from Ageratum fastigiatum reduces expression of the
pro-inflammatory cytokine tumor necrosisfactor-alpha in peripheral blood leukocytes subjected to in vitro
stimulation with phorbol myristateacetate. Rev. Bras. Farmacogn. 2015, 25, 129–133. [CrossRef]

25. Elisia, I.; Nakamura, H.; Lam, V.; Hofs, E.; Cederberg, R.; Cait, J.; Hughes, M.R.; Lee, L.; Jia, W.;
Adomat, H.H.; et al. DMSO represses inflammatory cytokyne production from human blood cells and
reduces autoimmune arthritis. PLoS ONE 2016, 11, e0152538. [CrossRef] [PubMed]

26. Lin, G.J.; Sytwu, H.K.; Yu, J.C.; Chen, Y.W.; Kuo, Y.L.; Yu, C.C.; Chang, H.M.; Chan, D.C.; Huang, S.H. Dimethyl
sulfoxide inhibits spontaneous diabetes and autoimmune recurrence in non-obese diabetic mice by inducing
differentiation of regulatory T cells. Toxicol. Appl. Pharmacol. 2015, 28, 2207–2214. [CrossRef] [PubMed]

27. Huang, S.S.; Chen, C.L.; Huang, F.W.; Hou, W.H.; Huang, J.S. DMSO Enhances TGF-β Activity by Recruiting
the Type II TGF-β Receptor from Intracellular Vesicles to the Plasma Membrane. J. Cell. Biochem. 2015, 117,
1568–1579. [CrossRef] [PubMed]

28. Bicalho, H.M.S.; Gontijo, M.C.; Nogueira-Machado, J.A. A simple technique for simultaneous human
leukocytes separation. J. Immunol. Meth. 1981, 40, 115–116. [CrossRef]

29. Avelar-Freitas, B.A.; Almeida, V.G.; Pinto, M.C.; Mourao, F.A.; Massensini, A.R.; Martins-Filho, O.A.;
Rocha-Vieira, E.; Brito-Melo, G.E.A. Trypan blue exclusion assay by flow cytometry. Braz. J. Med. Biol. Res.
2014, 47, 307–315. [CrossRef] [PubMed]

30. Tossige-Gomes, R.; Avelar, N.C.; Simao, A.P.; Neves, C.D.; Brito-Melo, G.E.; Coimbra, C.C.; Rocha-Vieira, E.;
Lacerda, A.C. Whole-body vibration decreases the proliferative response of TCD4(+) cells in elderly
individuals with knee osteoarthritis. Braz. J. Med. Biol. Res. 2012, 45, 1262–1268. [CrossRef] [PubMed]

31. Lyons, A.B.; Hasbold, J.; Hodgkin, P.D. Flow cytometric analysis of cell division history using dilution of
carboxyfluorescein diacetate succinimidyl ester, a stably integrated fluorescent probe. Methods Cell Biol. 2001,
63, 375–398. [CrossRef] [PubMed]

32. Angulo, R.; Fulcher, D.A. Measurement of Candida-specific blastogenesis: Comparison of carboxyfluorescein
succinimidyl ester labelling of T cells, thymidine incorporation, and CD69 expression. Cytometry 1998, 34,
143–151. [CrossRef]

Sample Availability: Not available.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bjp.2015.08.009
http://dx.doi.org/10.1016/S0006-8993(98)01249-9
http://dx.doi.org/10.1590/1678-775720130593
http://www.ncbi.nlm.nih.gov/pubmed/25025559
http://dx.doi.org/10.1016/j.jdermsci.2017.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28576417
http://dx.doi.org/10.1016/j.bbamcr.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24892271
http://dx.doi.org/10.1016/j.bjp.2015.03.002
http://dx.doi.org/10.1371/journal.pone.0152538
http://www.ncbi.nlm.nih.gov/pubmed/27031833
http://dx.doi.org/10.1016/j.taap.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25481496
http://dx.doi.org/10.1002/jcb.25448
http://www.ncbi.nlm.nih.gov/pubmed/26587792
http://dx.doi.org/10.1016/0022-1759(81)90087-9
http://dx.doi.org/10.1590/1414-431X20143437
http://www.ncbi.nlm.nih.gov/pubmed/24652322
http://dx.doi.org/10.1590/S0100-879X2012007500139
http://www.ncbi.nlm.nih.gov/pubmed/22948377
http://dx.doi.org/10.1016/S0091-679X(01)63021-8
http://www.ncbi.nlm.nih.gov/pubmed/11060850
http://dx.doi.org/10.1002/(SICI)1097-0320(19980615)34:3&lt;143::AID-CYTO4&gt;3.0.CO;2-I
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cytotoxicity Tests (Assays) 
	Dimethylsulfoxide Effect on Lymphocytes Proliferation 
	Effect of Dimethyl sulfoxide on the Production of Cytokines by Lymphocytes 

	Discussion 
	Materials and Methods 
	Study Subjects and Biological Samples 
	Hemolysis Tests 
	Peripheral Blood Mononuclear Cells (PBMC) Isolation 
	Peripheral Blood Mononuclear Cells (PBMC) Viability Analysis 
	Proliferation Analysis with 5-(and-6)-Carboxy-fluorescein succinimidyl ester (CFSE) Label Decay Technique 
	Analysis of the Cytokines Production by Lymphocytes 
	Statistical Analyses 


