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Natural deep eutectic solvents (NADES) are recently developed
green solvents that are attractive for their great solubilising
power and intrinsic lack of toxicity. In this paper we report the
results of a study of the feasibility and benefits of dissolving
the poorly water-soluble salsalate in a NADES composed of 1,2-
propanediol-choline-water as an alternative to DMSO for
functional in vitro assays. The increase in solubility allows an
extension of the range of the dose-response curve of salsalate
activation of brown cell adipocyte.

The solubility in aqueous media of a drug is one of the most critical
features to be considered when designing in vitro and in vivo
bioactivity tests. The solubility influences the bioavailability,
transport and uptake of a drug in cells.? Often, hydrophobic
compounds only dissolve in non-aqueous, organic or toxic solvents,
which are therefore not suitable for pharmacological studies.

Deep eutectic solvents are a class of solvents obtained by mixing
solid compounds, generating a eutectic mixture with a melting
point that is much lower than that of the individual components.
Particularly natural deep eutectic solvents (NADES), which comprise
components from natural origin, hold great promise as solvents for
pharmaceutical applications because of their biodegradability, low
toxicity levels and ability to dissolve chemically diverse compounds,
including relatively non-water soluble compounds (e.g. rutin,
cinnamic acid, taxol) as well as macromolecules (e.g. DNA and
starch)."”4 These solvents are combinations of two or more naturally
occurring compounds, mainly primary plant metabolites, which
form a liquid when mixed in certain molar ratios. This liquid is
formed due to the establishment of strong hydrogen bonding
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between their components. This hydrogen bonding also occur
between the NADES and solutes, with a probable stabilizing effect
of solutions of even scarcely soluble compounds Furthermore, the
NADES that is appropriate for each case can potentially be tailored
to the needs of the application by choosing the right combination
and ratio of its components. Additionally, besides functioning as
solvent, NADES may also exhibit intrinsic effects.”

Salicylates are compounds that occur in plants6 and play a role in
the plant against pathogen attack
environmental stress.” Non-acetylated (e.g. salsalate, sodium

defence system and
salicylate) and acetylated salicylates (e.g. aspirin) (Fig. 1) are well
known to have anti-inflammatory and anti-diabetic activities in
humans.® Recently, we identified salsalate as an inducer of brown
adipose tissue (BAT) activity.9 This activity allows large amounts of
glucose and triglycerides to be converted into heat through
uncoupled respiration through the expression of the uncoupling
protein-1 (UCP-1). Therefore, BAT is considered to be a promising
target in the treatment of obesity and associated diseases,
including type Il diabetes and atherosclerosis.*

Salsalate has the advantage over its metabolite sodium salicylate, of
being insoluble at the acid pH of the stomach ensuring that it
passes straight through it without direct contact with the gastric
mucosa. Undesirable gastric side-effects are thus avoided >
However, salsalate is only soluble in a few organic solvents such as
dimethyl sulfoxide (DMSO). This limits the possibilities of in vivo and
in vitro investigation of salsalate bioactivities. In this study, we first
assessed the possibility of dissolving salsalate in a NADES and then
the in vitro effects of this solution on cell viability and the function
of brown adipocytes.

To select the NADES in which salsalate had the highest
solubility, we tested a range of sugar- based NADES composed of
mixtures of sugars with alcohols, acids or bases with an acid in given
molar ratios.*
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Fig. 1 Structures of salsalate and salicylate
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Fig. 2 HPLC chromatogram of freshly prepared (TO) PCH salsalate solution with detection at 220 nm (red) and 280 nm (blue) (a) and UV spectra of the peak with
Tr=2.1 min (UVyax =216 nm) (b) and Tr= 7.1 min with UV, = 238 and 308 nm (c) detected in the salsalate solution in PCH (T0). HPLC chromatogram of PCH salsalate
solution (T=30 days), stored at room temperature with detection at 220 nm (red) and 280 nm (blue) (d) and UV-spectra of the peaks at retention times of 4.0 and 5.7
min (e, f, respectively) were detected and respective UV-visible spectra showing resemblance of UV, values with salsalate at 238 nm 306 nm (e, f).

These included malic acid-choline chloride-water (MCH, molar ratio
1:1:2), glucose-choline chloride-water (GCH, 2:5:5), lactic acid-
glucose-water (LGH, 5:1:3), 1,2-propanediol-choline chloride-water
(PCH, 1:1:1), 1,2-propanediol-malic acid-water (PMH, 1:1:3),
fructose-glucose-sucrose-water (FGSH, 1:1:1:11) and sucrose-
choline chloride-water (SCH, 1:4:4). Among these, the highest
solubility was obtained with PCH. The solubility of salsalate at room
temperature as determined by HPLC/DAD was 85 mg/mL (0.33 M)
against 3.3 g/mL in DMSO. The stability of a PCH solution of
salsalate was monitored over a three-month period by HPLC/DAD.
For this, samples were prepared and analysed by HPLC directly after
preparation (T0) and 30 and 90 days later. The HPLC system
consisted of a reversed phase C18 column and isocratic elution with
methanol-1% acetic acid (60:40). The chromatogram of salsalate in
both PCH (Fig. 2a) and DMSO (Fig. S1) at TO, showed one peak with
a retention time of approximately 7.14 min. After 30 days, two
additional small peaks with retention times of 4.0 and 5.7 minutes
(Fig. 2d) appeared in the PCH salsalate solution. Both had a similar
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spectrum to salsalate with UV max at 238 nm and 306-308 nm (Fig.
2e-f). The retention times of the peaks did not correspond with that
of salicylic acid nor methyl salicylate reference compounds (Fig. S2),
indicating some degradation of salsalate. On the other hand, the
DMSO solutions of salsalate were more stable and no additional
peaks were detected after one or three months (Fig. S1).

As a next step, the toxicity of PCH in the cell culture was evaluated
and compared with that of DMSO. Differentiated T37i brown
adipocytes were incubated with an increasing volume of DMSO and
PCH in the culture medium. After 8 h, the cell viability was assessed
with Presto blue staining. Concentrations of up to 1% PCH did not
affect the viability of the cells, similarly to DMSO (Fig. 3a). In
subsequent experiments, increasing amounts of salsalate were
dissolved in PCH and DMSO and applied to cells as a 0.33% solution
in the culture medium. In these conditions, it was possible to
achieve final concentrations of salsalate in PCH of up to 1 mM,
while DMSO solutions above 0.3 mM precipitated in contact with
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the culture medium. This suggests that PCH increased the solubility
of salsalate in aqueous environments, allowing the generation of a
full dose-response curve for glycerol release as a measure of
intracellular lipolysis. In contrast, the maximum concentration of
salsalate in DMSO (0.3 mM) was insufficient to reach the plateau
phase (Fig. 3b). Gene expression analysis of genes involved in
brown adipocyte thermogenesi513‘14, i.e. Pgcla (Fig. 3c), Ppara (Fig.
3d), Elovi3 (Fig. 3e) and Ucpl (Fig. 3f) revealed comparable dose-
responses for both 0.3 mM salsalate NADES or DMSO solutions.

Table 1. EC50 95% confidence intervals

RSC Advances

EC50 95% CI
DMSO PCH
Glycerol release -1.048 to -0.1603 -1.188 t0 -0.3921
Pgcla mRNA (Very wide) -0.3247 t0 0.1792
Ppara mRNA -1.012 t0 0.03785 -0.5428 to -0.1075
ElovI3 mRNA -1.049 to -0.5637 -1.236 t0 -0.5108
Ucpl mRNA (Very wide) -2.035 to -0.5269
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Fig. 3 Differentiated T37i brown adipocytes were incubated with increasing volume percent of DMSO and PCH in culture medium. After 8 h, cell viability was
measured by Presto blue staining in relative fluorescence units (a). Dose-response curves for salsalate in PCH and DMSO were derived for 8 h glycerol release (b) and
gene expression analysis for Pgcla (c), Ppara (d), Elovi3 (e) and Ucpl (f). Arrow (a) indicates the solvent dose selected for further experiments (d-f). Results are
presented as mean value + SEM (n=3 for A, n=6 for B-F). Significantly different from the negative control: * P < 0.05; ** P < 0.01; *** P < 0.005

Interestingly, extending the dose-response curves with a 1 mM PCH
solution of salsalate revealed dissociations between individual
genes affected by salsalate. For Pgcla (Fig. 3c) and Ppara mRNA
(Fig. 3d) a substantially higher maximal induction was found, also
indicative of a EC50 that was higher than the one that could have

This journal is © The Royal Society of Chemistry 20xx

been determined with DMSO-based dose-response curves. For
ElovI3 (Fig. 3e) mRNA the induction was at the plateau. The Ucp1
(Fig. 3f) gene expression showed an unexpected inverted U-shape.
Notably, the addition of the 1 mM solution of salsalate point to the

RSC Adv., 2015, 00, 1-3 | 3
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dose-response curve resulted in better calculations of EC50 values
as reflected by the lower EC50 95% confidence intervals (Table 1).

Conclusions

We demonstrated the feasibility and benefits of dissolving salsalate
in PCH rather than DMSO for studies on brown adipocyte activation.
Importantly, the property of PCH to increase the solubility of
salsalate in aqueous environments such as a cell culture medium,
allowed us to treat cells with concentrations that were high enough
to generate full dose-response curves, and this yielded novel
information on the gene expression underlying salsalate-induced
brown adipose tissue activity. The results of this study provide
substantial evidence of the suitability of the biodegradable PCH, for
pre-clinical research. However, the possibility of extending this
NADES application to in vivo use for drug administration requires
further investigation into their physicochemical, pharmacokinetic
and thermodynamic properties
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