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Abstract
Mesenchymal stem cells are increasingly studied for their use as drug-carrier in addition to their intrinsic potential for regenerative medicine. They could be used to
transport molecules with a poor bioavailability such as curcumin in order to improve
their clinical usage. This natural polyphenol, well-known for its antioxidant and anti-
inflammatory properties, has a poor solubility that limits its clinical potential. For
this purpose, the use of NDS27, a curcumin salt complexed with hydroxypropyl-
beta-cyclodextrin (HPβCD), displaying an increased solubility in aqueous solution,
is preferred. This study aims to evaluate the uptake of NDS27 into skeletal muscle-
derived mesenchymal stem cells (mdMSCs) and the effects of such uptake onto their
mesenchymal properties. It appeared that the uptake of NDS27 into mdMSCs is
concentration-dependent and not time-dependent. The use of a concentration of
7 µmol/L which does not affect the viability and proliferation also allows preservation of their adhesion, invasion and T cell immunomodulatory abilities.
KEYWORDS

curcumin, cyclodextrin, equine MSCs, mdMSC, mesenchymal stem cells, mitochondria, NDS27

Margaux Colin and Lola Dechêne should be considered joint first authors
Didier Serteyn and Véronique Mathieu should be considered joint senior authors

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2021 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.
J Cell Mol Med. 2021;00:1–5.	

wileyonlinelibrary.com/journal/jcmm

|

1

2

|

1 | I NTRO D U C TI O N

COLIN et al.

dissolved, may lead to a new therapeutic tool suitable for clinical
application. Thus, this study aims to evaluate (a) the cellular toxicity

Mesenchymal stem cells (MSCs) are multipotent stem cells impli-

of the NDS27 on MSCs, (b) the uptake and subcellular localization

cated in homeostasis and tissue repair.1 Curcumin, a polyphenol

of NDS27 and (c) the effects of such loading (ie uptake) on mito-

extracted from the roots of Curcuma Longa L., is used to treat no-

chondrial function and mesenchymal properties of skeletal muscle-

tably inflammatory diseases for thousands of years. 2,3 The major

derived MSCs (mdMSCs).

disadvantages of curcumin are its very poor water solubility and
its low systemic bioavailability.3 The present study is therefore focused on a hydroxypropyl-beta-cyclodextrin (HPβCD) complex of
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curcumin lysinate called NDS27, which is about 33 000 times more
soluble in water than synthetic curcumin.4 The association of MSCs

Detailed materials and methods are provided in the Appendix S1

with a complex of curcumin that does not require any solvent to be

section.

F I G U R E 1 Internalization of NDS27 and synthetic curcumin by equine mdMSCs. (A) Average IC50 of synthetic curcumin and NDS27
on equine mdMSC after 24, 48 or 72 h of treatment relative to untreated control. Data are expressed as mean ± SD of five independent
biological replicates. (B) Quantity of curcumin (ng) internalized in one million equine mdMSCs after 2, 4 or 6 h of treatment with NDS27
(7 or 42 µmol/L) or synthetic curcumin (42 µmol/L). Data are expressed as mean of three independent biological replicates ± SD. (C)
Micrographies of mdMSCs from donor 3 after their loading with NDS27 at 7 µmol/L (green fluorescence; Ex: 488 nm; Em: between 502-
576 nm) and staining with MitoTracker probe (red fluorescence; Ex: 561 nm; Em: between 572-636 nm) (magnification ×400). The thin yellow
lines present on the representative micrography is the transect used for the co-location evaluation. (D) Intensities of both green (NDS27) and
red (MitoTracker) fluorescence for each point along the transect traced on the micrography shown in (C), indicating that NDS27 is partially
co-located with MitoTracker and thus, mitochondria. The presented result was obtained on donor 3 and is representative of experiments
conducted on two other donors. (E) Data from 5 different donors (at least 6 images/donor) were quantified to assess the correlation of
co-location between natural fluorescence of NDS27 and MitoTracker probe using Pearson coefficient method. The correlation between
NDS27 and MitoTracker is significantly distinct from the correlation between NDS27 and control condition (consisting in micrography of
MitoTracker probe rotated of 90°) suggesting that the mitochondrial co-location of NDS27 is not random. P <.01 (**)
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F I G U R E 2 Effects of NDS27 on mitochondrial function and mesenchymal stem cells properties. Cells were treated during 2 h with
7 µmol/L of NDS27 or synthetic curcumin, or with 35 µmol/L of HPβCD. (A) Effect of treatments on respiration complexes (I and II) activity.
Data are expressed as Flux Control Ratio ± SD. The experiment was performed on three independent biological replicates. (B) Intracellular
ROS and RNS content in mdMSCs one or 24 h after the loading. Data are expressed as mean ± SD of five biological replicates. Statistical
comparisons between treated conditions and control 1 h after loading are based on Mann-Whitney test according to conventional
thresholds: P <.05 (*). (C) Mitochondrial ROS abundance in mdMSCs 30 min after the loading and 24 h later. Data are expressed as
mean ± SD of five biological replicates. (D) Mitochondrial membrane potential in mdMSCs 1 h after the loading and 24 h later. Data are
expressed as mean ± SD of five biological replicates. (E) Cell adhesion capacity of mdMSCs 1 h after treatments. Data are expressed as mean
of OD at 570 nm ± SD of two independent biological replicates analysed in four technical replicates. (F) Percentage of invasive mdMSCs,
24 h after the treatments. Data are expressed as mean of percentage of invasive cells ± SD of two biological replicates analysed each in five
technical replicates. (G) Percentage of inhibition of T cell proliferation ± SD mediated by NDS27-loaded mdMSCs at different cellular ratios.
The experiment was performed on five biological replicates.
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possibly benefiting from both mdMSCs regenerative therapy and
curcumin effects to treat inflammatory diseases.

This in vitro study was specifically designed to evaluate the impact of

Firstly, we showed that the average concentrations of NDS27 and

NDS27 loading on equine mdMSCs in the aim to develop curcumin-

synthetic curcumin required to inhibit by 50% the cell growth (IC50)

loaded mdMSCs. This new therapeutic association would allow

of mdMSCs are both of approximately 50 µmol/L after 24 hours and

4

|

COLIN et al.

dropped to 27 µmol/L after 48 and 72 hours of treatment (Figure 1A).

of mdMSCs to adhere to fibronectin was not affected by their load-

mdMSCs appeared thus less sensitive to cytotoxic effects of cur-

ing with NDS27 (Figure 2E). For reparative cell therapy, after their

cumin than cancerous cell lines (mean IC50 of 7.85 µmol/L; NCI

adhesion to cartilage, mdMSCs have to invade the injured cartilage

database). Moreover, Wang et al have demonstrated benefits of a

to ensure the structural and functional maintenance.12 The evalua-

pre-treatment of rat bone-marrow MSCs with curcumin (10 µmol/L

tion of the invasive capacity of mdMSCs loaded 2 hours with NDS27

for 24 hours) on their survival from hypoxia/reoxygenation injury

at 7 µmol/L showed that the NDS27 loading does not affect the

which is a phenomenon that can be encountered during their use for

invasiveness of mdMSCs (Figure 2F). Moreover, the expression of

regenerative medicine.5 As shown in Appendix S1, continuous expo-

mesenchymal surface markers (CD29, CD44, CD73 and CD105) and

sure to a 7 µmol/L NDS27 treatment provoked limited morphological

a pluripotency marker (OCT4) 24, 48 and 72 hours after the load-

alterations and only a moderate decreased proliferation of mdMSCs

ing was also not altered by this loading (Figure S3). Finally, the po-

(Figure S1). Because we intend to prime mdMSCs for few hours only

tential of NDS27-treated mdMSCs to inhibit T cell proliferation for

and because videomicroscopy analysis showed limited morpholog-

24 hours was intact whatever the mdMSCs/T cells ratio (Figure 2G).

ical changes of the cells till 24 hours even at high concentration

Importantly, previous studies have nevertheless demonstrated

(Figure S1A), we decided to evaluate the internalization of NDS27

cytoprotective effects of curcumin pre-treatment (10 µmol/L for

in mdMSCs at two working concentrations: a low concentration that

24 hours) on rat bone-marrow-and adipose tissue-MSCs against ox-

appeared non-toxic, ie 7 µmol/L, and a concentration of 42 µmol/L

idative stress induced by H2O2 exposure thanks to its antioxidant

which is close to the average 24 hours IC50. Quantities of curcumin

properties.13,14 Although the effects of NDS27 observed in the pres-

internalized by the cells are concentration-dependent: approxi-

ent work are similar to those of synthetic curcumin, NDS27 displays

mately 2% of the initial dose put in presence of cells is internalized

a real advantage as it is water-soluble compared to curcumin that

whatever the duration of exposure duration or the form of curcumin

needs to be dissolved in DMSO.

(ie NDS27 or synthetic curcumin) (Figure 1B). Similarly, Moustapha

In conclusion, we found that curcumin loading of mdMSCs is

et al who quantified the uptake of curcumin in a human liver cell line

concentration-dependent and that a short priming of only 2 hours

demonstrated that the internalization of curcumin is indeed already

at 7 µmol/L of NDS27 as well as curcumin itself does not alter their

maximal after 5 minutes.6 The assessment of the viability and pro-

mitochondrial function and allows keeping their mesenchymal prop-

liferation capacities of pre-loaded mdMSCs revealed that a loading

erties. Altogether, those data illustrate the safety of NSD27 as a

of 2 hours with 7 µmol/L of NDS27 does not affect these properties

curcumin loading agent and allow us to consider the immediate per-

(Table S3). Therefore, we selected this priming condition for further

spectives that include evaluation of the anti-inflammatory, antioxi-

investigations. We took advantage of the intrinsic fluorescence of

dant and immunomodulatory properties of NDS27-loaded mdMSCs

curcumin to observe its subcellular localization under these experi-

in osteoarthritis models.

mental conditions. A cytosolic punctuate pattern suggested a mitochondrial localization, which was confirmed by observing the partial

AC K N OW L E D G E M E N T S

colocalization of curcumin with MitoTracker, a mitochondria-specific
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