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Abstract: Stem cells’ fate during in vitro differentiation is influenced by biophysicochemical cues. Osmotic stress has proved to enhance chondrocyte marker

expression, however its potent negative impacts had never been surveyed. We questioned whether specific osmotic conditions, regarding the osmolyte agent,
could benefit chondrogenesis while dampening undesired concomitant hypertrophy and inflammatory responses. To examine the potential side effects of hyperto-
nicity, we assessed cell proliferation as well as chondrogenic and hypertrophic marker expression of human Adipose Derived-MSC after a two week induction in
chondrogenic media with either NaCl or Sorbitol, as the osmolyte agent to reach a +100 mOsm hypertonic condition. Calcium deposition and TNF-o secretion as
markers associated with hypertrophy and inflammation were then assayed. While both hyperosmotic conditions upregulated chondrogenic markers, sorbitol had a
nearly three times higher chondro-promotive effect and a lesser hypertrophic effect compared to NaCl. Also, a significantly lesser calcium deposition was observed
in sorbitol hypertonic group. NaCl showed an anti-proinflammatory effect while sorbitol had no effect on inflammatory markers. The ossification potential and
cartilage associated pathologic markers were affected differentially by the type of the osmolyte. Thus, a vigilant application of the osmotic agent is inevitable in
order to avoid or reduce undesired hypertrophic and inflammatory phenotype acquisition by MSC during chondrogenic differentiation. Our findings are a step

towards developing a more reliable chondrogenic regimen using external hypertonic cues for MSC chondrogenesis with potential applications in chondral lesions

cell therapy.
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Introduction give a huge amount of cells required for cell transplan-
tation (2), while maintaining their differentiation capa-
Cartilage is a resilient tissue covering the ends of city down the chondrogenic lineage at higher passages
bones to protect them from being rubbed by shearing (3). Thus, adult MSC offer an appealing alternative cell
and compressive forces. Cartilage extracellular matrix source for cartilage repair.
(ECM) is a hydrated matrix surrounding sparse resident Classically, MSC chondrogenesis is performed in
chondrocytes, which is mainly composed of collagen media containing TGF-$, which is normally consid-
type I (Col- II) and proteoglycans (PG) which are ered as best practice media for in vitro chondrogenesis.
essential for biomechanical properties of the tissue. Many studies in the field of cell-based cartilage repair
Owing to the highly sulfated polyanionic glycosamino- are involved with identifying appropriate biological,
glycan (GAG) side chains of PG acting like a sponge to chemical or physical cues to maximally promote chon-
electrostatically attract positively charged cations such drogenesis while avoiding hypertrophy, angiogenesis
as Na’, the osmolarity of cartilage ECM would be typi- and inflammatory responses, all considered as patho-
cally higher than most other tissues, and is in the range logic signs of cartilage degeneration and disease (4,
0f 350-480 mOsm (1). 5). These phenomena should be ideally overcome for
Adult mesenchymal stem cells (MSC) are regarded a successful regenerative cell therapy purpose. Various
a promising autologous cell source for cartilage cell bio-physicochemical stimuli have been checked out to
therapy. They offer numerous advantages over cartilage improve MSC chondrogenesis. Namely, hydrostatic
derived chondrocytes widely being used in ACI (autolo- pressure, electromagnetic fields, dynamic loading and
gous chondrocyte transplantation). Such advantages in- shear stress are well outlined to have synergistic effects
clude offering a one-step surgical procedure which ob- on MSC chondrogenesis (6). The inductive effects of
viates the need for a primary surgery to obtain cartilage hyperosmolarity on phenotype preservation of chon-
tissue as the cell source. Also, MSC can be expanded to drocytes during in vitro expansion as long as enhanced
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adoption of chondrogenic fate by stem/progenitor cells
is outlined in the literature (7). Though, a few contradic-
tory reports are also available (8).

Several reports suggest that hypertonicity could in-
duce inflammation. In fact hyperosmolarity is associa-
ted with certain inflammatory diseases and disorders
(9). Hyperosmolarity can cause inflammation through
the activation of NF- kB which induces pro-inflamma-
tory cytokine responses in some epithelial cells. Accu-
mulation of pro-inflammatory factors such as TNF-a
can induce fibrosis and hypertrophy (10) both conside-
red to contribute to the pathophysiology of the cartilage
(4). As such, it seems necessary to monitor and trace the
possible signaling pathways that might be triggered by
hypertonic stress of which angiogenesis and inflamma-
tory responses have been proved to be affected by while
also being considered as pathologic events in cartilage
physiology.

In vitro and in vivo studies have provided evidence
of hypertonicity effectiveness for cartilage regeneration.
In spite of putative inductive effects, osmotic stress can
be a challenge for the function of normal cells. Parti-
cular attention should be paid in applying external sti-
muli to cells not encountered to such cues in their native
microenvironment, as is the case for MSC. The question
raised is how application of a hyperosmotic condition to
MSC already resided, isolated and expanded in a hypo-
tonic environment, compared to that in native cartilage
environment, would impact their chondrogenic poten-
tial taken into account the induction or suppression of
cartilage associated pathologic attributes such as hyper-
trophy, angiogenesis and inflammatory mechanisms.

So our goal was to clarify if the osmolyte type attri-
buted hyperosmotic stress of the chondrogenic differen-
tiation medium would affect the efficacy of MSC chon-
drogenesis and the concomitant or upcoming pathologic
responses. We used NaCl and sorbitol to increase chon-
drogenic medium osmolarity to 100 mOsm higher than
the control group in order to mimic the cartilage native
environment osmolarity (1). We utilized NaCl, since
Na+ is the most prevalent cation species in the carti-
lage (11) and also as it is the most widely used agent to
induce hypertonicity.

To our knowledge, scientific reports published regar-
ding the effect of hypertonicity on chondrocytes have
only dealt with the chondrogenesis and have neglected
other possible pathways that might get ignited up and
overwhelm the effectiveness of chondrocytes role and
function. It is of high importance to be aware and to
consider undesired pathologic pathways that might be
triggered when developing or applying external cues.
This study was designed aiming to find a more reliable
biophysical stimuli for enhanced in vitro chondrogene-
sis while avoiding undesired effects of inflammation,
vascularization, and ossification.

Materials and Methods

Cell culture and chondrogenic differentiation under
hypertonic stress

Human AD-MSC (adipose derived-MSC) were
obtained from subcutaneous adipose tissue of healthy
volunteers undergoing liposuction surgery, with full
consent. MSC were isolated from the adipose tissue after

vigorous wash in PBS containing gentamicin and strep-
tomycin and digestion with Collagenase 1. Cells were
expanded in low glucose DMEM (Gibco) containing
10% FBS (Gibco) and used until passage 6. Cells were
first assayed for any cytotoxicity attributed to hyperos-
molar conditions. Hypertonic media were prepared by
adding appropriate amount of NaCl or Sorbitol to make
450 mOsm media. The osmolarity of control culture
(DMEM + 10% FBS; 350 mOsm) and the +100 mOsm
hypertonic media (relative to control) were confirmed
using a Vapour Pressure Osmometer (Knauer).

Hyperosmolar chondrogenic media were made by
adding NaCl or Sorbitol to standard chondrogenic me-
dium (TGF-B1 (10 ng/ml, Peproteck), dexamethasone
(10'M), proline (400 pg/ml), pyruvate (1 mg/ml), as-
corbic acid (50 pg/ml) and 1% ITS (Insulin, Transferrin,
Selenium) (all Sigma). Confluent (70-80%) monolayer
cells were treated with standard chondrogenic media
(350 mOsm) serving as control (12)or +100 hyperosmo-
lar chondrogenic media obtained by addition of NaCl
or Sorbitol. All assays were done after two weeks un-
der chondrogenic induction with or without hypertonic
stress.

Proliferation assay

MSC viability was assessed over a week using
MTT assay, a colorimetric method based on the clea-
vage of the yellow tetrazolium salt (3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-tetrazolium bromide) to
purple formazan crystals (13). At specified time points,
cells grown in a 24-well tissue culture plate with nor-
mal or hypertonic expansion media doped with either
NaCl or Sorbitol were incubated with the MTT solution
(0.5 mg/ml) for 4 hours. After this incubation period
the water-insoluble formazan crystals were dissolved in
DMSO and quantitated by obtaining absorbance (570
nm) which directly correlates with cell number.

Gene expression analysis

After a two week incubation in control or +100
mOsm chondrogenic media, total RNA of the cells were
extracted using a RNX-Plus kit (CinnaGen) (13). Re-
verse Transcriptase I (Takara) was used to make cDNA.
Expression of some chondrogenic and hypertrophic
markers, i.e. Sox9, type Il Collagen (Col-II), Aggrecan
and type X Collagen (Col-X), MMP1 and MMP3 were
assessed using SYBR Green Master Mix (Applied Bio-
systems) by quantitative Real-Time PCR using primers
as reported previously (14, 15). The relative expression
of the genes were estimated as the relative ratio of target
gene to b-actin and expressed using AACt in sorbitol to
NaCl cultures.

Calcium content assay

Any possible deposited calcium was extracted from
the monolayer cultures by incubating them overnight in
10% acetic acid at RT. A calcium content assay kit from
Pars-Azmun was used to estimate the deposited calcium
in the cultures, as per manufacturer’s instructions. The
absorbance was read at 570 nm on a micro plate reader.

Evaluation of inflammatory potential
The secretion of TNF-q, as a pro-inflammatory cy-
tokine, was assessed using mini ELISA development

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 3

57



Sorour Ahmadyan et al.

Osmolyte type, hypertonicity and chondrogenesis.

kit (Peprotech). After two weeks of induction in either
control or +100 mOsm hyperosmotic chondrogenic
conditions, culture media were collected and tested
for TNF-a secretion as per manufacturer’s instructions
using the standards provided in the kit. There were at
least three biological replicates and two technical repli-
cates for this assay.

Statistical analysis

Statistical analyses were carried out using one-way
analysis of variance (ANOVA) and the differences were
regarded as significant if P value was less than 0.05.
The presented data are mean + standard deviation. All
samples were run in triplicate and the experiments were
repeated two times.

Results

Proliferation pattern under hyperosmotic condition

We first performed MTT assay to determine whether
stem cells would get affected by the osmolyte type used
to produce the +100 hyperosmolar condition. Phenoty-
pically, cells were looking similar in control and hyper-
tonic conditions over a one week period. As dedicated
by the growth profile of cells (Figure 1), MSC facing
hypertonic conditions had a delayed growth in the first
4 days, when compared with control samples having
expansion media. After adaptation to hypertonic condi-
tions, the cells started to increase in number with a simi-
lar rate as that with control condition. This lag phase
was similar in both NaCl and Sorbitol groups and seems
rationale as cells were already expanded in normal toni-
city (350 mOsm) conditions and needed time to adapt to
hypertonic conditions. This 4 day adaptation phase was
observed for cultures grown with hypertonic “expan-
sion” media. No significant difference was observed for
cells cultured under hypertonic “chondrogenic” media
with typical chondrogenic “control” group (data not
shown).

Gene expression

Regarding the expression level of major chondroge-
nic and hypertrophic genes no identical response was
observed between the two treated groups. Although both
hyperosmolar conditions induced chondrogenic mar-
kers and suppressed Col-X as a hypertrophic marker,
the level of impact was different between the two trea-
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Figure 1. Effect of hypertonic conditions on cell proliferation in
expansion media. There was no significant difference between

NaCl and Sorbitol groups. Values are triplicate mean + SD.
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Figure 2. Chondrogenic and hypertrophic marker expression after

two weeks of normal or hypertonic chondrogenic culture. Gene

expression was calculated using AACt method and presented as

values of Sorbitol or NaCl group relative to control group. Sorbitol

had more chondro-promotive and Col-X suppressive effect than

NaCl. However MMP1 and 3 showed higher expression in Sorbitol

group.

ted groups (Figure 2). We noticed a difference in the am-
plitude of the expression level depending on the nature
of the osmolyte. That is, while both conditions induced
chondrogenic marker expression, sorbitol caused nearly
three times higher expression of Col-II and Sox9 and
1.5 times higher expression of Aggrecan, when compa-
red to salt group. However, exposition to the hyperos-
motic condition also slightly upregulated hypertrophic
markers Col-X and MMP1 and 3. While NaCl had in-
duced Col-X expression 25 percent more than sorbitol,
sorbitol had more inductive effects on MMP1 and 3 ex-
pression. Compared to the control differentiation group,
salt had induced two-fold upregulation in Col-X with no
significant effect on MMP1 and 3, while sorbitol had not
affected Col-X expression but causing more than two
folds upregulation for MMP1 and 3.

Calcium deposition effect

Calcium deposition was investigated via quantifica-
tion of mineralized calcium which is an indicative of
osteogenesis and hypertrophy. Calcium deposition was
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Figure 3. Osteogenic potential of hypertonic stress. The amount of

Ca content (pg)
—

deposited calcium was assayed in cultures after two weeks of in-
duction in chondrogenic medium. While the presence of NaCl had
induced calcium deposition, Sorbitol had significantly decreased
the osteogenic potential up to 60% when compared to NaCl group.
The * implies statistical difference (P<0.05) with control group.
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significantly but slightly higher in +100 mOsm NaCl
group compared to control (Figure 3). Whereas, pres-
ence of sorbitol caused a 30 percent decrease in calcium
deposition in comparison to control group.

Effect of hyperosmolarity on inflammatory responses

We assessed the secretion of pro-inflammatory cy-
tokine, TNF-a, released into the media by cells expo-
sing to hypertonic chondrogenic media. The amount
of TNF-a showed an osmolyte-agent dependent man-
ner. While the hyperosmolar condition obtained by
adding sorbitol had no inductive or suppressive effect
on TNF-a secretion, the presence of salt had caused an
inflammatory-suppressive effect compared to normal
chondrogenic media (Figure 4), which was almost half
of that observed in control group.

Discussion

Although promising, the capability of AD-MSC for
cartilage cell therapy has its own limitations in in vivo
studies. This is in part attributed to AD-MSC having in-
herent angiogenic and hypertrophic potential (16), and
the fact that chondrogenic pathway is usually accompa-
nied or followed by other pathways such as hypertro-
phy, angiogenesis and inflammations that are undesired
when aiming to generate hyaline chondrocytes(17, 18).
Hypertrophic chondrocytes start mineralization which
causes the cartilage to lose its viscoelastic properties
and hydrostatic pressure (4). On the other hand, pro-
duction of pro-inflammatory cytokines in the neo-tissue
could trigger arthritic-like symptoms (19). In order to
optimize in vitro chondrogenesis and obtaining chon-
drocytes with a stable chondrogenic phenotype, various
growth factors, chemical and biophysical approaches
have been tried out(20, 21). The first goal of this study
was to evaluate how the osmolyte dependent attributes
rather than osmolarity, such as ionic strength (a in NaCl)
or inertness (as in sorbitol) would affect chondro-pro-
motive effects of hypertonic stress and secondly whe-
ther the highly acclaimed and highly approved hype-
rosmolarity would bring about undesired side effects
during in vitro chondrogenesis.

By comparing cell propagation under hypertonic and
normal expansion media we observed that AD-MSC
would not prefer hypertonic media and thus cannot pro-
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Figure 4. The secreted TNF-a into the media as estimated by
ELISA and normalized to total protein. Sorbitol had no effect on
TNF secretion, however Salt showed anti-inflammatory effects on
chondrogenically differentiated cells. The * implies significant dif-
ference with control group (P<0.05).

liferate as those cells cultured in normal 350 mOsm ex-
pansion media. However, chondrogenic induction fac-
tors present in chondrogenic media (such as TGF-f) can
help cells better adapt with hypertonic conditions which
then brought about the same growth trend in hypertonic
conditions as that under normal chondrogenic cultures
(data not shown). This seems rationale regarding the
fact that chondrocytes are surrounded by a hypertonic
microenvironment in their natural niche and thus MSC
receiving chondrogenic signals would better adapt with
hypertonic conditions.

By exposing MSC to hyperosmolar chondrogenic
media it seems rationale to see cells acquiring a chon-
drogenic phenotype. However, points usually neglected
or disregarded include side by hypertrophic, angioge-
nic, pathologic and inflammatory pathways that might
be induced by the external bio-physicochemical cue
alongside or following the main chondrogenic pathway.
As such, paying a closer attention to the induction or
inhibition of parallel pathways would benefit us when
exploiting external bio-physicochemical cues to drive
the cells more specifically down a favorable pathway.
We analyzed Col-X expression and calcium deposition
as markers of hypertrophic differentiation. We observed
that compared to hypertonic salt containing media and
typical chondrogenic condition (control), hypertonic
sorbitol containing culture had more chondro-promo-
tive and hypertrophic prohibitive effects.

Like every healthy tissue, in cartilage there exist a
balance between ECM synthesis and degradation. The
upregulated activity of matrix metalloproteinase (MMP)
is considered a pathophysiologic event in osteoarthritis
(22). We observed a significant increase in MMP1 and
MMP3 gene expression in sorbitol treated groups in
comparison to salt group. In fact salt caused no MMP
overexpression compared to the control group but sorbi-
tol caused a four and two fold increase in MMP1 and 3,
respectively. Likewise, in corneal epithelial cells hype-
rosmolarity is shown to enhance MMP expression (23).
We thus concluded that in spite of promotive effects of
hypertonicity on MSC chondrogenesis, other catabolic
pathways might be triggered alongside, and this res-
ponse is osmolyte type dependent. We did also assay
the secretion of VEGF after two weeks in hypertonic
chondrogenic cultures. As we did not observe any signi-
ficant difference between the salt and sorbitol groups we
did not include the data herein. Though notably that in
both hypertonic conditions the amount of VEGF secre-
tion had shown nearly a 40 percent decrease compared
with typical chondrogenic media.

Hyperosmolarity is associated with certain inflam-
matory diseases and disorders (9). The implication of
IL-1 signal transduction pathways under static mecha-
nical compression of articular cartilage(24) and hype-
rosmotic shock obtained by sorbitol addition has been
demonstrated (25). So we questioned whether in MSC
chondrogenesis the hyperosmotic condition invoked to
act as chondro-stimulatory factor would also provoke
inflammatory responses leaving negative consequences
on the usefulness of the differentiated cells for cartilage
cell therapy. The previously published findings have
shown that exposition of cells to hypertonic stress can
result in the expression of pro-inflammatory cytokines
such as IL-1, IL-6 and TNF-a (26). On the other hand
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TGF-B can result in anti-inflammatory effects. In fact
TGF-f has complicated immune-regulatory effects.
TGF-B1 is a potent immune-suppressor. However in an
inflammatory environment it plays a dual pro-inflam-
matory role at first and an immunosuppressive effect at
later stages. As such, cells exposed to hypertonic chon-
drogenic medium face both inflammatory and anti-in-
flammatory inductions from their environment. Regar-
ding the fact that inflammation and the expression of
inflammatory and angiogenic cytokines is associated
with arthritic cartilage and is assumed as a pathologic
marker in the cartilage tissue, we questioned whether
presence of TGF-3 could counteract hypertonicity asso-
ciated inflammatory response or not. We observed that
the type and amplitude of the response correlated with
the type of the agent utilized to increase medium osmo-
larity. That is while hyperosmotic condition obtained
by sorbitol did not exacerbate or improve the pro-in-
flammatory marker expression compared with typical
chondrogenic group, NaCl nearly halved the secretion
of TNF-a. This would suggest that likely the ionic
strength of the medium and the TGF-p had an addi-
tive effect to suppress the pro-inflammatory cytokines.
However, this phenomenon cannot solely be correlated
to the ionic strength of the medium in the salt treated
hypertonic group. Monovalent ions such as Na*, K" and
CI" play critical roles in cellular and extracellular pro-
cesses and it is so likely that physical effects attributed
to charge and partitioning, such as ionic strength, contri-
bute to the differential response of the cells under NaCl
or sorbitol hypertonic stress.

The increased sorbitol pathway activity is seen in
diabetes mellitus (DM) disease which can cause inflam-
mation associated hypertrophy (27). In DM, extra glu-
cose is reduced by aldose reductase to sorbitol and the
resultant increased intracellular sorbitol might damage
cells and cause hypertrophy. Clearly, different pathways
should be involved in cells exposing to high intracellu-
lar sorbitol level in DM disease and stem cells exposed
to extracellular sorbitol in in vitro chondrogenic condi-
tions which unlike DM, can benefit chondrocytes and
cartilage tissue properties. In fact TGF-f with its critical
role in ECM synthesis is upregulated by the AR-media-
ted polyol/sorbitol pathway (27). Cartilage can modify
its GAG content, the sulfation level and the active trans-
port mechanisms, generating a Nab-mediated hyperto-
nic microenvironment around the resident cells. This
highly regulated mechanism basically gives cartilage
its hydrostatic pressure, viscoelastic and load-bearing
properties (28). Just like every living cell, chondrocytes
use mechanisms to regulate their intracellular electro-
lyte and osmolyte concentrations. Hdud et al. outlined
the differential expression of two osmolyte channels
(TRPV4 and BKCa) in equine articular chondrocytes
under different osmolarity situations, i.e. hypo- and hy-
per-osmolarity, compared to endogenous chondrocyte
environment (29). Using sucrose as the osmolyte they
showed the phosphorylation of p38 MAPK by hyperos-
motic stress and outlined its role in protection against
hypertonic stress.

Tonicity enhancer binding protein (TonEBP), also
known as NFAT-5 is a transcription factor that activates
osmo-protective genes serving to protect the cells ex-
posed to the hypertonic microenvironment (9). It plays

several roles in maintaining cellular structure and deve-
lopment. It can also activate expression of pro-inflam-
matory cytokines in some diseases. In IVD, a fibrocar-
tilage tissue between vertebras, TonEBP/NFATS regu-
lates the level of non-ionic osmolytes such as myoino-
sitol and sorbitol, in order to maintain the tissue hyper-
tonic environment. The complex interactions between
the osmotic receptors, channels and transporters and
the various signaling pathway mediators and elements
might contribute to the differential and osmolyte-type
dependent effects observed here. However, since all the
cultures were supplemented with growth factor formu-
lations typically used for chondrogenic cultures, any
observed effects in hyperosmotic environment on cell
fate and differentiation may be the result of combined
osmotic and growth factor effects.

The mechanisms that sense and transduce osmotic
stress are poorly understood. But definitely, different
pathways might take the major role in sensing and reac-
ting to hypertonic stress, when different osmolytes are
involved. Though much more in depth studies are nee-
ded to find the best osmolyte and the optimal osmola-
rity, we aimed to bring to notice the side by responses
that normally does not attract researchers’ attention.

In the present study we aimed to clarify how the
osmotic stress and the osmolyte agent would impact
and modulate chondrogenesis and hypertrophy of MSC.
We questioned if any patho-mechanism is activated by
hypertonic stress in chondrogenic cultures and how
would be affected by the osmolyte agent. We paid spe-
cial attention to undesired hypertrophic and a few of
catabolic and pro-inflammatory markers, in the course
of MSC chondrogenesis under TGF- chondrogenic
medium in combination with +100 mOsm hyperosmo-
larity using either NaCl or Sorbitol. We showed that
while application of hypertonic stress can both enhance
chondrogenesis and suppress hypertrophic and inflam-
matory markers, the type and amplitude of the response
is a function of the osmolyte agent. While sorbitol-de-
pendent hypertonic stress had no inflammatory evoking
effect, salt could even decrease the expression of TNF-a
to about half that in control group. Also, we observed
a sorbitol hypertonicity attributed worsening effect on
MMP expression. Basically we wanted to investigate
whether hypertonic stress can reliably be used as a bio-
physicochemical cue for MSCs in cell-based repair
strategies of chondral lesions. Though there are a lot to
be resolved in details, our results arouse concern about
the neglected undesired pathways normally accompa-
nied or followed by chondrogenesis. The mechanisms
that transduce osmotic stress to the cell as well as the
pathways affected by are not yet fully discovered. Here
we did not surveyed the pathways involved in sensing
and transduction of osmotic stress signal from environ-
ment in to the cells. It is worthy to investigate the signa-
ling pathways involved including the angiogenesis and
inflammatory responses. Our study was a step towards
developing a more reliable hypertonic condition as an
external cue to optimize chondrogenesis while avoiding
undesired effects of inflammation, vascularization, and
ossification.
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