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Human orbital adipose tissue-derived mesenchymal stem cells
possess neuroectodermal differentiation and repair ability

Darilang Mawrie1
& Kasturi Bhattacharjee2

& Amit Sharma1 & Renu Sharma1 & Jina Bhattacharyya3 &

Harsha Bhattacharjee2
& Nilutparna Deori2 & Atul Kumar1 & Bithiah Grace Jaganathan1

Received: 3 November 2018 /Accepted: 8 July 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Mesenchymal stem cells (MSCs) are used extensively in cell therapy for repair and regeneration of several organs and tissues.
Cell therapy is a valuable option to treat neurodegenerative diseases and MSCs have been shown to improve neuronal function
through direct differentiation or secretion of neurotrophic factors. In the present study, we isolated and characterized stem cells
from medial and central orbital adipose tissue and found that they could be grown in a monolayer culture. The orbital adipose
tissue-derived cells were identical to bone marrow-derived MSCs in their cell surface marker expression, gene expression and
multilineage differentiation abilities. The orbital adipose-derivedMSCs (OAMSCs) express several neurotrophic factors, possess
neuroectodermal differentiation ability and secreted factors fromOAMSCs abrogated neuronal cell damage induced by oxidative
stress. Thus, OAMSCs might be a valuable cell source for treatment of neurological diseases and to reverse oxidative damage in
the neuronal cells.
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Introduction

Mesenchymal stem cells (MSCs) are used for several therapeu-
tic applications to repair and regenerate damaged tissues espe-
cially in several cases of neuronal damage. Due to their exten-
sive migration ability to the site of injury (Walker et al. 2009),
secretion of neurotrophic factors that promote the survival and
regeneration of neuronal cells (Teixeira et al. 2013), MSCs are

considered as good therapeutic agents for neuronal repair.
Although the resident neural stem cells of the brain promote
regeneration, neural stem cells are also subjected to pathologi-
cal conditions (Li et al. 2008) that affect the neuronal function.
In addition, there are conflicting reports on the role of resident
brain perivascular-derived MSCs in their neuronal differentia-
tion potential (Lojewski et al. 2015; Paul et al. 2012), which
necessitates exogenous administration of stem cells with
neuroregenerative potential for efficient neuronal repair.

MSCs generally originate from the mesoderm but the neu-
ral crest portions of the head, the facial jaws and associated
connective tissues like those of the ocular tissue also give rise
to MSCs (Billon et al. 2007; Branch et al. 2012). Adipose
tissue found in all parts of the human adult are derived from
the mesoderm but the orbital adipose system contains cells
that are derived from the ectoderm, essentially the neural crest
but not the mesoderm (Johnston et al. 1979) and thus might
have high differentiation ability into neuroectodermal lineage
cells. Adipose tissue-derived MSCs have high proliferation
capacity and studies have reported that the proliferation ca-
pacity of these cells did not decline with the age of the patient,
which makes it a superior alternative to bone marrow-derived
MSCs (Beane et al. 2014; Zuk et al. 2001). Subcutaneous
adipose tissue including orbital adipose tissue was found to
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yield MSCs with mesodermal and neuroectodermal differen-
tiation ability (Chen et al. 2014; Frese et al. 2016; Korn et al.
2009) and has also been used in clinical medicine. Some of the
advantages of utilizing ocular adipose tissue as a source of
MSCs are the high success rate of isolation of MSCs com-
pared to umbilical cord blood (Kern et al. 2006) and there are
no ethical issues in utilizing the sample for MSCs isolation
since the tissue after blepharoplasty is usually discarded.
Unlike subcutaneous adipose tissue, MSCs can be isolated
from ocular adipose tissue without enzymatic digestion.
OAMSCs also express severa l neurotrophic and
neuroregenerative factors that might help in neuronal repair
and regeneration. In the current study, we show that MSCs
isolated from ocular adipose tissue have gene expression and a
cell surface marker profile similar to those of bone marrow-

derived MSCs (BMMSCs) and show mesodermal,
neuroectodermal differentiation abilities and neuroprotective
effect through secretion of neurotrophic factors.

Fig. 1 Cell surface marker expression in a–a′′′′ OAMSCc and b–b′′′′
OAMSCm. Immunocytochemical staining for cell surface receptors a, b
CD44, a′, b′ CD73, a′′, b′′ CD90, a′′′, b′′′ CD140a and a′′′′, b′′′′
SSEA4. Representative microscopic images are shown. c Heat map
showing percentage positive (%+ve) expression of cell surface markers
in OAMSCs compared to BMMSCs as analyzed by flow cytometry.

Average expression value is shown. n = 5–9 for BMMSCs and n = 9–12
for OAMSCs. d, e Representative flow cytometry histograms showing
the expression of cell surface markers d CD29, CD34, CD44, CD49B,
CD49D, CD49E, CD73; e CD81, CD90, CD105, CD140A, CD146,
CD253 and CD325. Gray line represents the isotype control and the
black line represents the stained sample

�Fig. 2 Expression analysis of self-renewal, mesenchymal, cell cycle and
adhesion-related genes in BMMSCs, OAMSCc and OAMSCm. a–d
Heatmaps and a′–d′) mRNA expression of different gene sets. Total
RNAwas extracted from OAMSCc and OAMSCm samples and reverse
transcribed into cDNA. mRNA expression levels of indicated genes were
analyzed by real-time PCR. Values were normalized to GAPDH expres-
sion levels in the respective samples. Values represented in the graphs are
mean ± SE, n = 6–10 independent samples for OAMSCs and n = 4 inde-
pendent samples for BMMSCs, each sample was analyzed in duplicates.
*p < 0.05, **p < 0.005. In the heatmap, BM(1–3) represents BMMSCs
samples (n = 3 independent samples) and S(1–6)-C represents OAMSCc
and S(1–6)-M represents OAMSCm (n = 6 independent samples each)
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Materials and methods

Chemicals and reagents

Dulbecco’s modified eagle’s medium (DMEM), Hank’s bal-
anced salt solution (HBSS), fibronectin, Oil red O, alizarin red
S, Safranin O, forskolin and 3-isobutyl-1-methylxanthine, 2-
mercaptoethanol, dexamethasone, indomethacin, insulin, β-
glycerophosphate and ascorbic acid were purchased from
Sigma-Aldrich (Darmstadt, Germany). Tissue culture plates
and flasks were from Eppendorf (Hamburg, Germany) and
glass bottom dishes for imaging (μ-dish) were from ibidi
(Germany). Anti-SSEA4 antibody (clone MC-813-70) was
from Chemicon. Fluorescent-conjugated anti-human antibod-
ies for flow cytometry and purified antibodies for immunocy-
tochemistry for CD44 (clone G44-26), CD73 (clone AD2),
CD90 (clone 5E10) and CD140a (clone αR1) were from
BD biosciences (USA). Anti-Oct4 antibody was from Santa
Cruz (Dallas, USA). Anti-human antibodies against CD34
(Clone 581) and tubulin β–III (clone AA10), fetal bovine
serum (FBS), recombinant human brain-derived neurotrophic
factor (BDNF), recombinant human fibroblast growth factor 2
(FGF2), B27, chondrogenic differentiation media, neurobasal
media and neuronal supplements were purchased from
Thermofisher Scientific (USA).

Samples

Adipose tissue was retrieved from 30 eyelids of 15 pa-
tients who underwent routine upper eyelid blepharoplasty
either for correction of dermatochalasis or an esthetic in-
dication. Orbital fat that was discarded during the routine
blepharoplasty procedure was utilized for this study after
informed consent. The surgical technique involved exci-
sion of a measured amount of upper lid skin, orbicularis
muscle and post septal orbital fat pads after fashioning the
skin incision. The post septal preaponeurotic orbital fat
was excised by making small incisions over the orbital
septum to provide direct access to orbital fat pads.
These layers of orbital fat, yellow-colored central fat pad
and the white medial fat pad were teased out gently
through the small openings of the orbital septum. The
orbital fat excision was performed very carefully with
sharp scissors to prevent any damage to the adipose cells.
This was followed by skin closure with a 6O polypropyl-
ene suture. Details of the samples used for the study are
given in Electronic Supplementary Material, Table S1.
Both medial and central adipose tissues were collected
separately in cold HBSS, transported on ice to the lab
and processed on the same day. Tissues were mechanical-
ly dissociated, treated with or without collagenase and
plated in DMEM containing 10% fetal bovine serum
(FBS). Colonies of spindle-shaped adherent cells were

obtained 1–2 weeks after plating and they were passaged
regularly before reaching 90% confluence. Cells at pas-
sage 3–5 were used for the experiments.

Flow cytometric analysis

The expression of cell surface markers in both central
(OAMSCc) and medial (OAMSCm) orbital adipose tissue-
derived MSCs was analyzed by flow cytometry. The cells
were trypsinized and stained with indicated fluorescent-
conjugated antibodies and analyzed with the flow cytometer
(BD FACS calibur). Propidium iodide (Sigma) was added for
live/dead separation.

Gene expression analysis

Gene expression analysis was performed by real-time
PCR as described previously (Somaiah et al. 2018).
Briefly, total RNA was extracted using TriZol reagent
(Thermo Fisher Scientific). RNA was reverse transcribed
using a high capacity cDNA synthesis kit (Thermo
Fisher Scientific) and Oligo dT primers. Expression
levels of indicated genes were analyzed by real-time
PCR using Power SyBr Green reagents (Thermo Fisher
Scientific). Each sample was analyzed in duplicate. The
expression levels of each gene were normalized to their
respective GAPDH (glyceraldehyde 3-phosphate dehy-
drogenase) expression levels. The fold change in the
expression levels of each gene compared to the respec-
tive control was calculated using the ΔΔCt method.

Mesodermal differentiation

OAMSCc and OAMSCm were differentiated into
adipogenic, osteogenic and chondrogenic cell types ac-
cording to the standard protocols. The cells were differ-
entiated into adipocytes and osteoblasts with respective
differentiation media as reported earlier (Somaiah et al.
2015). Briefly, the cells were cultured in media supple-
mented with dexamethasone, isobutyl methyl xanthine,
indomethacin and insulin for adipogenic differentiation
and dexamethasone, β-glycerophosphate and ascorbic

�Fig. 3 Expression analysis of Notch, BMP signaling and secreted
factor-related genes in BMMSCs, OAMSCc and OAMSCm. a–d
Heatmaps and a′–d′ mRNA expression profiles of different gene
sets analyzed by real-time PCR. Values were normalized to
GAPDH expression levels in the respective samples. Values repre-
sented in the graphs are mean ± SE, n = 6–10 independent samples
for OAMSCs and n = 4 independent samples for BMMSCs, each
sample was analyzed in duplicates. *p < 0.05, **p < 0.005. In the
heatmap, BM(1–3) represents BMMSC samples (n = 3 independent
samples) and S(1–6)-C represents OAMSCc and S(1–6)-M repre-
sents OAMSCm (n = 6 independent samples each)
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acid for osteogenic differentiation. Osteogenic differen-
tiation was detected by staining with alizarin red S and
adipogenic differentiation was analyzed by oil red O
staining. Osteogenic and adipogenic differentiation was
also confirmed by analyzing the expression of genes
OCN (o s t eo c a l c i n ) and PPARG (pe rox i s ome
proliferator-activated receptor gamma), respectively.

Chondrogenic differentiation was performed as reported
earlier (Mawrie et al. 2016). Micromass cultures were gener-
ated in a multi-well tissue culture plate according to the man-
ufacturer’s instructions (Thermo Fisher scientific). Media was
changed every 3 days and differentiation into chondrogenic
cells was analyzed with Safranin O staining and detecting
SOX9 expression after 21 days.

Neuroectodermal differentiation

Neuroectodermal differentiation was performed as per the ear-
lier reported method (Mawrie et al. 2016). The cells were first
pre-induced for 24 h in media containing 2% FBS, FGF2,
B27, Forskolin, 3-isobutyl-1-methylxanthine (IBMX) and 2-
mercaptoethanol (2-ME). The pre-induction media was re-
placed with neuronal differentiation media containing 2%
FBS, FGF2, insulin-transferrin-selenium supplements, B27,
Forskolin, IBMX, BDNF, 2-ME and all-trans retinoic acid
for 35 days and media change was done every 2 days.

Immunocytochemical staining

For immunocytochemical staining, the cells were fixed with
paraformaldehyde (4%), permeabilized with triton X-100
(0.05%) washed and stained with the indicated antibodies.
The cells were incubated with primary antibody at 4 °C over-
night and stained with fluorescently conjugated secondary an-
tibody for 1–2 h at room temperature. 4′,6-Diamidino-2-
phenylindole, dihydrochloride (DAPI) was used to stain the
nucleus and the cells were documented microscopically (Axio
Observer Z1, Zeiss).

Collection of conditioned media

Cells were grown to confluence and replaced with serum-free
media for 6 h. The media was collected, filtered, and used
immediately or stored at − 80 °C for later use. Whenever re-
quired, the necessary supplements and serum were added to
the conditioned media prior to use.

H2O2 treatment of neuronal cells

To induce oxidative damage, the neuronal cells were treated
with H2O2 (100μM) for 24 h in serum-free media. The treated
cells were cultured further in neuronal or conditioned media
and collected for gene expression analysis.

Data analysis

Flow cytometric data were analyzed using FlowJo software
(FlowJo, LLC). Student’s t test was used to compare the difference
between control and treated samples. Variation in gene expression
between the different samples was determined by Mann-Whitney
non-parametric variables test using SPSS software.

Results

Expression of mesenchymal stem cell markers
in OAMSCs

OAMSCs isolated from central (OAMSCc) and medial
(OAMSCm) orbital adipose tissue were analyzed for the ex-
pression of mesenchymal stem cell markers. We found that
both OAMSCc and OAMSCmwere adherent, spindle-shaped
cells and have proliferation capacity similar to that of
BMMSCs (Electronic Supplementary Material, Fig. S1).
Both OAMSCc and OAMSCm expressed cell surface
markers CD73, CD81, CD90, CD105 and CD253 similar to
that observed in BMMSCs (Fig. 1a–e) as well as several ad-
hesion molecules, integrins CD29, CD44, CD49B, CD49D,
CD49E and CD325 (Fig. 1a–e). OAMSCs have cell surface
expression of CD34, as also reported by others (Chen
et al. 2014; Korn et al. 2009) but unlike BMMSCs,
OAMSCs did not express CD120a and CD146 (Fig.
1c, d). Both OAMSCc and OAMSCm showed a low
cell surface expression of SSEA4 as identified by im-
munocytochemical staining (Fig. 1a′′′′, b′′′′).

We next analyzed the gene expression profile of OAMSCc
and OAMSCm and compared with BMMSCs. The transcrip-
tion factors that confer self-renewal ability such as OCT4,
NANOG and SOX2 were expressed in both BMMSCs and
OAMSCs; however, OAMSCs have significantly higher ex-
pression of NANOG and SOX2 compared to BMMSCs
(Fig. 2a, a′). Transcripts of mesenchymal gene VIM

�Fig. 4 Mesodermal differentiation of OAMSCs. OAMSCc and
OAMSCm were induced to differentiate into a, a′, b, c osteoblasts and
d, d′, e, f adipocytes by addition of respective differentiation media. a, a′
Osteogenic differentiation of aOAMSCc and a′ OAMSCmwas detected
by staining with alizarin red (AZR) and b quantified by measuring the
absorbance at 562 nm. c OCN transcript levels in OAMSCc and
OAMSCm differentiated into osteoblasts (OS) or respective undifferenti-
ated control cells (CON) were determined by real-time PCR. d, d′
Adipogenic differentiation of dOAMSCc and d′OAMSCmwas detected
by staining with oil-red O (ORO) and (e) quantified by measuring the
absorbance at 500 nm. f PPARG transcript levels in OAMSCc and
OAMSCm differentiated into adipocytes (AD) or respective undifferen-
tiated control cells (CON) were determined by real-time PCR.
Representative microscopic images are shown. Values are mean ± SE,
n = 3–4 independent samples, each sample had 3–4 technical replicates.
*p < 0.05, **p < 0.005
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(Vimentin) were significantly higher in OAMSCs but not
SNAI1 (Snail Family Transcriptional Repressor 1) (Fig. 2b, b
′) as compared to BMMSCs. Pertaining to its tissue of origin,
BMMSCs showed a significantly high basal level of OCN
whereas OAMSCs had high PPARG transcript levels (Fig.
2b, b′). Proliferation and cell cycle-related genes had similar
transcript levels in BMMSCs and OAMSCs except PCNA
(proliferating cell nuclear antigen), which was significantly
higher in both OAMSCc and OAMSCm compared to
BMMSCs (Fig. 2c, c′). Also, OAMSCm had significantly
high expression of CCND1 (cyclin D1) compared to
OAMSCc (Fig. 2c, c′). Cell adhesion genes were differentially
expressed between BMMSCs and OAMSCs except ITGA1
(integrin subunit alpha 1) and chemokine receptor CXCR4
(C-X-C motif chemokine receptor 4) that showed similar ex-
pression levels. CDH2 (cadherin 2) and VCAM1 (vascular cell
adhesion molecule 1) expression was significantly higher in
BMMSCs whereas transcript levels of ITGA6 (integrin sub-
unit alpha 6) and CD44were significantly higher in OAMSCs
compared to BMMSCs (Fig. 2d, d′). However, there was no
significant difference in expression level of these genes be-
tween OAMSCc and OAMSCm (Fig. 2d, d′).

Among the different genes that represent signaling
pathways, genes related to Notch signaling pathway
NOTCH1, NOTCH2, NOTCH3 and DLL1 (Delta like ca-
nonical Notch ligand 1) had similar expression in
BMMSCs and OAMSCs (Fig. 3a, a′). The tissue inhibitor
of metalloproteinases TIMP2 and TIMP4 had significantly
high expression in OAMSCs compared to BMMSCs (Fig.
3b, b′). FZD2 (frizzled class receptor 2) was significantly
high in BMMSCs whereas OAMSCm had significantly
high expression of LEF1 (lymphoid enhancer binding fac-
tor 1) (Fig. 3c, c′). OAMSCs had significantly high tran-
script levels of BMP (bone morphogenetic protein) signal-
ing genes BMP4, ID1 and similar BMP2 levels compared
to BMMSCs (Fig. 3c, c′). BMP4 and BMP6 transcript
levels were significantly high in OAMSCm compared to
OAMSCc (Fig. 3c, c′). We further analyzed the transcript
leve ls of secre ted fac tors tha t are involved in
neuroregeneration and neuroprotection. Expressions of
FGF2, IGF1, BDNF and IL6 (interleukin 6) were compa-
rable between BMMSCs and OAMSCs whereas APOE
and CTGF were expressed significantly high in
BMMSCs compared to OAMSCs (Fig. 3d, d′).

Mesodermal and neuroectodermal differentiation
of OAMSCs

When cultured under mesodermal differentiation conditions,
OAMSCs differentiated into adipogenic, osteogenic (Fig. 4)
and chondrogenic lineage cells (Electronic Supplementary
Material, Fig. S2). Both central and medial tissue-derived
OAMSCs stained positive for alizarin red (AZR) after

osteogenic differentiation (Fig. 4a, a′, b) and the differentiated
cells expressed significantly high levels of osteogenic gene
OCN (Fig. 4c). The expression ofOCNwas significantly high
in OAMSCm compared to OAMSCc, which also correlated
with the respective AZR levels (Fig. 4b, c). OAMSCc and
OAMSCm differentiated into adipocytes with distinct oil
droplet formation (Fig. 4d, d′, e) and expressed significantly
high levels of adipogenic specific gene PPARG (Fig. 4f).
Although, not significant, OAMSCc showed higher levels of
PPARG expression compared to OAMSCm.

When grown in normal growth media, the transcript level
of NEUROD1 was similar in OAMSCc and OAMSCm but
NESTIN and TUBBIII were expressed significantly high in
OAMSCm compared to OAMSCc (Fig. 5a). Under
neuroectodermal differentiation conditions, both OAMSCc
and OAMSCm readily differentiated into cells of
neuroectodermal-like cells, as identified by significantly in-
creased expression of NEUROD1 and TUBBIII (β-III
tubulin) in differentiated cells (Fig. 5b). The differentiation
of OAMSCs into neuroectodermal lineage cells was further
confirmed by determining the expression of NGFR (nerve
growth factor receptor) (Fig. 5c, c′), NESTIN (Fig. 5d, d′)
and TUBBIII (Fig. 5e, e′) by immunocytochemical staining
in the differentiated cells.

Neuroprotective effect of OAMSCs

Previous studies have reported that the neuroregenerative effect
of MSCs was mainly due to the paracrine factors secreted by
MSCs rather than differentiation into neuroectodermal cells
in vivo (Deng et al. 2006; Drago et al. 2013; Maltman et al.
2011; Paul and Anisimov 2013). To investigate the neuropro-
tective effects of OAMSCs, conditioned media (CM) from
OAMSCs (both OAMSCc and OAMSCm) was collected and
added to neuroectodermal lineage cells that were treated with
H2O2. We found TUBBIII expression in both central and me-
dial OAMSCs cultured with neuronal media (Fig. 6a, a′) or CM
(Fig. 6b, b′) after treatment with H2O2. However, cells treated
with CM from both OAMSCc and OAMSCm showed high
levels ofNEUROD1 andNESTIN expression compared to cells
cultured in neuronal media after H2O2 treatment (Fig. 6c).
H2O2-treated neuronal cells had significantly upregulated

�Fig. 5 Neuroectodermal differentiation of OAMSCc andOAMSCm. a, b
Real-time PCR analysis of neuronal specific genes in OAMSCc and
OAMSCm cultured in a growth media and b neuronal differentiation
media. Expression levels of the neuronal genes were normalized to those
in cells cultured in growth media. Dotted line represents the expression
level in the control cells cultured in growth media. Values are mean ± SE,
n = 3–4 independent samples, *p < 0.05, **p < 0.005, ***p < 0.0005.
Immunofluorescence analysis of c, d, e OAMSCc and c′, d′, e′
OAMSCm differentiated into neuroectodermal cells showing expression
of c, c′ NGFR, d, d′ NESTIN and e, e′ TUBBIII. Representative micro-
scopic images are shown. Each sample had 3–4 technical replicates
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expression of antioxidant gene CAT (Catalase) but treatment
with OAMSC-derived CM significantly downregulated the

expression of antioxidant genes CAT and MnSOD
(Manganese superoxide dismutase) (Fig. 6d). Since Bax/Bcl-2
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ratio can determine the survival or apoptosis status of cells
(Drobny and Kurca 2000), we determined the expression levels
of pro-apoptotic gene BAX and anti-apoptotic gene BCL2L1 in
CM-treated cells. When treated with CM derived from
OAMSCs, the neuronal cells showed significantly decreased
expression of BAX but significantly increased expression of
BCL2L1 compared to cells cultured in neuronal media (Fig.
6e), thus suggesting a neuroprotective effect.

Discussion

Here, we report a detailed characterization of OAMSCs de-
rived from both central and medial fat pad of the orbital tissue.
Central and medial adipose tissue-derived MSCs were similar
to BMMSCs in their growth properties, morphology and ex-
pression of several mesenchymal stem cell markers. Earlier,
two groups reported isolation of multipotent stem cells from

Fig. 6 Neuroprotective effect of OAMSCc and OAMSCm derived
conditioned media. Neuroectodermal differentiated OAMSCc and
OAMSCm were treated with H2O2 (100 μM) for 24 h and cultured in
conditioned media (CM) collected from OAMSCs or neuronal differen-
tiation media for a further 3 days. a–b′ Immunofluorescence analysis of
TUBBIII expression in a control OAMSCc, a′ control OAMSCm and b
CM-treated OAMSCc, b′ CM-treated OAMSCm neuroectodermal cells
after H2O2 treatment. Representative microscopic images are shown. c
Real-time PCR analysis of neuroectodermal lineage cells cultured in

neuronal media (CON) or conditioned media (CM-tr) collected from
OAMSCc or OAMSCm for the expression of neuronal specific genes
NEUROD1 and NESTIN. d Expression of CAT and MnSOD genes in
untreated neuroectodermal cells (CON), cells treated with H2O2, cultured
in neuronal media (H2O2) or conditioned media from OAMSC after
treatment with H2O2 (H2O2 + CM). e Expression of apoptosis-related
genes BAX, BCL2L1 in control (CON) and conditioned media (CM-tr)
treated neuroectodermal cells. Values are mean ± SE, n = 3–4 samples,
each analyzed in duplicates. *p < 0.05
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orbital adipose tissue (Chen et al. 2014; Korn et al. 2009).
Korn et al. reported that orbital adipose-derived stem cells
expressed CD90 and CD105 (Korn et al. 2009), which are
characteristic mesenchymal stem cell markers as seen also in
our study. CD34, which was generally not expressed in
BMMSCs, was expressed in OAMSCs and similar results
have been reported by others in MSCs derived from other
tissues (Togarrati et al. 2017) and orbital adipose tissue
(Chen et al. 2014; Korn et al. 2009). We also found that
CD146, which is generally expressed in BMMSCs, was not
expressed by OAMSCs. Gene expression analysis showed an
extensive similarity between the BMMSCs and OAMSCs.
The important differences were in the expression levels of
NANOG and SOX2, which were significantly high in
OAMSCs. As BMMSCs are bone marrow derived that differ-
entiate mainly into bone cells in vivo, they showed high basal
levels of OCN compared to OAMSCs, whereas the adipose-
derived OAMSCs had high levels of adipogenic specific gene
PPARG. OAMSCs have trilineage mesodermal differentiation
ability (Chen et al. 2014), where both central and medial
OAMSCs differentiated efficiently into adipogenic, osteogen-
ic and chondrogenic cells. Interestingly, the basal expression
of OCN and PPARG, the osteogenic and adipogenic genes
respectively, were similar in central and medial OAMSCs;
however, osteogenic differentiation ability was significantly
higher in OAMSCm compared to OAMSCc. Although we
found OCT4, NANOG, SOX2 transcripts in OAMSCs, we
did not find expression of OCT4 protein (Electronic
Supplementary Material, Fig. S3) as reported by Chen et al.
(2014). A point to note here is that Chen et al. reported cyto-
plasmic as well as low nuclear OCT4 expression in OAMSCs;
however, OCT4 being a transcription factor has nuclear but
not cytoplasmic localization in pluripotent stem cells (Hu et al.
2010).

Considering that cell therapy is one of the most potential
options for neuronal repair after neuronal injury in brain or
spinal cord (Irion et al. 2017), we tested our cells for their
neuronal differentiation ability. Both OAMSCc and
OAMSCm could differentiate into neuroectodermal cells.
Although OAMSCm had significantly higher expression of
NESTIN and TUBBII compared to OAMSCc before the in-
duction of neuroectodermal differentiation, the differentiation
of either cell types into neuroectodermal lineage was similar.
Nevertheless, studies have shown that only a few MSCs
transdifferentiated into neuronal cells in vivo after transplan-
tation and neuronal regeneration after MSC injection might
mainly be due to secreted factors (Hermann et al. 2010;
Maisel et al. 2010). Montzka et al. reported that secretion of
neurotrophic factors BDNF, NGF, VEGF, FGF2 by undiffer-
entiated MSC reduced the damage to neurons by neuroprotec-
tion, neurogenesis and scar inhibition when transplanted into
injured host tissue (Montzka et al. 2009).We found expression
of neurotrophic factors BDNF, GDNF and FGF2 (Cova et al.

2010) and neuroprotective factors APOE (Polazzi et al. 2015),
IL6 (Jung et al. 2011) and VEGFA (Sun et al. 2003) in both
OAMSCc and OAMSCm. These secreted neurotrophic fac-
tors were reported to produce a neurogenic effect on resident
neural stem cells during damage (Maltman et al. 2011;
Teixeira et al. 2013; Uccelli et al. 2011). Neuronal damage is
also caused by oxidative stress during inflammatory brain
diseases (Gilgun-Sherki et al. 2004; Smith et al. 1999) and
we found that the secreted factors from OAMSCs such as
BDNF, GDNF, FGF2, IL6, etc. could help in the recovery of
neuronal cells after exposure to oxidative stress (Lanza et al.
2009), by reversing the oxidative damage. The neuroprotec-
tive effect of OAMSC-derived CMmight also be due to mod-
ulation of pro-apoptotic BAX and anti-apoptotic BCL2L1 ex-
pression after oxidative damage (Wang et al. 2016).

Thus, our results show that orbital adipose-derived mesen-
chymal stem cells could be utilized for treatment of neuronal
damage as they possess neuroectodermal differentiation abil-
ity, neuroprotective effect, abrogates neuronal damage caused
by oxidative stress and might activate the endogenous repair
mechanism.
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