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The therapeutic effectiveness of stem cells after transplantation is hampered by the hypoxic milieu of
chronic wounds. Prior research has established antioxidant priming as a thorough plan to improve stem
cell performance. The purpose of this study was to ascertain how caffeic acid (CA) priming affected the
ability of human adipose-derived stem cells (hASCs) to function under hypoxic stress. In order to study
the cytoprotective properties of CA, hASCs were primed with CA in CoCl2 hypoxic conditions. Microscopy
was used to assess cell morphology, while XTT, Trypan Blue, X-gal, LDH, Live Dead, scratch wound
healing, and ROS assays were used to analyze viability, senescence, cell death, proliferation, and reactive
oxygen species prevalence in the cells. According to our findings, CA priming enhances hASCs' ability to
survive and regenerate in a hypoxic microenvironment more effectively than untreated hASCs. Our in-
vitro research suggested that pre-treatment with CA of hASCs could be a unique way to enhance their
therapeutic efficacy and ability to survive in hypoxic microenvironments.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Wounds caused by different types of physical (traumatic,
accidental, or surgical), chemical (acidic burns), and biological
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ative Medicine. Production and ho
injuries (fungal, pathogenic) result in loss of function and
integrity [1,2]. During wound repair, different factors are auton-
omously up-regulated or down-regulated in the body which ul-
timately helps in wound healing by involving the synchronized
contribution of numerous types of cells including fibroblasts,
keratinocytes, macrophages, platelets, and endothelial cells [3].
During the repairing process, reactive oxygen species (ROS) are
generated at the wound site by pro-inflammatory cells for de-
fense against invading bacteria. Elevated oxidative stress due to
ROS is another fundamental reason behind impaired wound
healing [4]. These ROS damage the endothelial cells through
oxidative stress (OS) and affect the process of angiogenesis, the
ROS also disturb cytokines secretion ultimately causing delayed
wound healing [5].

Small traumatic injuries have the self-healing ability by the
body's mechanism through a cascade of events but in the case of
large and chronic wounds, self-healing is not efficient due to the
limited availability of cell production sources. Therefore, the
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Table 1
MSCs markers used for hASCs characterization.

MSCs marker Catalog number Manufacturer Company

Primary antibodies

CD71 (mouse monoclonal IgG)
CD73 (mouse monoclonal IgG)
CD90(mouse monoclonal IgG)
CD105(mouse monoclonal IgG)
CD14 (mouse monoclonal IgG)
CD45 (mouse monoclonal IgG)

Sc- 65882
Sc-398260
Sc-53456
Sc �18838
Sc-1182
Sc-1178

Santa Cruz, USA
Santa Cruz, USA
Santa Cruz, USA
Santa Cruz, USA
Santa Cruz, USA
Santa Cruz, USA

Secondary antibody
Anti-mouse A21202 Invitrogen
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application of different strategies for quick healing and saving the
life of patients is crucially required.

In regenerative cell therapy applications, mesenchymal stem
cell (MSCs) transplantation is a promising approach due to certain
characteristics possessed by the MSCs, it includes multilineage
potential of differentiation, the ability to restrain OS, and the
release of many different soluble mediators with valuable trophic
and immunomodulatory effects [6]. Stem cells enhance the process
of angiogenesis and secrete numerous paracrine factors that effi-
ciently enhance the regeneration process at thewounded area [7,8].
In case of any tissue injury, tissue-resident MSCs participate in
tissue regeneration and coordinate with the physiological condi-
tions of the microenvironment of tissue for repairing the damaged
tissue. However, in the case of chronic tissue injuries where tissue-
resident MSCs are not enough, autologous or allogeneic MSCs can
be delivered in a highly targeted manner at the injured area for
tissue healing purposes [9,10].

MSCs can be isolated from the stromal fraction of many
different types of tissues that include bone marrow (BM-MSCs),
umbilical cord, Wharton's jelly (WJMSCs), and adipose tissue
(ASCs) [11]. Among different types of stem cells, human adipose-
derived stem cells (hASCs) are most commonly used in derma-
tology [12]. The reason is that isolation of hASCs is simple and
highly efficient. Cell yield derived from adipose tissue is
100e1000 times more than that of the bone marrowwhich makes
it an easy target and efficient source for the isolation of stem cells.
Combinational therapy of hASCs together with different growth
factors could enhance angiogenesis and collagen deposition at the
wound site [13,14]. Stem cells and their conditioned medium
transplantation at the site of injury have shown excellent regen-
erative effects in various tissue and organ injuries [15] but, a huge
number of cells die due to the pathological environment at the
wounded site [16]. This cell death could be due to various factors
including hypoxia, excitotoxicity, ROS, inflammatory response,
apoptotic cascade activation, excessive autophagy, and so on
[17,18].

In-vitro pre-conditioning of stem cells can improve the survival,
engraftment, and paracrine properties of stem cells which can ul-
timately lead to better reparative and regenerative capacity Pre-
conditioning of stem cells could be done by supplementation of
different tropic factors like cytokines, hormones, growth factors, or
the addition of lipopolysaccharides and different pharmacological
agents [17]. Different pre-conditioning agents and strategies either
activate or suppress different molecular signals and signal trans-
duction cascades in stem cells and affect the expression of multiple
factors or proteins [19,20].

Caffeic acid(CA) (3,4-dihydroxycinnamic acid) is a polyphenol
that is produced as a secondary metabolite in many edibles such
as olives, carrots, coffee beans, and potatoes [21]. CA and its de-
rivatives have been reported to act as an excellent agents against
bacteria, viruses, free radicals, and inflammation, and are also
known to have antioxidant and immunomodulatory properties
[22,23]. In different cell lines like 3T3 fibroblasts, CA stimulated
the synthesis of collagen-like polymer and inhibited the genera-
tion of ROS [24]. Moreover, CA is also reported to provide cyto-
protection against HgCl2 to Lactuca sativa seeds which allowed
better growth and development of both plant radicles and cau-
licles [25].

Keeping the anti-inflammatory and antioxidant properties of
CA in perspective, it was utilized to pre-condition hASCs and boost
their survival and proliferation potential within an in-vitro hyp-
oxic microenvironment. While a chemically induced hypoxic
microenvironment was created to replicate chronic stress/injury
conditions.
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2. Materials and methods

2.1. Lipoaspirate collection

Liposuction samples were collected after informed consent from
healthy patients (n¼10) undergoing abdominoplasty at Burn and
Reconstructive surgery center, Jinnah hospital, Lahore (Pakistan).
Patients with diabetes, age above 40yrs, HCV positive, HIV positive
or with any viral infection were excluded.

2.1.1. Isolation, culturing, and characterization of human adipose-
derived stem cells (hASCs)

2.1.1.1. Isolation. hASCs were isolated from lipoaspirate by the
enzymatic digestion method. In brief, liquid adipose tissue was
washed with phosphate buffer saline (PBS) supplemented with
100 U/ml penicillin, 100 mg/ml streptomycin, and 0.2 mg/ml
amphotericin-B (SigmaeAldrich). Washing of the sample was fol-
lowed by enzymatic digestion with the collagenase-I solution
(Gibco, USA) in low glucose Dulbecco's modified Eagle's medium
(LG-DMEM; Sigma Aldrich, USA). After centrifugation at 1200 rpm
for 5e7 min, the resulting stromal vascular fraction (SVF) was
passed through a 100 mm cell strainer.

2.1.1.2. Culturing. Isolated hASCs were cultured in LG-DMEM,
supplemented with 15% fetal bovine serum (FBS; SigmaeAldrich,
USA), 100 U/ml penicillin, 100 mg/ml streptomycin and 0.2 mg/ml
amphotericin-B. Media of the cells was replaced after every 3rd day
until cells were 75e85% confluent. All further experiments were
carried out at the P3 stage.

2.1.1.3. Characterization. For the characterization of hASCs, immu-
nocytochemistry was performed for CD71, CD73, CD90, CD105,
CD14, and CD45. hASCs were trypsinized and plated in 6 well plates
over autoclaved coverslips at a density of 1 � 105 hASCs/well. After
overnight incubation at 37 �C and 5% CO2, cells were washed with
PBS and fixed using 2% paraformaldehyde (PFA; SigmaeAldrich,
USA) and blocked with 5% bovine serum albumin (BSA;
SigmaeAldrich, USA). Cells were treated with primary antibodies
diluted at 1:150 for 24 h at 4 �C and then 500 ml of secondary
antibody (anti-mouse) diluted at 1:350 for 2 h at 37 �C. Afterward,
cells were washed thrice with PBS followed by the addition of 40,6-
diamidino-2-phenylindole (DAPI) diluted at 1:1000 for 20 min at
room temperature. hASCs were analyzed using an Olympus BX61
microscope (Olympus, Japan). The details of antibody markers used
in the experiment are given in Table 1.

2.1.1.4. Trilineage. Additionally, by using StemPro® Differentiation
Kits, the differentiation potential of naïve hASCs into adipocytes,
chondrocytes and osteocytes were examined by staining with oil
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red O, Alcian blue 8GX, and Alizarin red S stain respectively by
using the protocol as mentioned previously by Azam et al. [26].

2.2. In vitro stress optimization and confirmation of injury

For mimicking chronic in-vitro wound conditions CoCl2 (Sig-
maeAldrich, USA) was used to create a hypoxia stress microenvi-
ronment [27]. Cells were exposed to different dilutions (100 mM,
150 mM, 250 mM, 350 mM, 400 mM, 500 mM) of CoCl2 for 24 h and the
stress dose was optimized by performing the following assays.

2.2.1. Microscopic analysis
To evaluate the effect of hypoxia stress on cellular morphology,

1 � 105 hASCs/well were seeded in 6 well plates. Cells were
exposed to hypoxia stress and after 24 h detailed microscopic
analysis was performed and 20e25 images per group were taken
by using an Olympus IX51 microscope (Olympus, Japan).

2.2.2. Cells viability assays
To evaluate the effect of hypoxia stress on cell injury following

two assays were performed.

2.2.2.1. XTT assay. For evaluation of cellular viability microculture
tetrazolium (XTT) assay was performed. Cells were seeded at a
density of 1� 104 hASCs/well in a 96-well tissue culturemicroplate.
Cells were exposed to CoCl2 for 24 h in LG-DMEMwith 5% FBS. After
treatment, 50 ml/well XTT reagent (Roche, Switzerland) was added
and the experiment was performed as per the manufacturer's
protocol. The percentage viability was calculated by the following
formula.

Cell viability (% of control) ¼ Experimental group OD/Control
group OD � 100.

2.2.2.2. Trypan blue assay. Trypan blue assay was performed for
live and dead cell exclusion. Cells were seeded at a density of
5 � 104 hASCs/well in 24-well tissue culture plates. After treatment
completion with stress doses, cells were washed, trypsinized and
then cells pellet was dissolved in 1 ml LG-DMEM media with 15%
FBS. Live/Dead Cells were counted using a hemocytometer using
the following formula.

Death Rate (%) ¼ Dead cells/total no of cells (live þ dead) � 100.

2.3. CA priming dose optimization

Before evaluating the priming effects of CA on hASCs under
hypoxia stress, CA cytotoxic and cytoprotective doses were
analyzed and optimized. For this purpose, hASCs were incubated
with a range of CA concentrations (10 mM, 15 mM, 25 mM, 50 mM,
75 mM, and 100 mM) for 24 h and different assays (XTT, trypan blue,
and microscopic analysis) were performed to pick a suitable
priming dose of CA.

2.4. Cytoprotective dose selection

After a careful selection of a cytoprotective range of CA doses on
hASCs, the priming dose of CA was further optimized in combina-
tion with a selected dose of hypoxia stress (500 mM) by employing
XTT (as aforementioned method) and LDH assay.

2.4.1. LDH assay
Lactate dehydrogenase (LDH) was performed with selected

priming doses of CA to pick a final preconditioning dose. LDH-based
toxicology assay kit (SigmaeAldrich, USA) was used and the
experiment was performed as per the manufacturer's protocol.
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After completion of the experiment absorbance values were taken
at a wavelength of 490 nm along with the background absorbance
at 690 nm

2.5. Cytoprotective effects in injury condition

To study the cytoprotective effects of the optimum dose of CA on
hASCs following experimental groups of cells were made:

Control (hASCs without pretreatment or hypoxia stress for 24 h
in media with 5% FBS).

Pre.hASCs (hASCs pretreated with 75 mM CA for 24 h in media
with 5% FBS & without any stress).

Hypoxia stress (Cells incubated for 24 h in media with 5%
FBS þ hypoxia stress for 24 h).

Pre.hASCsþ Stress (Pretreated hASCs with 75 mMCA for 24 h in
media with 5% FBS þ hypoxia stress for 24 h).

2.6. Cellular apoptosis: annexin V assay

Cells were seeded at a density of 1 � 105 hASCs/well over
autoclaved coverslips placed in 6 well plates. After completion of
described treatments, cells were washed and fixed and blocking
was done using PBS, 2% PFA, and 5% BSA respectively. After block-
ing, the primary antibody (annexin V) diluted as 1:200 was added
and cells were incubated overnight at 4 �C. After 24 h, cells were
washed and a secondary antibody was added and followed by in-
cubation and cell staining with DAPI using the same procedure as
explained above (section 2.2), and 20e25 images per group were
taken using an Olympus BX61 microscope.

2.7. Live dead assay

A live/dead assay was performed using a live/dead double
staining kit (SigmaeAldrich, USA). Cells were seeded at a density of
1 � 105 hASCs/well over autoclaved coverslips placed in 6 well
plates. After the completion of treatment, the experiment was
performed as per the manufacturer's protocol and 20e25 images
per group were taken by using an Olympus BX61 microscope.

2.8. Cellular senescence: b-gal staining assay

Cellular senescence was analyzed using a senescence detection
kit (Abcam) in all four experimental groups. hASCs were seeded in a
24-well plate while ensuring the cellular density of 1� 105 cells per
well. After completion of the treatments, the assay was performed
as per the manufacturer's protocol and the b-Galactosidase (b-gal)
positive cells were observed under the Olympus IX51 microscope
(Olympus, Japan). Images were taken (20 images per group),
stained cells were counted, and results were analyzed.

2.9. Cellular migration: scratch wound assay

To check the migration potential of CA-primed hASCs, a scratch
wound healing assay was performed. Cells were seeded with a
density of 0.8� 105 hASCs/well in 6-well plates. After completion of
treatments, two sharp perpendicular scratches were made using
200 ml micropipette tips. Cells were allowed to grow in serum-free
media for 24 h in standard conditions. After 24 h cells werewashed,
fixed, and stained with crystal violet. After staining the healing
effect of cells was observed by analyzing the filling of scratched
empty spaces and images were taken. The same procedure was
repeated to check the filling of the scratched empty spaces after
48 h incubation in another experiment.



Table 2
Primer sequences.

Genes Primer Sequence (50-30) Product size (bp) Tm (ºC)
GAPDH F: AACGTGTCAGTGGTGGACCT 250 58

R: TGCTGTAGCCAAATTCGTTG
BAX F: AAGTCCAATGTCCAGCCCAT 163 58

R: AAGTCCAATGTCCAGCCCAT
BCL-XL F: GGAGCTGGTGGTTGACTTTCT 95 60

R: GGGCCTCAGTCCTGTTCTCT
FADD F: CTGCGGGAGTAGTTGGAAAGT 241 60

R: GGAAATGGGACAAAACATCCT
TGFb1 F: ACTGCAAGTGGACATCAACG 218 58

R: TGCGGAAGTCAATGTACAGC
IL-6 F: GGCTGAAAAAGATGGATGCT 156 57

R: GTACTCATCTGCACAGCTCT
PI3eK F: ACAGGTCAATGGCTGCATCA 171 57

R: CAATCGGTGACTGTGTGGGA
PCNA F: AGGCACTCAAGGACCTCATC 244 58

R: GTATCCGCGTTATCTTCGGC
IGF-1 F: GCTCTTCAGTTCGTGTGTGG 134 58

R: AGCCTCCTTAGATCACAGCTC
CASP-3 F: AGCAAACCTCAGGGAAACATT 307 58

R: CTCAATGCCACAGTCCAGTTC
AKT F:CGGGGTAGGGAAGAAAACTATC 185 60

R:TGACAGAGTGAGGGGACACAT
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2.10. Reactive oxygen species assay (ROS)

For measurement of reactive oxygen species (ROS) generation in
the cells, ROS assay was performed using the DCFDA/H2DCFDA -
Cellular ROS Assay Kit (ab113851). Briefly, hASCs were trypsinized
and plated in 6 well plates over autoclaved coverslips at a density of
1 � 105 hASCs/well. After completion of treatment in all 4 experi-
mental groups, the assay was performed as per the manufacturer's
instruction, and 20e25 images per group were taken by using an
Olympus BX61 microscope. The fluorescent intensity was
measured using Image J software and the intensity fold was
computed.

2.11. Gene expression analysis: real time-polymerase chain reaction
(qRT-PCR)

To examine the effect of CA preconditioning at the molecular
level, expression of mRNA of different pro-apoptotic, angiogenesis,
cell survival, and inflammation associated (Table 2) markers were
evaluated by qRT-PCR. Briefly, RNA was extracted from all experi-
mental groups using TRIzol reagent (SigmaeAldrich, USA). cDNA
was synthesized by using 1 mg RNA and Revert Aid H-Minus first
strand cDNA synthesis kit (Invitrogen, USA). qRT-PCR was done by
using a master mix (Maxima Syber Green, Fermentas, USA) and
reactions were carried out on PikoReal 96 (Thermo Scientific, USA).
GAPDH was used as an internal control and the relative expression
of each marker was examined using quantification cycle values.

2.12. Statistical analysis

Statistical analysis of data was done by using GraphPad Prism 7
software (USA). The data were represented as mean ± standard
deviation. One-way ANOVA with Bonferroni's post-test was used
for the comparison of various experimental groups, while the value
of p<0.05 was considered statistically significant. All the experi-
ments were performed thrice and each group was independently
divided into triplicates.

3. Results

3.1. Confirmation of mesenchymal origin of hASCs

ForMSCs characterization, an immunofluorescent assay for both
positive and negative cell surface markers was performed. High
expression of positive cell surface markers of hASCS including
CD71þ, CD73þ, CD90þ, and CD105þ while negligible expressionwas
found for negative markers including CD14- and CD45- (Fig. 1).
Moreover, the trilineage differentiation potential of hASCs into
adipocytes, chondrocytes, and osteocytes on staining with respec-
tive dyes showed strong positive results.

3.2. Effect of CoCl2 doses on hASCs viability and morphology

Morphological analysis to inspect the cytotoxic effect of
different doses of hypoxia on hASCs, was carried out by detailed
microscopy which showed that by increasing concentration of
hypoxia, cells shape appeared more pinched and distorted while in
the control group cells were found to be healthy, elongated and of
spindle-like shape (Fig. 2a).

XTT assay was performed to analyze the cell proliferation rate of
hASCs that were subjected to different concentrations of hypoxia
(CoCl2) stress. The results demonstrated that as compared to the
Control, there was a gradual decrease in the viability of cells with
118
the increasing concentration of hypoxia stress dose. The 500 mM
concentration of CoCl2 showed 40.0 ± 2.86% cell viability as
compared to the Control (100 ± 3.93%) (Fig. 2b).

Results of the trypan blue assay showed a similar trend of
cellular death. With the increasing concentration of hypoxia stress,
there was a significant gradual decrease in the number of viable
cells as compared to the control. The lowest percentage viability
(65 ± 9%) was found with a 500 mM concentration of CoCl2 (Fig. 2C).

Overall, the results of these experimentations suggested that
cellular death is directly proportional to the increasing concentra-
tion of hypoxia stress and thus that dose (500 mM) was selected
where almost 50% of cells were found to be dead.
3.3. Analysis of hASCs sensitivity against various doses of CA

Microscopic analysis of hASCs treated with different doses of CA
showed that with increasing concentration of CA, cells started to
attain a more rounded shape, especially at 100 mM concentrations
despite showing maximum viability at this concentration (Fig. 3a).

To analyze the cell proliferation rate under treatment with
different pre-conditioning doses of CA, XTT assay was performed.
75 mMconcentrations showed a cell proliferation rate of 118 ± 4% as
compared to Control (100 ± 2%) (Fig. 3b). For further assessment of
the percentage viability of cells trypan blue exclusion assay was
performed. Similar to XTT results, the percentage viability of the
Control and 75 mM CA pre-treated groups was found to be com-
parable (Fig. 3c).

Overall, based on these results and for keeping the cells in the
natural morphological shape, a 75 mM CA priming dose was
selected for further experiment.
3.4. Cytoprotective effect of caffeic acid priming of hASCs against
hypoxia stress

To analyze the effect of different priming doses of CA in com-
bination to stress on cellular proliferation and cytotoxicity, XTT and
LDH assays were performed. There was a significant decrease in the
proliferation rate of untreated hASCs (55 ± 14%) as compared to the
Control group (100 ± 16%) (Fig. 4a). Moreover, LDH release values



Fig. 1. Immunocytochemical expression and trilineage differentiation potential of hASCs. (a) Expression in Sec. Control. (b) Expression of CD71, CD73, CD90, and CD105. (c)
Expression of CD14 and CD45 of MSCs in cultured hASCs (Magnification: 100�). (d) Trilineage differentiation potential of hASCs into adipogenic, chondrogenic, osteogenic cells.
Osteogenic differentiation can be observed by Alizarin red staining of calcium phosphate produced by osteocytes; adipogenic induction can be observed by oil red O staining of lipid
droplets; and chondrogenic differentiation can be observed by Alcian blue staining of proteoglycans deposition (Magnification: 200 �, scale bar: 200 mm).
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were found to be highest in the untreated hASCs (100 ± 102%) as
compared to the Control (315 ± 104%) (Fig. 4b). This indicated a
positive effect of CA priming against hypoxia.

Analyzing all the optimization results of hypoxia and CA pre-
conditioning doses, 500 mM of hypoxia (CoCl2) dose for 24 h and
75 mM pre-conditioning dose of CA for 24 h were chosen and
experimental groups of cells were made.
119
3.5. Annexin V apoptosis analysis

Annexin V assay was done for analyzing the effect of CA pre-
conditioning on the survival ability of hASCs upon exposure to a
hypoxic stressed environment. Microscopic visualization of
apoptosis showed that annexin-V positive cells in Pre.
hASCs þ Stress group (31 ± 0.02%) were significantly low as



Fig. 2. Hypoxia stress optimization. (a) Microscopic analysis of diverse hypoxia doses over the morphology of hASCs (Magnification: 200� scale bar: 100 mm). (b) XTT results show
the effect of hypoxia stress on cellular viability. (c) Trypan blue exclusion assay. All graphical values are represented as mean ± SD while *P ¼ 0.0264, **P � 0.0043, ***P ¼ 0.0002,
****P < 0.0001 vs. Control group.
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compared to the Hypoxia Stress group (94 ± 0.02%) indicating a
cytoprotective effect of CA priming (Fig. 5a).

3.6. Live/dead cellular analysis

A live dead assay was done for visualizing the percentage of live
cells in untreated and pre-treated hASCs when exposed to hypoxic
conditions. The CaAM (green fluorescent dye) was retained by live
cells while EthD1 (red fluorescent dye) is retained by dead cells. The
percentage of live cells in the Pre. hASCsþ Stress group was found to
be 97 ± 12%, showing a marked cell survival increase with more
stained live cells as compared to the Hypoxia Stress group (72 ± 8%)
(Fig. 5c).

3.7. Assessment of senescence-associated (b-gal) activity

Priming with CA helped hASCs in reducing cellular senescence
when exposed to hypoxia stress, showing its positive attributes as
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an antioxidant (Fig. 6a). Maximum uptake of b-Gal was observed in
the hypoxia stress group. The percentage of senescent cells in the
Hypoxia Stress groupwas found to be 6.2 ± 1.6% while in that of the
Pre. hASCs þ Stress group was 2.2 ± 1.1%, suggesting the protective
role of CA against senescence (see Fig. 6a).
3.8. Assessment of in-vitro wound healing ability

In-vitro cellular wound, healing potential was measured by
observing cells' migratory rate towards the empty streak. Results of
the assay displayed the migratory and wound healing potential of
CA primed hASCs after exposure to hypoxia stress. Pre.
hASCs þ Stress group of hASCs exhibited enhanced migration of
cells towards the empty streak area as compared to the Hypoxia
Stress group (Fig. 6c). After 24 h of scratch, wound healing/scratch
filling percentage shown by Control (62 ± 5%) and Pre.
hASCs þ Stress (61 ± 5%) was similar. Analogous results to 24 h



Fig. 3. Priming dose optimization. (a) Microscopic analysis of CA pre-conditioning (24 h) on the morphology of hASCs (Magnification: 200� scale bar: 100 mm). (b) XTT assay. (c)
Trypan blue exclusion assay. All graphical values are represented as mean ± SD while *P ¼ 0.0443 and ****P < 0.0001 vs. the Control group.

Fig. 4. Efficacy of different priming doses against hypoxia stress. (a) XTT assay showing percentage viability of cells treated with different priming doses of CA under selected doses
of hypoxia stress. (b) Quantitative analysis of LDH release values of cells treated with different priming doses of CA under selected doses of hypoxia stress. Values are represented as
mean ± SD while ****P < 0.0001 vs. Control group.
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Fig. 5. Cytoprotective effect of a selected priming dose of CA against hypoxia. (a) Annexin-V immunocytochemical staining to observe apoptosis among different groups. In merged
images, blue fluorescence shows staining of cells nuclei by DAPI while green fluorescence is emitted by the Annexin-V antibody stained cells (Magnification: 100�, scale bar:
105 mm) (b) Graphical representation of immunocytochemical analysis results. (c) Live/dead microscopic analysis of different experimental groups. Green and red fluorescence are
emitted by live and dead cells, respectively (Magnification: 100�, scale bar: 105 mm). (d) Graphical representation of the quantitative analysis of the live/dead results. Values
represent mean ± standard deviation whereas *P ¼ 0.0168, ****P < 0.0001vs. Control group whileP < 0.0001 vs. Hypoxia stress group.
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were observed after 48 h, indicating that CA priming had made
hASCs capable to retain their proliferation and migration potential
even after being exposed to hypoxia stress. Overall results of these
experiments indicated that antioxidant treatment while using CA
has significantly enhanced the survival and regenerative potential
of hASCs to survive in a hypoxic environment.
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3.9. Caffeic acid treatment reduces the generation of ROS

ROS generated in cells as a result of numerous chemical re-
actions or in the case of a stressed environment and are deleterious
for the cells. ROS level was measured in all four experimental
groups of cells to check the efficacy of CA priming (Fig. 7).



Fig. 6. Cellular migration and senescence analysis. (a) Crystal violet stained hASCs, subjected to the scratch wound assay. Single streak images were taken at 40x magnification for
all the experimental groups at a scale bar of 200 mm. (b) Graphical representation of in vitro scratch wound assay. (c) Microscopic images of cellular senescence assay, b-gal stained
cells retained blue-green dye (Magnification: 100�, scale bar: 100 mm). (d) Quantitative analysis of cellular senescence assay. All graphical values are represented as
mean ± standard deviation whereas **P ¼ 0.001, ****P < 0.0001 versus the Control group while ##P ¼ 0.001, ###P < 0.001 and ####P < 0.0001 versus Hypoxia stress group.
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Experimental results depicted that CA significantly reduces the
level of ROS generation in the Pre. hASCsþ Stress group (98 ± 53) as
compared to the stress group (218 ± 13). Hence, cells pretreated
with CA are more prone to ROS generation as compared to un-
treated cells.

3.10. CA reduces apoptosis gene expressions and upturns cell
survival, angiogenic and inflammation-associated gene markers

Semi-quantitative real-time PCR analysis portrayed significantly
enhanced expression of pro-apoptotic markers including BAX,
FADD, and Casp-3 (Fig. 8a) in the Hypoxia Stress group as compared
to the Pre. hASCsþ Stress group that indicated the positive effect of
CA priming over hASCs to withstand in the hypoxic stressed con-
ditions. Similarly, significantly enhanced expression of cell survival
(IGF-1, FGF-7, AKT, PCNA, PI3eK, BCL-XL) (Fig. 8b), angiogenic
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(VEGF, SDF-1) (Fig. 8c) and inflammation associated markers (IL-6
and TGFb1) (Fig. 8d) was found in CA primed hASCs as compared to
the untreated cells. Statistical individual values for each graph are
on the graph's peaks.

4. Discussion

Healing of chronic wounds is a serious medical issue and the
transplantation of hASCS has emerged as a favorable modality [28].
hASCs support the healing process by releasing essential paracrine
factors that stimulate the production of stem cells at the site of
injury [29]. Moreover, applications of hASCs in different experi-
mental models proved their efficacy in healing due to their
regenerative, immunomodulatory, pro-angiogenic, and anti-
apoptotic properties [30,31]. However, often the application of
hASCs alone does not show satisfactory therapeutic results due to



Fig. 7. ROS activity analysis. (a) DCF-fluorescence (green) images of different experimental groups of hASCs (Magnification: 100x, scale bar: 200 mm). (b) Assessment of intensity
folds in different experimental groups of hASCs calculated by image J software. Data values are represented as mean ± standard deviation whereas ***P ¼ 0.0007 versus the Control
group while ##P ¼ 0.007 vs. the Stress group.
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the pathological and hypoxic stressed microenvironment of the
wounded area [16e18]. This problem could be overcome by pre-
conditioning of hASCs with different chemicals and pharmacolog-
ical agents that not only strengthen cell survival rate but also
enhance their regenerative potential for quick wound healing
[17,32]. In consideration of this strategy, the present study was
performed to determine the positive attributes of CA pre-
conditioning over hASCs to maintain their efficacy in presence of
a hypoxic microenvironment similar to a chronic wound.

In this study, hASCs were characterized to fulfill the minimal
criteria set for MSCs by the International Society for Cellular
Therapy. For the confirmation of mesenchymal lineage of hASCs,
cells were examined for their property of plastic adherence,
expression of cell surface markers including CD71þ, CD73þ,
CD90þ, and CD105þ without the expression of CD14- and CD45-

and for their trilineage differentiation potential into adipocytes,
chondrocytes, osteocytes.

For creating an in-vitro chemical hypoxic (chronic wound)
model, CoCl2 was used as it’s a well-known hypoxia-inducing
agent. In normoxic conditions, enzymes including prolyl hydroxy-
lase domain (PHDs) and HIF prolyl hydroxylase (HPH) mediate
ubiquitin protease pathway degrades hypoxia-inducible factor- a
(HIF1-a) but cobalt (Co) in CoCl2 replaces iron (Fe) in PHDs as a
chelating agent andmakes these unable to combinewith HIF1-a for
degradation and thus stabilize HIF1-a and in this way acts as a
hypoxia-mimicking agent [33]. CoCl2 has been used both as a pre-
conditioning agent as well as a hypoxia-inducing agent. The effect
of CoCl2 doses ranging from 50 to 400 mM concentrations has been
reported for simulating hypoxia to induce chondrogenic differen-
tiation of hASCs [27].

Hypoxia stress was optimized by performing XTT, trypan blue
assay, and morphological assessments. Similar to previous studies
[34,35], with the increasing concentration of CoCl2 number of
viable cells was found to be decreased in a dose-dependent
manner. In our experiment, with increasing hypoxia stress the
shape of the cells started to become distorted (Fig. 2a). Cell viability
was reduced to 50% at 500 mM CoCl2 concentration (fig. 2b). So, this
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concentration was selected for creating the in-vitro hypoxia model.
A similar approach was used for analyzing the sensitivity of hASCs
for different doses of CA pre-conditioning. The final selection of the
CA priming dose was made after performing XTT and LDH assays in
combination with the selected stress dose. 75 mM priming dose of
CAwas selected against 500 mMCoCl2 stress after analyzing cellular
morphology, proliferation, and cytotoxicity (fig. 3).

CA and its derivatives have been demonstrated to play a sig-
nificant role in protecting cells and plants from bacteria, viruses,
free radicals, and inflammation in different in-vitro and in-vivo
studies [36,37]. There is not much data available related to the
use of CA as a pre-conditioning agent for stem cells while this is a
potent antioxidant agent. Therefore, the restorative and antioxidant
effects of CA pre-conditioning on hASCs have been evaluated
against hypoxia stress in the present study by performing annexin
V, live dead, b-gal, scratch wound assays and at the end gene
expression analysis.

Annexin V assay revealed hASCs pre-treated with CA retained
significant cell viability after exposure to hypoxia stress while the
untreated group had nearly 80% apoptotic cells as revealed by
Annexin V assay (fig. 4a). Furthermore, live/dead assay and cellular
senescence assay indicated, a higher number of dead and senescent
cells in the untreated hASCs group as compared to the pre-treated
hASCs group. Cellular viability of CA pre-treated hASCs depicted
that CA has increased the survival ability of hASCs to withstand the
hypoxic microenvironment. Moreover, CA priming impact over
hASCs migration showed better potential to migrate towards the
scratch area to heal the wound as compared to the untreated hASCs
depicting its prominence for use in the treatment of chronic
wounds (fig. 6c). Moreover, ROS assay further supported the
argument of CA primed cells are prone to survive better in a hyp-
oxic stressed environment as compared to untreated cells.

Cellular apoptosis can transpire via a death receptor-dependent
(extrinsic) pathway like Fas-associated death domain (FADD) or
intrinsic or mitochondrial pathway through the action of BAX
protein [38]. BAX is an important pro-apoptotic member of the Bcl-
2 protein family that promotes cellular apoptosis by promoting the



Fig. 8. Gene expression analysis. (a) Pro-apoptotic markers (BAX, FADD, Casp-3). (b) Cell survival markers (IGF-1, FGF-7, Akt, PCNA, PI3eK, Bcl-xL). (c) Angiogenic markers (VEGF,
SDF-1). (d) Inflammatory associated markers (IL-6, TGF-b). Data values represent mean ± standard deviation whereas *P � 0.0246, **P � 0.0061, ****P < 0.0001 vs. Control group
and P � 0.0415, P � 0.0030, ####P < 0.0001 vs. Stress group.
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release of cytochrome-c in mitochondria [39]. In our study, the
expression of various pro-apoptotic markers (BAX, FADD, CASP-3)
showed increased expression in untreated cells as compared to
CA pre-treated cells when exposed to hypoxia stress. MSCs express
multiple paracrine factors including VEGF, FGF-7, IL-6, and SDF-1
[40]. The proliferation and angiogenesis of MSCs are regulated by
these paracrine factors whereas TGF-b is involved in cellular dif-
ferentiation [41,42]. In response to some other cell growth factors
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like IGF-1 and FGF-7, the PI3-kinase/Akt pathway becomes acti-
vated which then plays key roles in cellular metabolism, inflam-
mation, cell survival, and motility [43,44]. Similarly increased
expression of BCL-XL which is an anti-apoptotic protein enhances
cell survival and expansion of embryonic stem cells [45]. Different
cytokines released by immune cells like IL-6, and TNF-a play an
important role in the regulation of inflammation [46] and thus can
provide beneficial aspects in the wounded area. Gene expression
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analysis of cell survival (IGF-1, FGF-7, AKT, PCNA, PI3eK, BCL-XL),
angiogenic (VEGF, SDF-1), and inflammation associated markers
(IL-6 and TGFb1) exemplified the robustness/shielding effects of
antioxidant pretreatment of hASCs.

Increased expression of cell survival markers and decreased
expression of pro-apoptotic markers confirmed diminished
damaging effects of hypoxia stress by the protective effect of CA
pre-conditioning.
5. Conclusion

This study reveals, CA pre-conditioning of hASCs increases their
survival ability and enhances the capability to withstand a stressed
environment such as of a chronic wound as compared to untreated
cells. Moreover, increased expression of cell survival, angiogenic
and inflammation-associated genes affirmed that CA renders hASCs
more capable of countering the hypoxia as prevailing in a chronic
wound environment compared to untreated cells.
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