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Abstract

Background: Following recent findings from our group that curcumin preconditioning augments

the therapeutic efficacy of adipose-derived stem cells in the healing of diabetic wounds in rats,

we aimed to investigate the regenerative effects of curcumin preconditioned adipose-derived

mesenchymal stem cells (ASCs) for better recovery of acid inflicted burns in this study.

Methods: ASCs were preconditioned with 5 μM curcumin for 24 hours and assessed for prolif-

eration, migration, paracrine release potential and gene expression comparative to naïve ASCs.

Subsequently, the healing capacity of curcumin preconditioned ASCs (Cur-ASCs) versus naïve

ASCs was examined using acidic wounds in rats. For this, acid inflicted burns of 20 mm in

diameter were made on the back of male Wistar rats. Then, 2 × 106 cells of Cur-ASCs and naïve

ASCs were intradermally injected in the wound periphery (n = 6) for comparison with an untreated

saline control. Post-transplantation, wounds were macroscopically analysed and photographed to

evaluate the percentage of wound closure and period of re-epithelization. Healed wound biopsies

were excised and used for histological evaluation and expression analysis of wound healing

markers at molecular level by quantitative PCR and western blotting.

Results: We found that Cur-ASCs exhibited greater proliferation, migration and paracrine potential

in vitro. Further, Cur-ASCs showed more effective recovery than naïve ASCs as exhibited by

gross morphology, faster wound closure and earlier re-epithelialization. Masson’s trichrome and

hematoxylin and eosin staining demonstrated the improved architecture of the healing burns, as

evidenced by reduced infiltration of inflammatory cells, compact collagen and marked granulation

in Cur-ASC treated rats. Corroborating these findings, molecular assessment showed significantly

reduced expressions of pro-inflammatory factors (interleukin-1 beta, interleukin-6, tumor necrosis

factor alpha) a with striking upsurge of an oxidative marker (superoxide dismutase 1), pro-

angiogenic factors (vascular endothelial growth factor, hepatocyte growth factor, hypoxia-inducible

factor-1 alpha) and collagen markers (transforming growth factor beta 1, fibroblast growth factor-2,

collagen type 1 alpha 1), verifying that Cur-ASCs modulate the regulation of pro-inflammatory and

healing markers at burn sites.

Conclusions: Treatment with Cur-ASCs resulted in faster re-epithelization of acid inflicted burns

compared to the treatment with naïve ASCs. Based on observed findings, we suggest the
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transplantation of Cur-ASCs is a valuable therapy for the potent clinical management of acidic

burns.
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Highlights

• Curcumin preconditioning augments the therapeutic efficacy of ASCs by increasing their metabolic and migratory potential
and paracrine release ability.

• Cur-ASCs are superior to naïve ASCs in terms of hastening the re-epithelialization and closure of acidic burn wounds.
• Subcutaneous administration of Cur-ASCs around wound edges accelerates healing by suppressing inflammation, enhancing

antioxidant and angiogenic responses and improving collagen deposition.

Background

The incidence of burn injuries caused by fire, electricity, radi-
ation and chemicals is growing worldwide with substantial
risk of morbidity and mortality. According to a World Health
Organization report, more than 11 million cases of burns
require medical attention annually, including 1–5 million
victims of chemical injuries, of which 30% confronting death
[1,2]. In addition to this high mortality, patients who recover
often suffer permanent post-burn scarring and disfigurement
that leads to psychological disturbance, social isolation and
rejection from society [3]. Current management strategies
for burns include standard of care treatment, with either
temporary application of hydrocolloid dressings following
early excision, or use of the gold-standard technique, which
involves treating the burns by harvesting split thickness skin
grafts from unburned areas. However, these methods have
limitations in cases where patients have few unburned areas
remaining [4]. This emphasizes the need for effective treat-
ments and advanced interventions in order to improve sur-
vival and quality of life for patients suffering from acid-
induced burns [5].

Over the past years, mesenchymal stem cell (MSC)-based
reconstruction has emerged as a robust means by which to
repair damaged skin [6–8]. Among MSCs, adipose-derived
MSCs (ASCs) in particular have practical advantages owing
to their non-invasive acquisition, high yield and remarkable
ex vivo proliferative potential [9]. In addition, ASCs secrete
numerous regenerative factors, such as vascular endothe-
lial growth factor (VEGF), basic fibroblast growth factor,
hepatocyte growth factor (HGF) and stromal cell-derived
factor-1 [10]. Thus, they are considered to be promising
cellular candidates for wound repair therapy in the field of
regenerative medicine [11,12]. Furthermore, in this context,
a number of animal studies have demonstrated the effec-
tive healing ability of ASCs in various hard-to-heal chronic
wounds and suggested the mechanism of action is the secre-
tion of growth factors that drive rapid re-epithelialization and
enhance granulation and neovascularization [13–16]. How-
ever, inflammation-associated oxidative stress at the wound

site ferociously affects the survival of engrafted ASCs, thus
limiting their predicted therapeutic outcomes [17]. Hence,
pre-induction of cytoprotective stimuli in the ASCs, thereby
promoting their survival in the harsh microenvironment, is
supposed to be an important strategic advancement in regen-
erative medicine.

Several adjunctive strategies have been explored recently,
including genetic modification and priming (also referred to
as preconditioning), in order to further enhance the ther-
apeutic potential of transplanted MSCs. Existing priming
approaches involve pre-incubation with pharmacological/-
chemical agents, trophic factors/cytokines and a hypoxic con-
dition [18,19]. For example, Srifa et al. reported that MSCs
genetically engineered to hypersecrete Platelet-derived growth
factor-BB (PDGF-BB) and Vascular endothelial growth factor
A (VEGF-A) accelerate wound healing in a diabetic mouse
model after implantation [20]. Ariyanti et al. demonstrated
that salidroside pretreatment improved MSC survival, antiox-
idant defense and migration potential under hyperglycemia
and, ultimately, promoted wound healing in diabetic mice
model [21]. These studies showed that modified MSCs have
superior therapeutic effects compared with wild type MSCs.
However, relative to other cell modification approaches, pre-
treatment seems more feasible and reproducible from the
perspective of clinical application.

Curcumin, an active constituent of turmeric (Curcuma
longa), possesses potent antioxidant, anti-inflammatory
and anti-tumorigenic traits and has been reported to exert
cytoprotective effects against oxidative and inflammatory
stresses in several cell studies [22–27]. Recent reports have
shown that curcumin can protect ASCs from oxidative stress-
induced injury via a heme oxygenase-1 dependent mechanism
[28,29]. In another study, it has been demonstrated that cur-
cumin can reverse the detrimental effects of oxidative stress
on osteogenic differentiation of ASCs [30]. Moreover, we
recently reported that curcumin preconditioning maintained
the therapeutic potential of ASCs against hyperglycemic
stress in vitro and healed diabetic wounds promptly upon
transplantation in vivo [31]. Hence, in this study, we
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hypothesized that curcumin preconditioned ASCs (Cur-
ASCs) can be more effective compared with naïve ASCs for
accelerating healing of acid burns.

Therefore, in present study, we locally injected the Cur-
ASCs into acid burns in rat model and evaluated their regener-
ative efficacy by analysing injury recovery rate and regulation
of key healing markers at the molecular level.

Methods

Experimental animals

Twenty-two male Wistar rats were used for the isolation and
culturing of adipose-derived stem cells (n = 4) and the in vivo
study (n = 18). This research and all experimental procedures
were approved by the institution review board of the National
Centre of Excellence in Molecular Biology, University of the
Punjab, Lahore, Pakistan.

Culturing of ASCs

ASCs from rat adipose tissue were isolated by following
a previously reported protocol [32]. Briefly, 2–4 g adipose
was collected from the abdomen of the rats and washed
with phosphate buffered saline (PBS) followed by manual
mincing with a sterile surgical blade. Minced adipose was
subjected to enzymatic digestion in collagenase-1 solution
(1 mg/ml) (Sigma Aldrich, USA) for 45 minutes at 37◦C. Then,
the enzyme was inactivated by Dulbecco’s Modified Eagle
Medium (DMEM-LG) (Sigma Aldrich, USA) containing 15%
fetal bovine serum (FBS) (Sigma Aldrich, USA). Subsequently,
isolated ASCs were cultured in DMEM-LG supplemented
with 15% FBS and 1% antibiotic solution (100 IU penicillin
and 100 μg/ml streptomycin) (Sigma Aldrich, USA). Fresh
medium was added on every third day. ASCs were used at
passage 3 (P3) for further experiments.

Characterization of ASCs

ASCs with and without curcumin preconditioning were anal-
ysed for the presence of MSC markers (cluster of differentia-
tion (CD) 90, CD105) and absence of hematopoietic (CD45)
and endothelial (CD34) markers by immunocytochemistry.
In brief, cells were fixed with 2% paraformaldehyde
(Sigma Aldrich, USA) followed by blocking of non-specific
bindings with 5% bovine serum albumin for 30 minutes
and overnight incubation with primary antibodies, i.e anti-
CD34, anti-CD45, anti-CD90 and anti-CD105 (1:50; Santa
Cruz, USA) at 4◦C. After primary incubation cells were
washed twice with PBS and incubated with corresponding
Alexa Fluor labeled secondary antibodies (1:700; Invitrogen,
USA) for 1 hour at 37◦C. Nuclei counterstaining was
performed with 4, 6-diamidino-2-phenylindole (Invitrogen,
USA). Twenty images were captured randomly using a BX61
fluorescent microscope (Olympus, Japan) for further analysis.

Furthermore, naïve ASCs and Cur-ASCs were checked for
their differentiation potential into adipocytes, chondrocytes
and osteocytes using StemPro® Differentiation Kits. Cells

were plated in 12-well cell culture plates (4 × 103 cells/well)
by following the standard kit protocols. All 3 differentiation
media were prepared by following the guidelines in the man-
ufacturers’ data sheets. Non-induced controls in each assay
were maintained in a serum-free medium for the same period.

Adipogenic differentiation was confirmed after 7 days.
Differentiated cells were fixed with 10% formalin (Sigma
Aldrich, USA) for 15 minutes. After fixation, cells were
washed and stained with 0.5% oil red O (Sigma Aldrich,
USA) for 10 minutes. Oil red O is a fat-soluble dye that
strongly stains lipids and neutral triglycerides in frozen
sections and lipid droplets and oily vesicles in differentiated
adipocytes. After 10 minutes of staining, cells were washed
with distilled water and images were captured using an IX51
light microscope (Olympus, Japan).

Chondrogenic differentiation was confirmed after 14 days
by Alcian blue 8GX (Sigma-Aldrich, USA), which is used to
stain glycosaminoglycans (acidic polysaccharides) in cartilage
and to prove the ability of chondrogenic cells to secrete
proteoglycans. After 14 days, cells were fixed, washed and
stained (15 minutes) with filtered 1% Alcian blue solution
prepared in 0.1 M HCl. Then, the cells were washed with
distilled water to neutralize the acidity. Images were obtained
using an IX51 light microscope.

Osteogenic differentiation was confirmed after 21 days
by Alizarin red S stain (Sigma Aldrich, USA), which is used
to assess mineralization in osteogenic differentiated cells.
Osteogenic differentiation was confirmed after 21 days by
Alizarin red S stain (Sigma Aldrich, USA). This stain form
complexes with calcium deposits of osteocytes by chelation
process. For this, differentiated cells were fixed, washed and
incubated with 2% Alizarin red S for 3 minutes. Following
incubation, cells were washed with PBS and images were
obtained using an IX51 microscope.

Curcumin preconditioning of ASCs

Preconditioning of ASCs was achieved by following the same
dosage and strategy as previously reported [31]. In brief,
cells were incubated in a medium (serum-free DMEM-LG)
containing 5 μM curcumin obtained from C. longa (Sigma-
Aldrich, USA; >65% pure) for 24 hours and used as Cur-
ASCs. Cells incubated in a curcumin-free medium were used
as non-preconditioned ASCs.

Cell proliferation assay

The proliferation capacity of ASCs with and without
curcumin preconditioning was assessed by MTT assay. ASCs
were seeded in 96-well plates (1.5 × 104 cells/well) and
exposed to curcumin preconditioning medium for 24 hours
as previously described. After 24 hours, the preconditioning
medium was replaced with 15% DMEM-LG and cells were
assessed in terms of their proliferation at day 1, day 4 and
day 7. At each time point, cells were treated with 5 mg/ml
MTT solution (Sigma Aldrich, USA) for 3 hours and the
formed formazan crystals were resuspended in dimethyl
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sulfoxide. Then, absorbance was recorded at 570 nm with
a reference wavelength at 650 nm using a spectrophotometer
(Spectrostar Nano, BMG Labtech, USA).

In vitro cell migration assay

To determine the cell migration potential of Cur-ASCs com-
pared with non-preconditioned ASCs, an in vitro wound
healing scratch assay was performed. For this, cells were
seeded in 6-well plates (1 × 106 cells/well). After 70–80%
confluency, cells were subjected to curcumin preconditioning
and then a scratch was made in the middle of each well with
a micropipette (P200) tip. After 12 hours, filling of scratched
empty spaces was observed under microscopy, images were
taken and in vitro wound reduction was calculated using
ImageJ software (National Institutes of Health, USA).

Enzyme-linked immunosorbent assay

The paracrine release potential of both non-preconditioned
ASCs and Cur-ASCs was analysed using enzyme-linked
immunosorbent assay (ELISA). For this, primary antibodies,
(Abcam, USA) including epidermal growth factor (1:1000),
VEGF (1:500) and fibroblast growth factor (1:500), and their
respective secondary antibodies, were used. The concentra-
tion of each paracrine factor was calculated in pg/ml.

Acid burn injury model and ASC transplantation

Injury was induced in male Wistar rats aged 3–4 months and
weighing 200–250 g. Rats were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg) and their backs shaved
with an electric hair trimmer (Dingling professional hair
clipper, RF-608, Dingling, China). A sterile filter paper disc
20 mm diameter was soaked in 12.06 N HCl (Merck, USA)
for 1 minute and applied at the dorsal side of the neck
for 10 minutes to inflict the acid burn injury (Figure 1a).
Post-burn, analgesia was given for pain relief to all rats by
subcutaneous administration of buprenorphine (0.05 mg/kg).
Twenty-four hours after the injury, necrotic tissue was care-
fully removed and rats were randomly divided into fol-
lowing groups (n = 6 for each group) based on the treat-
ment approach: (1) control (saline injected), (2) ASCs (non-
preconditioned ASCs injected) or (3) Cur-ASCs (Cur-ASCs
injected). Post-burn, excised necrotic tissue was fixed in 10%
formalin solution, paraffin processed and subjected to hema-
toxylin and eosin (H&E) staining for injury characterization.
Images were captured using an IX51 microscope, assessed
by an experienced pathologist for burn depth measurement
and compared with normal skin to articulate the severity
and extent of the injury (Figure 1b). On the transplantation
day, 1 ml cell suspension was injected intradermally (2 × 106

cells/wound) around the wound perimeter at a volume of
0.25 ml (250 μl) per quadrant (Figure 1c). Likewise, 1 ml
saline was injected into the wounds of control rats. After
transplantation wounds were dressed carefully with Mepore
bandages (Mepore, Sweden).

Wound assessment and biopsies collection

Wound healing was assessed by analysing the percentage of
wound closure. For this, wounds were photographed on days
4, 8, 12, 16 and 20 post-transplantation. The percentage of
wound closure was calculated using the following formula
[33]:

%of wound closure = wound area on day 0 − open wound area
wound area on day 0

× 100%

On complete healing, rats were sacrificed to collect healed
skin biopsies from the transplantation site. Excised tissue was
instantly divided into 3 pieces. One part was preserved in a
10% formalin buffer (Sigma-Aldrich, USA) for histology; one
in RNAlater, an RNA stabilization reagent (Qiagen, USA),
for mRNA expression analysis; and one in a radio-immuno-
precipitation assay buffer (Sigma-Aldrich, USA) with protease
inhibitor (Calbiochem, USA) for protein expression analysis
(Figure 1c).

Histological evaluation

Following paraffin processing, fixed tissues were cut (5 μm
thick) using a HM-340E microtome (Microm Inc., USA) and
subjected to Masson’s trichrome and H&E staining. Briefly,
for collagen content assessment sections were stained with
Masson’s trichrome (Sigma Aldrich, USA) as per the manu-
facturer’s protocol and, for evaluation of skin architecture,
stained with H&E according to standard protocol and then
mounted with Cytoseal 60 (Richard Allen Scientific, USA).
Images were captured using an IX51 microscope and eval-
uated via digital scoring by a certified pathologist blinded to
the experiment. Ten ×40 power fields were randomly selected
from each group by using an IX51 microscope and evaluated
via digital scoring by a certified pathologist blinded to the
experiment. Following scoring method was used: inflamma-
tory cells permeation (0 = none, 1 = minimal, 2 = mild, 3 =
severe); extent of collagen deposition (0 = none, 1 = minimal,
2 = mild, 3 = abundant); and granulation content (0 = none,
1 = minimal, 2 = mild, 3 = evident) [31, 34].

Quantitative RT-PCR and western blotting for key

healing markers

To evaluate the effect of curcumin preconditioning on ASCs
and the wound recovery rate at the molecular level, mRNA
expression of different healing markers was assessed by qRT-
PCR. In brief, RNA was extracted from both curcumin
preconditioned and non-preconditioned cells (in vitro cell
culture experiments) and from collected healed skin (in vivo
animal experiments) using Trizol reagent (Sigma-Aldrich,
USA) and cDNA was synthesized using a cDNA synthesis
kit (Invitrogen, USA). Then, Maxima Syber Green master
mix (Fermentas, USA) was used to perform qRT-PCR and
reactions were run on a Pikoreal96 Real time-PCR system
(Thermo Scientific, USA). Primers with sequences are pro-
vided in Table 1. β-actin was used for normalization and rela-
tive mRNA was analysed by Quantification cycle (Cq) values.
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Figure 1. Schematic illustration of acidic burn model preparation, injury characterization, cell intervention and analysis of excised healed tissue. (a) Model

preparation: a 2 × 2 cm sterile filter paper disc was soaked in 12.06 N HCl (for 1 minute) and placed on the hair-free back of experimental rats (for 10 minutes) for

acid exposure to the skin. Acid exposure produced skin burns and ultimately necrotic tissue upon penetration. (b) Injury characterization: 24 hours after injury,

microscopic assessment of hematoxylin and eosin stained sections of normal and burned skin (×40) was performed for measurement of burn depth and severity.

Normal skin histology showed that all layers were intact and viable; in burned skin, acid penetration resulted in a deep partial thickness second degree burn

(1.45 mm in depth) with epidermal basement destruction, damage to the dermal reticular layer and necrotic collagen with intact dermal adnexa (i.e. sebaceous

gland, hair follicle) and hypodermis. (c) Intervention and analysis: after excision of necrotic tissue, a suspension of adipose-derived mesenchymal stem cells

(2 × 106) prepared in phosphate buffered saline (1 ml) was injected into the wounds. Cells were transplanted intradermally around the wound periphery with

0.25 ml (250 μl) delivered to each quadrant as written in yellow. At the time of sacrifice, the healed area of the skin was traced by drawing the 2 × 2 cm2 circle

with marker as shown in black and sections from the central portion were collected for post-healing analysis as illustrated by the dotted black triangles

Protein expressions were analysed using western blot-
ting. For this, protein was extracted and quantified by
Bio-Rad protein assay dye (Bio-Rad, USA). Then, sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-
PAGE) was performed for weight-based separation of
proteins (30 μg from each skin sample). Separated proteins
were transferred (blotted) on nitrocellulose membranes

(Amersham Biosciences, UK) that were subsequently incu-
bated with the respective primary and secondary anti-
bodies (Table 2). Last, protein bands were visualized by
applying chromogenic substrates (Sigma-Aldrich, USA)
i.e. 3,3-diaminobenzidine/3,3,5,5 tetra methylbenzidine for
horseradish peroxidase conjugated antibody and 5-bromo-
4-chloro-3-indolyl phosphate/nitro blue tetrazolium for
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Table 1. List of primers used in the study

Gene Forward primer Reverse primer

IL-1β CCAAGCACCTTCTTTTCCTTC AGACAGCACGAGGCATTTT
IL-6 CCACCCACAGACCAGTA CTCCAGAAGACCAGAGCAGAT
TNF-α TGCCTCAGCCTCTTCTCATT GCTTGTGGTTTGCTACGAC
SOD1 TGCTTTTTGCTCTCCCAGGT CTGGACCGCCATGTTTCTTA
TGF-β1 TGCGCCTGCAGAGATTCAAG AGGTAACGCCAGGAATTGTTGCT
FGF-2 GTATGTGGCACTGAAACGAAC TCAGCTCTTAGCAGACATTGG
COL1α1 CAAGATGGTGGCCGTTACTAC TTAGTCCTTACCGCTCTTCCAG
HGF ATGAGAGAGGCGAGGAGAAAC GTAGCCCCAGCCGTAAATACT
HIF1-α CCCATCCATGTGACCATGAG AATCAGCACCAAGCACGTCA
VEGF AGATGACAGCCAGACAGACAG CCACAGACTCCCTGCTTTTAC
β-Actin GCTGTGTTGTCCCTGTATGC GAGCGCGTAACCCTCATAGA

IL-1β interleukin-1 beta, IL-6, interleukin-6, TNF-α tumor necrosis factor alpha, SOD1 superoxide dismutase 1, TGF-β1 transforming growth factor beta 1,
FGF-2 fibroblast growth factor 2, COL1α1 collagen type 1 alpha 1, HGF hepatocyte growth factor, HIF-1α hypoxia-inducible factor-1 alpha, VEGF vascular
endothelial growth factor, β-actin beta actin

Table 2. List of primary and secondary antibodies used in the study

Antibodies Dilution Description

Anti-β-actin 1:1000 Mouse monoclonal, Santa Cruz, USA, sc-47 778
Anti-IL-1β 1:200 Rabbit polyclonal, Santa Cruz, USA, sc-7884
Anti-IL-6 1:200 Rabbit monoclonal, Abcam, USA, ab-233 706
Anti-TNF-α 1:200 Rabbit monoclonal, Abcam, USA, ab-215 188
Anti-SOD 1:2000 Rabbit polyclonal, Abcam, USA, ab-13 498
Anti-FGF-2 1:200 Rabbit monoclonal, Abcam, USA, ab-208 687
Anti-TGF-β1 1:50000 Rabbit polyclonal, Abcam, USA, ab-66 043
Anti-COL1α1 1:200 Goat polyclonal, Santa Cruz, USA, sc-25 974
Anti-HGF 1:200 Mouse monoclonal, Santa Cruz, USA, sc-374 422
Anti-HIF-1α 1:200 Mouse monoclonal, Santa Cruz, USA, sc-53 546
Anti-VEGF 1:200 Goat polyclonal, Santa Cruz, USA, sc-1836
AP-labeled antibody 1:1000 Goat anti-rabbit IgG-AP, Abcam, USA, ab-6722

Goat anti-mouse IgG-AP, Abcam, USA, ab-6790
HRP-labeled antibody 1:1000 Donkey anti-goat IgG-HRP, Santa Cruz, USA, sc-2020

β-actin beta actin, IL-1β interleukin-1 beta, IL-6, interleukin-6, TNF-α tumor necrosis factor alpha, SOD superoxide dismutase, FGF-2 fibroblast growth
factor 2, TGF-β1 transforming growth factor beta 1, COL1α1 collagen type 1 alpha 1, HGF hepatocyte growth factor, HIF-1α hypoxia-inducible factor-1 alpha,
VEGF vascular endothelial growth factor, AP alkaline phosphatase, HRP horseradish peroxidase

alkaline phosphatase conjugated antibody. β-Actin was
used as loading control. The relative band intensities were
quantified using ImageJ software.

Statistical analysis

The quantitative data were analysed using GraphPad Prism
5 software (v.5.0; Graphpaa, San Diego, CA, USA). Com-
parisons between 2 groups were carried out using Student’s
unpaired t-test while comparisons of more than one group
were carried out using analysis of variance (ANOVA) tests,
including one-way and two-way ANOVA tests followed by
Bonferroni’s post hoc test. The Kruskal Wallis test was used
for assessment of histological scoring. Data are presented as
the mean ± standard deviation.

Results

Injury characterization and burn depth measurement

Histological assessment (Figure 1b) showed that acid
infliction resulted in deep partial thickness burns (second

degree), extending from the epidermis to the deep dermis
(1.45 mm depth). The burn skin showed attenuated epi-
dermis, epidermal basement destruction, a necrotic reticular
layer of dermis and coagulative damage to collagen, with
preserved adnexa (i.e sebaceous glands, hair follicles with
uninjured epithelium) and sparing of subjacent hypodermis
and skeletal muscle. However, in normal skin all 3 layers, i.e.
epidermis, dermis and hypodermis, are intact and viable.

Isolation and characterization of ASCs

We obtained approximately 5 × 106 cells from 2–4 grams
of rat adipose tissue at P3 within 20 days. Phase contrast
imaging showed the fibroblast like, spindle shaped mor-
phology of cultured ASCs at P3 (Figure 2a). Immunocyto-
chemistry was performed on ASCs to confirm their MSC
phenotypes before and after preconditioning with curcumin.
As expected, curcumin preconditioning did not influence
the mesenchymal origin of ASCs as these cells showed
immuno-expression of CD markers same like naïve ASCs, i.e.
positive expression for mesenchymal markers (CD90: naïve
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Figure 2. Characterization of adipose-derived mesenchymal stem cells (ASCs). (a) Phase contrast microscopy. Spindle shaped morphology of cultured ASCs.

Scale bar: 200 μm. (b) Immunolabelled fluorescence micrographs of ASCs with and without curcumin preconditioning showing positive expression of cluster of

differentiation (CD) 90 and CD105 with negative expression of CD34 and CD45. Magnification: ×200, scale bar: 200 μm. (c) Trilineage differentiation potential of

ASCs and curcumin preconditions ASCs (Cur-ASCs) compared with control (×200). Adipogenic differentiation demonstrated by intracellular oil droplets stained

with oil red O (×200); chondrogenic differentiation demonstrated by Alcian blue staining of glycosaminoglycan deposition (×400); and osteogenic differentiation

revealed by Alizarin red staining of calcium deposition (×200)

ASCs, 93.4 ± 5.3%; Cur-ASCs, 92.1 ± 4.1% and CD105,
ASCs: 90.3 ± 4.7%; Cur-ASCs: 89 ± 2.1%), and negative
expression for endothelial (CD34: naïve ASCs, 3.6 ± 1.9%;

Cur-ASCs, 3.3 ± 1.6%) and hematopoietic (CD45: naïve
ASCs, 4.75 ± 2.3%; Cur-ASCs, 4.4 ± 2.5%) markers
(Figure 2b).
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Figure 3. Effects of curcumin preconditioning on proliferation, migration, paracrine release and gene expression regulation in adipose-derived mesenchymal stem

cells (ASCs). (a) MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay showing increased metabolic activity and proliferation potential of

ASCs over 7 days in response to 5 μM curcumin dose. (b) In vitro scratch wound healing assay showing the migration potential of curcumin preconditioned ASCs

(Cur-ASCs) vs ASCs. Scale bar: 500 μm. (c) Quantitative assessment of paracrine release (pg/ml) of epidermal growth factor (EGF), vascular endothelial growth

factor (VEGF) and fibroblast growth factor 2 (FGF-2) in Cur-ASCs and ASCs. (d) Relative mRNA expression regulation of migratory and healing associated genes,

i.e. hepatocyte growth factor (HGF), transforming growth factor beta 1 (TGF-β1), FGF-2 and VEGF in Cur-ASCs vs ASCs. Data are presented as mean ± standard

deviation. ∗∗∗p ≤ 0.001, ∗∗p ≤ 0.01, ∗p ≤ 0.05 (n = 3). ns no significance

In addition, the trilineage differentiation capacity of ASCs
and Cur-ASCs was investigated under in vitro conditions.
As anticipated, curcumin preconditioning did not affect
the adipogenic, chondrogenic and osteogenic differentiation
potentials of ASCs. As shown in Figure 2c, both ASCs and
Cur-ASCs showed strong oil red O (lipid droplets), Alcian
blue (secreted proteoglycans) and Alizarin red (calcium
deposition) staining and confirmed the differentiation
into adipocytes, chondrocytes and osteocytes, respectively.
Conversely, in the control group, no oil droplets, proteoglycan
secretion or mineralization of calcium phosphate was
observed (Figure 2c).

Effects of curcumin preconditioning on proliferation,

migration, paracrine release and gene expression

regulation in ASCs

The results depicted in Figure 3a show that curcumin pre-
conditioning triggered the metabolic activity of ASCs and
increased their proliferation potential over 7 days. Both ASCs
and Cur-ASCs showed an increased proliferation rate with
time but Cur-ASCs showed relatively higher proliferation
than ASCs at day 4 (120.4 ± 3.95% vs 112.3 ± 2.67%) and
day 7 (137.9 ± 3.45% vs 126.7 ± 3.9%).

An in vitro scratch wound healing assay was performed
to confirm the effect of curcumin preconditioning on
the migration potential of ASCs in comparison to non-
preconditioned ASCs. It was found that preconditioning
significantly improved the migratory activity of Cur-ASCs
as compared to ASCs, as evidenced by the significantly
increased percentage of wound size reduction in the Cur-ASCs
group in comparison to untreated ASCs (78.99 ± 4.93% vs
60.02 ± 4.67%) as shown in Figure 3b.

To confirm the influence of curcumin preconditioning
on paracrine release of ASCs, ELISA was performed. As
shown in Figure 3c, curcumin preconditioning increased
the paracrine potential of Cur-ASCs compared with ASCs,
as evidenced by increased release of epidermal growth
factor (287.9 ± 22.67 pg/ml vs 196.78 ± 18.66 pg/ml),
VEGF (277.45 ± 26.98 pg/ml vs 202.8 ± 15.50 pg/ml) and
fibroblast growth factor-2 (FGF-2) (304.56 ± 18.65 pg/ml vs
209.7 ± 20.89 pg/ml).

Moreover, gene expression analysis (Figure 3d) revealed
that curcumin treatment upregulated expression of migratory
and healing-associated markers in Cur-ASCs compared with
non-preconditioned ASCs, i.e. HGF (Cur-ASCs: 1.34 ± 0.083
fold vs ASCs: 1.0 ± 0.009 fold), transforming growth factor
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Figure 4. Macroscopic analysis of the wounds treated with ASCs and Cur-ASCs comparative to saline control. (a) Representative photographs of wounds at 6

different time points from postoperative days 0, 4, 8, 12, 16 and 20 for each of the following groups: saline, saline injected; ASCs, naïve ASCs injected; Cur-ASCs,

curcumin preconditioned ASCs injected. (b) Graphical representation of percentage wound size reduction. (c) Graphical illustration of period of complete re-

epithelization in days. Data are presented as mean ± standard deviation. ∗denotes saline treated group vs ASCs and Cur-ASCs. α denotes ASCs vs Cur-ASCs.
∗∗∗p ≤ 0.001; ααα p ≤ 0.001. ASCs adipose-derived mesenchymal stem cells, Cur-ASCs curcumin preconditioned adipose-derived mesenchymal stem cells

beta 1 (TGF-β1) (Cur-ASCs: 1.28 ± 0.099 fold vs ASCs:
1.0 ± 0.015 fold), FGF-2 (Cur-ASCs: 1.69 ± 0.1 fold vs ASCs:
1.0 ± 0.008 fold) and VEGF (Cur-ASCs: 1.56 ± 0.13 fold vs
ASCs: 1.0 ± 0.011 fold).

Effect of Cur-ASCs on healing rate of acid burn wounds

The Cur-ASC treated group tended towards faster wound
closure beginning at day 4 and exhibited significantly
enhanced wound reduction comparative to ASCs and
saline injected controls until day 20 (Figure 4). Wounds
of all experimental rats were assessed macroscopically by
photography. Figure 4a shows representative gross images of
wounds at days 0 (transplantation day), 4, 8, 12 and 16 until
the day when the burn wounds of first group were healed (day
20). It was noted that acid burns in the control rats were slow

to heal (72.54% wound reduction at day 20); nevertheless,
ASC treated rats exhibited comparatively better recovery than
those in the saline control group but wounds were still present
(89% wound reduction at day 20). However, transplantation
of Cur-ASCs significantly improved the healing response and
the rats treated with Cur-ASCs had healed completely by
day 20. Overall, assessment of wound closure percentage
demonstrated that the wound recovery rate was significantly
faster in Cur-ASC treated rats than those treated with ASCs
or saline control, as shown in Figure 4b. Moreover, earlier
re-epithelization was observed in Cur-ASC treated rats
(20.0 ± 0.5 days) compared with those treated with ASCs
(22.45 ± 0.63 days) or saline (27.33 ± 0.51 days) (Figure 4c).
Collectively, these findings demonstrated that Cur-ASC
treated rats healed 1.12 times faster (re-epithelization time for
ASC treated rats/re-epithelization time for Cur-ASC treated
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Figure 5. Histological evaluation of healed skin sections harvested 20 days post-wounding. (a) Representative images of healed skin stained with Masson’s

trichrome and hematoxylin and eosin (H&E) at ×400 magnification; scale bar: 100 μm. H&E sections were blind scored (0–3) by a pathologist for inflammatory

cells (blue arrows), collagen fibers with dermis (red arrows) and fibroblasts (yellow arrows) from 5 different ×400 power field images per group captured at 10

randomly selected areas. (b–d) Graphical representation of statistically analysed histological scores (Kruskal Wallis test) for (b) inflammatory cells, (c) collagen

deposition and (d) granulation content. Data are presented as mean ± standard deviation. ∗denotes saline treated group vs ASCs and Cur-ASCs. α denotes

ASCs vs Cur-ASCs. ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001; ααα p ≤ 0.001. ASCs adipose-derived mesenchymal stem cells, Cur-ASCs curcumin preconditioned adipose-derived

mesenchymal stem cells

rats) than those treated with ASCs and 1.36 times quicker
(re-epithelization time for saline treated rats/re-epithelization
time for Cur-ASC treated rats) than saline treated rats. This
verified that curcumin preconditioning of ASCs enhances
their therapeutic efficacy and substantiates them for the
healing of challenging acid burn wounds.

Cur-ASCs suppressed wound inflammation

and promoted collagen deposition and granulation

tissue formation

H&E stained images (Figure 5a) revealed that Cur-ASCs
treatment significantly improved the epidermis and dermis
architecture upon healing than naïve ASCs and saline
treatment. High inflammation is the key factor that impedes

the recovery rate and epithelization of burn wounds.
Histological scoring demonstrated a marked reduction in
infiltration of inflammatory cells, along with significant
collagen deposition and pronounced granulation in the
excised healed skin of Cur-ASC treated rats compared with
ASC and saline control rats (Figure 5b, c, d). Additionally,
Masson’s trichome staining (Figure 5a) showed the high
collagen synthesis (green color) in healed skin in Cur-ASC
treated rats compared with ASC and saline control rats.

Cur-ASCs administration resulted in elevated switch

from pro-inflammatory status to pro-healing status

Next, we investigated the effect of Cur-ASCs on the regulation
of pro-inflammatory cytokines (interleukin-1 beta (IL-1β),
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Figure 6. Molecular (gene and protein expression) analysis of wound healing markers by real-time PCR and western blotting. Relative mRNA expression (fold

change) and quantitative measurement of relative protein expression (arbitrary unit) of (a) pro-inflammatory cytokines, i.e. interleukin-1 beta (IL-1β), interleukin-

6 (IL-6) and tumor necrosis factor alpha (TNF-α); (b) Oxidative marker, i.e. superoxide dismutase 1 (SOD1); (c) pro-angiogenic factors, i.e. vascular endothelial

growth factor (VEGF), hepatocyte growth factor (HGF) and hypoxia-inducible factor-1 alpha (HIF-1α); and (d) collagen content markers, i.e. transforming growth

factor beta 1 (TGF-β1), fibroblast growth factor 2 (FGF-2) and collagen type 1 alpha 1 (COL1α1). Values are expressed as mean ± standard deviation (n = 6).
∗denotes saline treated group vs ASCs and Cur-ASCs. α denotes ASCs vs Cur-ASCs. ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001; αp ≤ 0.05, ααp ≤ 0.01, αααp ≤ 0.001. ASCs adipose-

derived mesenchymal stem cells, Cur-ASCs curcumin preconditioned adipose-derived mesenchymal stem cells, ns no significance

interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α))
and healing promoters, i.e. an oxidative marker (superoxide

dismutase 1 (SOD1)), pro-angiogenic factors (VEGF, HGF,
hypoxia-inducible factor-1 alpha (HIF-1α)) and collagen
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deposition associated markers (FGF-2, collagen type 1 alpha
1 (COL1α1), TGF-β1) at the molecular level. It was found
that Cur-ASC treatment significantly reduced the mRNA and
protein expressions of IL-1β (Cur-ASCs: 0.21 ± 0.07 fold and
0.99 ± 0.21 IL-1β/β-actin ratio vs ASCs: 0.45 ± 0.12 fold and
1.55 ± 0.09 IL-1/β-actin ratio); IL-6 (Cur-ASCs: 0.25 ± 0.10
fold and 0.55 ± 0.30 IL-1/β-actin ratio vs ASCs: 0.53 ± 0.11
fold and 0.93 ± 0.15 IL-1/β-actin ratio); and TNF-α (Cur-
ASCs: 0.15 ± 0.09 fold and 1.33 ± 0.05 TNF-α/β-actin ratio
vs ASCs: 0.39 ± 0.13 fold and 1.92 ± 0.11 TNF-α/β-actin
ratio), as shown in Figure 6a. SOD1 expression (Figure 6b)
was noticeably upregulated in healed skin from the Cur-
ASC group (2.31 ± 0.11 fold and 3.31 ± 0.11 SOD1/β-actin
ratio) compared with the ASC group (0.95 ± 0.09 fold and
1.55 ± 0.29 SOD1/β-actin ratio).

Further, Cur-ASC treatment markedly raised the expres-
sion of VEGF (Cur-ASCs: 4.11 ± 0.07 fold and 4.0 ± 0.30
VEGF/β-actin ratio vs ASCs: 2.62 ± 0.22 fold and 3.1 ± 0.29
VEGF/β-actin ratio); HGF (Cur-ASCs: 3.59 ± 0.10 fold
and 3.54 ± 0.23 HGF/β-actin ratio vs ASCs: 2.29 ± 0.16
fold and 2.11 ± 0.36 HGF/β-actin ratio); and HIF-1α

(Cur-ASCs: 5.16 ± 0.18 fold and 4.39 ± 0.18 HIF-1α/β-actin
ratio vs ASCs: 3.11 ± 0.09 fold and 3.32 ± 0.21 HIF-1α/β-
actin ratio), as shown in Figure 6c. Moreover, pronounced
upregulation was observed in the Cur-ASC treated group for
TGF-β1 (Cur-ASCs: 5.21 ± 0.20 fold and 5.39 ± 0.11 TGF-
β1/β-actin ratio vs ASCs: 3.45 ± 0.14 fold and 4.33 ± 0.24
TGF-β1/β-actin ratio); FGF-2 (Cur-ASCs: 4.94 ± 0.50 fold
and 5.04 ± 0.30 FGF-2/β-actin ratio vs ASCs: 2.75 ± 0.18
fold and 3.85 ± 0.13 FGF-2/β-actin ratio); and COL1α1
(Cur-ASCs: 5.75 ± 0.39 fold and 5.92 ± 0.29 COL1α1/β-
actin ratio vs ASCs: 3.93 ± 0.24 fold and 4.93 ± 0.17
COL1α1/β-actin ratio), as shown in Figure 6d.

Discussion

In this study, ASCs were characterized with and without
curcumin preconditioning as per minimal criteria set for
MSCs by the International Society for Cellular Therapy, i.e.
plastic adherent; must express mesenchymal surface markers
that include CD90, CD105, CD73, CD44 and CD166 with-
out the expression of hematopoietic/endothelial cell surface
markers CD34 and CD45; and should have trilineage (adi-
pogenic, chondrogenic, osteogenic) differentiation capacity.
Both ASCs and Cur-ASCs were plastic adherent, showed
positive expression for CD 90 and CD105 with no expres-
sion for CD34 or CD45 and differentiated into adipocytes,
chondrocytes and osteocytes. Moreover, curcumin precondi-
tioning enhanced the metabolic activity, migration potential
and paracrine release of ASCs and upregulated the expression
of important migratory and healing factors.

The current study follows the recent work from our group
[31] that showed that curcumin preconditioning augments
the therapeutic efficacy of ASCs for efficient healing of dia-
betic wounds. This finding encouraged us to investigate the
competence of Cur-ASCs for the healing of acid inflicted

burns. Thus, in this research, acid inflicted burns were enacted
in rats to investigate the regenerative effects of Cur-ASCs
in terms of better wound healing. The study outcomes were
examined through visual inspection, planimetric evaluation,
histological assessment and analysis of regulation of healing
markers, both at the gene and protein levels. Here, our results
demonstrated that Cur-ASCs were superior to naïve ASCs
in accelerating re-epithelialization and the closure rate of
acid inflicted burn wounds. In addition, localized adminis-
tration of Cur-ASCs suppressed the inflammatory response,
increased angiogenesis and improved granulation and colla-
gen deposition.

MSC-based therapies are gaining hopes for the treatment
of hard-to-heal chronic wounds [35] such as chemical burns.
Several studies have confirmed that MSC transplantation
expedites wound healing and it is believed that the principal
mechanism of action of MSCs is through secretory factors
that affect the biological functions of surrounding skin cells
[36,37]. However, the magnitude of these therapeutic effects
after transplantation is highly inconsistent and not enduring.
In the majority of cases, these uncertain outcomes have been
attributable to the poor survival of transplanted MSCs in
the target tissue [38]. However, if even a small proportion of
transplanted MSCs are able to remain in the injurious tissue,
they are capable of exerting some remedial effects. Based
on these premises, it is speculated that if a small percentage
of viable MSCs can produce such beneficial effects, then
enhancing MSC survival is critical for the clinical efficacy
of MSC-based therapies. Recent studies have demonstrated
that curcumin considerably enhances the potency of MSCs
in various injuries, in that it stimulates proliferation, inhibits
apoptosis and increases paracrine secretion, suggesting that
pretreatment of MSCs with curcumin may be a promising
strategy to further improve their efficacy for tissue repair
[39–42]. Thus, we hypothesized that preconditioning of ASCs
with curcumin may improve their tolerance to the hostile
niche of acid burns, thereby enhancing their therapeutic
potential for wound healing, as we have observed in diabetic
wounds.

In this study, visual and planimetric evaluation showed
that treatment with Cur-ASCs resulted in faster re-
epithelialization of acid inflicted burns compared with
treatment with naïve ASCs (1.12 times) and the control (1.36
times). This substantial difference in re-epithelialization time
built our confidence to suggest the clinical utility of Cur-ASCs
in hard-to-heal acidic burn wounds. However, it is worthy to
mention that the recovery of 2 × 2 cm acidic wound in rats
model by one-time 2 × 106 Cur-ASCs transplantation is not
enough evidence. Since the immune environment and cell
dose requirement may substantially differ in larger animals
and may present a different outcome, it is recommended to
assess the therapeutic effects of Cur-ASCs in relatively higher
animals to better represent the clinical efficacy of Cur-ASCs.

The critical challenge to translate stem cell-based thera-
pies into clinic includes immediate availability of cells upon
demand at the point of care. For example, for the treatment
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of burns, ASCs administration should be performed within
a week or at earliest of injury. In recent past, the precondi-
tioning of stem cells has become a more rational approach
in terms of clinical feasibility because it could be done in a
short time and without high personnel dependency. As in our
study, only 24 hours of exposure to curcumin-supplemented
medium for cell conditioning is required prior to transplanta-
tion. Moreover, reported studies have stated that the precon-
ditioning strategy improved therapeutic efficacy of the cells by
supporting their survival, engraftment and paracrine abilities
[43–45]. Similarly, we also observed improved therapeutic
potential of Cur-ASCs in terms of faster wound recovery in
Cur-ASC treated rats compared with ASCs; however, we did
not trace the transplanted ASCs at the wound site with regard
to their viability, placement and mechanistic role in wound
healing. Considering the outcomes of previous reports, it
could be speculated that improved wound healing in Cur-
ASC treated rats could be attributed to improvement in ASC
survival and might be correlated with increased production
of secretory factors for a longer period of time, resulting in
faster healing.

Inflammatory cell infiltration is an important phase of
wound repair [46]; however, its prolonged persistence in the
wound bed increases the burden of neutrophils and apoptotic
cells through pro-inflammatory cytokines, which ultimately
impedes the healing process [47]. Studies have shown that
the balance between pro- and anti-inflammatory cytokines is
disturbed in non-healing wounds [48]. Our results were also
in agreement, as we observed a high number of inflammatory
cells in control rats that showed delays in healing. Apart
from histological analysis, we noticed high expression of pro-
inflammatory cytokines, including Il-1β, Il-6 and TNF-α in
control rats. Interestingly, after cell transplantation, Cur-ASC
treated rats showed a significant depletion of inflammatory
cells in comparison with naïve ASCs. Concomitantly, data
assimilated from expressional studies indicated a substantial
decrease in the expression of pro-inflammatory cytokines
in healed skin from Cur-ASC treated acid burn wounds.
It is of note that MSCs have an intrinsic ability to reduce
inflammation, as reported in several studies [49–51]; how-
ever, the observed substantial decrease in the inflammatory
phase might be because of enhanced retention of Cur-ASCs
in the wound tissue.

Together with the persistent inflammatory phase, the
oxidative microenvironment was also observed in non-
healing wounds [52]. It has been demonstrated that the
prolonged presence of inflammatory cells in the wound
bed produces various reactive radicals, which contributes
to oxidative imbalance and further negatively regulates
the healing process [53,54]. Superoxide dismutase, an
antioxidant enzyme encoded by the Sod1 gene, is a scavenger
of reactive radicals and known to protect cells from oxidative
damage [55,56]. We did not see any change in Sod1
expression in the naïve ASC treated group compared with
the control group. Conversely, higher expression was noticed
in the Cur-ASC treated group, which indicates that curcumin

preconditioning elicited the ASCs, as well as surrounding
cells after transplantation, to neutralize reactive species
by deploying antioxidant enzymes. This observation is in
line with previous reports which showed that curcumin
preconditioning enhances the antioxidant defense potential
of MSCs [57,58].

Poor angiogenesis is another hallmark of burns that ham-
pers the wound repair process [59]. MSCs are known to
induce angiogenesis upon transplantation via paracrine secre-
tions [60]. Corroborating previous reports [61–63], in this
study we observed marked expressions of pro-angiogenic
growth factors, such as VEGF, HGF, and HIF-1α, in the Cur-
ASC treated group at the molecular level. These findings
are in accordance with our previous outcome that Cur-ASC
transplantation leads to improved microcirculation in the
wound bed of diabetic rats.

TGF-β1 has been shown to play a role in the transforma-
tion of fibroblasts into myofibroblasts, which leads to the
production of collagen and thereby accelerates the healing
of wounds [64,65]. For this reason, we analysed TGF-β1,
FGF-2 and COL1α1 expression in our study. As expected,
we noticed an increased expression of these genes in the
healed skin of the Cur-ASC treated group. This observation
was supported by the histological aspects of healed skin,
as demonstrated by H&E and Masson’s trichrome staining,
which revealed much superior granulation tissue with marked
fibroblast proliferation and collagen deposition in Cur-ASC
treated healed wounds. Previously, enhanced expressions of
TGF-β1, FGF-2 and COL1α1 have been observed in healed
skin [31,66].

Conclusions

In conclusion, our findings demonstrate that preconditioning
of ASCs with curcumin contributes to the efficacy of trans-
planted ASCs in, and their tolerance to, the hostile niche of
acid inflicted burns. Cur-ASCs secreted growth factors for a
longer time and resulted in faster healing. Thus, the outcomes
of this study suggest the potential clinical utility of Cur-ASCs
for the treatment of acid burn wounds and their feasibility
for this.
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