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Introduction: Cold burn wounds differ in their pathophysiological spectrum as compared to other types
of burn wounds. These wounds have prolonged devastating effects on the body including hypertrophic
scars, contracture, and necrosis. Mesenchymal stem cells (MSCs) are considered promising candidates for
the complete regeneration of burn wounds. However, transplanted MSCs face the challenge to survive
under the harsh tissue conditions. Preconditioning of MSCs with bioactive compounds may enhance
their survival and regenerative potential for use in clinical applications. Bioactive compounds of Melia
azedarach are well known for their potential role in treating different types of skin wounds due to their
anti-inflammatory, anti-viral, anti-cytotoxic, and anti-oxidative properties. This study aims to evaluate
the synergistic effects of human umbilical cord derived MSCs (hUC-MSCs) after preconditioning them
with bioactive compounds of M. azedarach (quercetin and rutin) for cold induced burn wounds.
Method: Human umbilical cord MSCs (hUC-MSCs) were characterized based on their specific cell surface
markers and treated with 20 mM of quercetin or rutin. In vitro scratch assay was performed to measure
cell migration and wound closure. In vivo cold burn wound model was developed via direct exposure of
the dorsal rat skin to liquid nitrogen. hUC-MSCs were subcutaneously transplanted next day of burn
wound induction and wound was examined at different time points corresponding to the wound healing
phases (days 3, 7, and 14). The regenerative potential of preconditioned hUC-MSCs was assessed in
different groups; control (treated only with hUC-MSCs), and treated groups (quercetin or rutin treated
hUC-MSCs). Healing potential and wound closure were evaluated by histological, gene expression, and
immunohistochemical analyses of the wound tissues before and after treatment.
Results: Scratch assay exhibited enhanced cell migration towards wound closure in the treated groups as
compared to the control. Macroscopic examination of the wound revealed scab formation at day 14 in
control, whereas scab was detached and the wound tissue was remarkably remodeled in the treated
groups. Comparison between the treated groups showed that burn wound treated with quercetin
significantly increased healing potential than the rutin treated MSCs. Histological findings showed
enhanced regeneration of skin layers along with hair follicles in the quercetin group, while increased
neovascularization was noted in both treatment groups. Gene profile of wound healing mediators
illustrated significant upregulation of IL-5, IL-4, GPX-7, TXNRD-2, PRDX, VEGF, and FGF and down-
regulation of inflammatory cytokines IL-1b and IL-6.
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Conclusion: In conclusion, synergistic effect of hUC-MSCs and bioactive compounds of M. azedarach
enhances wound healing by reducing the inflammation, mitigating oxidative stress and enhancing
neovascularization. The study findings will aid in designing more effective treatment options for cold
burn wounds.
© 2022, 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

Skin functions as a bacterial, physical and chemical barrier to
protect the body against harsh external environment. Any damage
to the skin can be devastating and should be recovered efficiently.
Skin possesses the ability to regenerate itself after any trauma,
through mediated interactions between cells and healing media-
tors, which triggers healing mechanisms to restore damages [1].
Each layer of skin performs a specialized function; epidermis reg-
ulates body temperature, dermis maintains structural integrity and
assists in sensation, and hypodermis provides mechanical protec-
tion and thermoregulation [2]. Increase in the number of burn
wound injuries is a challenge for the healthcare system because of
the failure to manage the condition in a timely and systematic way.
Burn injuries are classified as first, second, third, and fourth degree
burns, based on the depth of penetration of injury and extent of
tissue destruction. First and second degree burns are superficial,
while third and fourth degree burns are deep wounds [3]. In a
clinical setting, diagnoses of burn patients are based on total body
surface area (TBSA) affected with the wound. Minor burns are first
or second degree wounds which cover less than 10% of TBSA and
moderate burns are second degreewounds coveringmore than 10%
of TBSA. Severe burn wounds indicate that 1% TBSA is affected with
third degree wounds [4].

The etiology of burn wounds includes heat, radiation, UV rays
and cold. The extent of skin damage from these causative agents
depends upon the area and length of exposure. Skin has the ca-
pacity to adapt physiological changes according to the external
conditions. However, extreme cold temperature restricts this ca-
pacity and causes devastating effects ranging from tissue injury to
complete tissue loss which ultimately causes burn [5]. Tissue
rewarming after cold injury results in blood clots, cyanosis, edema,
ischemia, vascular damage, and compromises cell functions.
Moreover, these wounds have prolonged devastating effects on the
body including hypertrophic scars, contracture, and necrosis [6].
The process of wound healing starts with inflammation, leads to
proliferation, and ends with restoration of tissue. In the dynamic
process of wound healing, the paracrine secretions and interaction
with other skin cell types create a complex microenvironment
where multiple overlapping phases are involved [7]. Any diver-
gence or disturbance in these phases may cause impaired wound
healing with several other complications. Major complications that
occur in the wound healing process include prolonged scar for-
mation, extended oxidative stress and inflammation [8]. Wound
monitoring is essentially required to determine the progression
and integrity of the damaged tissue. Wound assessment over time
can deliver a significant therapeutic insight for dynamic process of
healing. It is much needed to understand the underlying patho-
physiology of damaged skin tissue and its subsequent layers.

Treatment and management of burn wound injuries have
complex pathophysiology. The treatment methods commonly
used are symptomatic; comprises medications such as anti-
inflammatory drugs, analgesics, and antibiotics. Skin grafting is
an option that causes permanent closure of the wound, but it has
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certain limitations such as unavailability of donors and graft re-
jections [9]. Cell-based therapy offers an unprecedented approach
for developing treatment methods for burn wounds. Stem cells
have potential to differentiate into multiple lineages. They migrate
to the injury site in response to the signaling cascade. Pre-clinical
data of umbilical cord derived MSCs shows their regenerative ef-
fect both locally and systemically. Local transplantation of MSCs at
burn site resulted in downregulation of inflammatory genes and
upregulation of proliferative genes having essential role in healing
[10]. However, use of MSCs in clinical application is a challenge
because of cellular senescence that results in reduction of cell
number after an in vivo transplantation [11].

The screening and extraction of biologically active components
of plants have improved treatment strategies and drug develop-
ment. Some plants are considered as potent wound healers for
having anti-inflammatory, anti-coagulant, and anti-oxidant prop-
erties [12]. Medicinal plants were used in traditional medicine for
many years; 25% of the active drug components are obtained from
plant sources [13]. Plant extracts were tested and verified to have
therapeutic potential for treating different types of wound in-
fections. The wound healing efficacy of Melia azedarach has long
been ignored in the modern medicine. M. azedarach has anti-
inflammatory, anti-microbial, cytotoxic, and anti-viral activities
which can be beneficial for the wound healing process [14]. Major
active components of M. azedarach include terpenes, steroids, fla-
vonoids, proteins, saponins, alkaloids, phytosterols, and phenols.
The two flavonoids of M. azedarach i.e., quercetin and rutin possess
potent anti-inflammatory and anti-oxidant properties necessary
for efficient wound healing [15,16].

This study was designed to utilize the wound healing properties
ofM. azedarach compounds, quercetin and rutin, and evaluate their
synergistic role with human umbilical cord derived MSCs (hUC-
MSCs) in both in vitro and in the in vivo wound models via pre-
conditioning approach.
2. Material and methods

2.1. Materials/reagents

The reagents used in the study are as follows: Alexa fluor 546
goat anti-mouse secondary antibody, Alpha smooth muscle actin,
a-SMA (Invitrogen, USA), Bovine serum albumin (BSA), CD45 (BD
Bioscience, USA), CD90 (Cederlane International, Canada), CD177
(Zymed Laboratories), DAPI, Tween 20 (MP Biomedicals, USA), DiI
dye (Life Technologies Corporation, USA), DPX mounting medium
(Merck, Millipore, USA), Dulbecco's Modified Eagle's Medium
(DMEM), Fetal bovine serum (FBS), Hematoxylin & Eosin (H & E)
stain kit (Carl-ROTH, Germany), Fluoromount-aqueous mounting
media, MTT, Ketamine hydrochloride, Vimentin, Xylazine (Sigma
Aldrich, USA), Optimal cutting temperature (OCT) medium (Tissue
Tek, USA), RevertAid First Strand cDNA synthesis kit, SYBR Green/
ROX qPCR Master Mix (Thermo Fisher Scientific, USA), Sodium
pyruvate, Streptomycin/penicillin, Trypsin (Gibco, USA).
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Table 1
Targeted genes with their primer sequences and annealing temperature.

Gene Primer Sequences (50-30) Annealing
Temperature
(�C)

Interleukin 1
beta (IL-1b)

F: TCATCTTTGAAGAAGAGCCCGT
R: TCATCTTTGAAGAAGAGCCCGT

58

Interleukin 6
(IL-6)

F: GATGGATGCTTCCAAACTGGATA
R: TGAATGACTCTGGCTTTGTCTTT

58

Interleukin 4
(IL-4)

F: CGTGATGTACCTCCGTGCTT
R: ATTCACGGTGCAGCTTCTCA

58

Interleukin 5
(IL-5)

F: TGATACAGCTGTCCACTCACC
R: TGCCCACTCTGTACTCATCAC

58

Glutathione
peroxidase 7
(GPX7)

F: AGGAGATCAAGCCCCGTAT
R: CGAAGGGAAGAGAAGCATT

58

Peroxiredoxin 7
(PRDX7)

F: CAAAGCCACGGCTGTTATGC
R: TGGGTCCCAATCCTCCTTGT

58

Thioredoxin
reductase 2
(TXNRD2)

F: GCCCAGTACAAGGCTCTCA
R: AGGTTAGAGGGGGCAGTCA

58

Vascular endothelial
growth factor
(VEGF)

F: TGAATGACTCTGGCTTTGTCTTT
R: TGAATGACTCTGGCTTTGTCTTT

58

Fibroblast growth
factor (FGF)

F: AGCAGAAGAGAGAGGAGTTGTG
R: TATTTCCGTGACCGGTAAGTGT

58

Glyceraldehyde-3-phosphate
dehydrogenase
(GAPDH)

F: GGAAAGCTGTGGCGTGATGG
R: GTAGGCCATGAGGTCCACCA

58

F ¼ forward primer,
R ¼ reverse primer
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2.2. Ethical approval

The study was approved by the local Independent Ethical
Committee (IEC) and Institutional Animal Care and Use Committee
(IACUC); IEC/ICCBS-036-HT-2018/Protocol/1.0 and Animal study
protocol (ASP) number 2021e008, respectively. Umbilical cord
samples were obtained from Zainab Panjwani Memorial Hospital
after a caesarean delivery following informed consent from the
donor parents. Male Wistar rats (180e250 gm) were obtained from
institutional Animal Research Facility (ARF) and housed at 12 h
light: dark cycle, 25± 1 �C temperature and 55 ± 5% humidity.

2.3. Isolation and culture of hUC-MSCs

Each cord sample (6e8 cm) was collected in sterile 1X phos-
phate buffered saline (PBS) and 0.5% EDTA, and stored at 4 �C until
further processing. The sample was processed in a Biosafety
Cabinet-II (ESCO, USA) within 3 h after collection using protocol
described in our previous study [17]. Briefly, cord was washed with
1X PBS to remove blood clots and cut into 2e3mmpieces to expose
Wharton's jelly. After 10e15 days, MSCs adhered to the flask with
their typical morphological characteristics. When cells reached
70e80% confluence, they were re-plated by separating the
adherent confluent monolayer of cells by adding 1X trypsin.
Floating cells were centrifuged at 1000 rpm for 8 min and pellet
was resuspended in media to sub-culture the cells. Cells were
supplemented with DMEM, 10% FBS, 100 units/mL penicillin and
100 mg/mL streptomycin. Media was changed after every two to
three days, and cells were incubated at 37 �C and 5% CO2. All ex-
periments were conducted using cell passages P2 and P3.

2.4. hUC-MSC characterization by immunocytochemistry

Immunocytochemistry was performed to characterize the cells
on the basis of their specific cell surface markers. Approximately,
10,000 cells were seeded in 24well plate and placed in an incubator
at 37 �C for 24 h. When the cells formed a monolayer, mediumwas
removed and wells were washed twice with 1X PBS. 200 mL of 4%
paraformaldehyde (PFA) was added for cell fixation followed by
10 min incubation. Cells were permeabilized for 10 min by treat-
ment with 0.1% Triton X-100 and then 200 mL blocking solution (2%
BSA and 0.1% Tween 20) was added to block non-specific binding
sites. After 1 h, blocking solution was aspirated out and primary
antibodies CD90, CD117 and vimentin (positive markers), or CD45
(negative marker) were added at recommended dilutions and
incubated for 24 h at 4 �C. Alexa flour 546 secondary antibody so-
lutionwas added at a dilution of 1:200 alongwith F-actin (1:200) in
the blocking solution for 1 h followed by 15 min incubation with
DAPI (0.5 mg/mL) at 37 �C. Cells were observed under fluorescence
microscope (Eclipse Ni-E, Nikon, Japan) after mounting the slides
with DPX mounting medium.

2.5. Preconditioning of hUC-MSCs with quercetin and rutin

The bioactive compounds of M. azedarach, quercetin and rutin
were provided by Prof. Dr. Shaheen Faizi, HEJ, International Center
for Chemical and Biological Sciences, University of Karachi. Cyto-
toxic concentration of each compound was calculated by per-
forming MTT assay using manufacturer's guidelines. Different
concentrations of the compounds were used ranging from 5 mM to
100 mM for treatment with hUC-MSCs and incubated for 24 h under
standard culture conditions. Concentration of 20 mM was selected
for preconditioning of hUC-MSCs for further experiments. These
compounds will be referred to Q (quercetin) and R (rutin) in the
subsequent sections.
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2.6. Scratch assay

Cell migration was analyzed by scratch assay. Physical exclusion
method was employed to create a cell free gap with the help of
20 mL sterile pipette tip. Scratch reproducibility was maintained by
controlling the pressure and angle of the pipette. The experiment
comprised of three replicates of each group i.e., hUC-MSCs,
Q þ hUC-MSCs and R þ hUC-MSCs. Optimized concentration
(20 mM) of each compound was added to the flask for 24 h. The
experiment was monitored at respective time points (0 he48 h)
under phase contrast microscope (TE 2000S Eclipse, Nikon, Japan).
Cell migrationwas calculated by measuring the distance covered to
fill cell gap (scratch).
2.7. In vivo experimental design

The study is divided into four experimental groups: Control (no
treatment), and treatment groups of hUC-MSCs, Qþ hUC-MSCs and
R þ hUC-MSCs. Macroscopic analysis, histopathology, immuno-
histochemistry and gene expression analysis of the wound tissues
were performed on three respective wound healing time points
(days 3, 7 and 14). Total 53 animals were used in the study and each
experiment was performed in triplicate.
2.8. Cold burn wound model

Prior to wound induction, the animals were anesthetized with
xylazine (7 mg/kg) and ketamine hydrochloride (60 mg/kg). Hairs
were removed from the dorsal surface and skin was disinfected
with the alcohol swab. Steel rod (1.5 cm diameter and 198 gm
weight) was dipped in liquid nitrogen for 20min, and placed on the
dorsal surface for 25 s. Analgesic (diclofenac sodium) and antibi-
otics (penicillin/streptomycin) were given to the animals after
wound induction.
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2.9. Transplantation of normal and preconditioned hUC-MSCs

Approximately, 1 million cells were used for transplantation
after 24 h of wound induction. After trypsinization, the pellet was
Fig. 1. Morphology and Characterization of hUC-MSCs (A) hUC-MSCs extended from expla
fibroblast-like morphology at passage 1 (P1) and passage 2 (P2). Images were taken under ph
CD90, CD117, vimentin, and negative expression of CD45 (a hematopoietic marker) was ob
hUC-MSCs. Images were taken under fluorescence at 20� magnification.
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washed and resuspended in 300 mL 1 X PBS. The cells were trans-
planted subcutaneously around wound peripheries at multiple in-
jection sites. Tissues were harvested at respective time points i.e.
days 3, 7 and 14 after euthanizing the animal.
nts at day 0, and reached 70e80% confluence after 7 days in culture. hUC-MSCs showed
ase contrast at 10� magnification (B) Positive expression of hUC-MSC specific markers

served. F-actin staining shows the cytoskeleton and DAPI staining represents nuclei of



Fig. 2. Cytotoxicity analysis and in vitro wound healing assay (A) Non-cytotoxic concentration of compounds (quercetin and rutin) was determined using MTT assay. The cell
viability decreased in a concentration dependent manner. For statistical analysis, one-way ANOVA with Bonferroni post-hoc test was performed. Data is represented as
mean ± S.E.M (n ¼ 3); p-value � 0.05 was considered statistically significant (where ** ¼ p < 0.01, * ¼ p < 0.05) (B) Phase contrast images of 0 h, 24 h and 48 h of scratch assay with
hUC-MSCs, quercetin treated MSCs (Q þ hUC-MSCs) and rutin treated MSCs (R þ hU-MSCs). Significant reduction in scratch area was observed in the treated groups as compared to
control. Wound healed at 24 h in quercetin and 48 h in rutin treated groups (C) Graphical illustration of percentage wound area closure showed considerable reduction in scratch
area in treated groups as compared to control. For statistical analysis, one-way ANOVAwith Bonferroni post-hoc test was performed. Data is represented as mean ± S.E.M (n ¼ 3); p-
value � 0.05 was considered statistically significant (where *** ¼ p < 0.001, ** ¼ p < 0.01).
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2.10. Homing of normal and preconditioned hUC-MSCs

Cell homing at the wound sitewas analyzed by tracking the cells
with 5 mMDiI dye. Cell pellet was washed with 1 X PBS followed by
7 min incubation with the dye, then washing again with 1 X PBS.
Labeled cells were transplanted subcutaneously and tissue was
harvested at day 14. Tissue was fixed in 4% PFA for 4 h and placed in
a tissue mold with OCT for embedding. Tissue was frozen and
sections of 10 mm were cut using cryostat (Shandon Cryotome E).
Sections were stained using DAPI (0.5 mg/mL) and mounted using
fluoromount-aqueous mounting media. Stained sections were
observed under fluorescence microscope.
2.11. Macroscopic evaluation

Skinwound tissues of all groups (control and treated hUC-MSCs)
were visualized for signs of scab formation, granulations, inflam-
mation and wound contraction. Images were taken at respective
time points at days 3, 7 and 14, and compared. Wound closure was
measured as per the protocol defined in a previous study using the
formula: area of actual wound (S1)/area of original wound (S0) [18].
Fig. 3. Cell homing at the wound site (A) Tracking of hUC-MSCs was performed at day 1
center of wound lesion. Some labeled cells are indicated with white arrows (B) Quantitative a
treated groups as compared to untreated control. Statistical analysis was performed using
(n ¼ 3); p-value � 0.05 was considered statistically significant (where *** ¼ p < 0.001, * ¼
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2.12. Histological evaluation

Harvested tissues of all groups were fixed in 4% PFA (overnight
incubation), followed by serial dehydration steps. Tissue samples
were embedded with paraffin and sections of 6 mm were cut and
mounted on gelatin coated slides. Sections were stained using
Hematoxylin & Eosin (H & E) as per the guidelines of the
manufacturer.
2.13. Immunohistochemical analysis

Neo-vascularization in the burn wound tissue was analyzed at
day 14 with immunohistochemistry using a-smooth muscle actin
(a-SMA) antibody. The sections were deparaffinized and antigen
retrieval was performed by exposing the tissues with sodium cit-
rate buffer for 45 min at 90-100 �C. Blocking solution was added to
the slides to prevent non-specific binding. a-SMA solution (1:100)
was added to the slides and incubated overnight at 4 �C. Next day,
Alexa fluor 488 secondary antibody (1:200) was added after
washing the slides with PBS-tween 20 buffer. After 2 h incubation,
DAPI (0.5 mg/mL) was added for 10 min. Tissue sections were
4. DiI labeled red fluorescent cells representing hUC-MSCs were observed around the
nalysis of labeled cells represent significant increase in the fluorescence intensity in the
one-way ANOVA with Bonferroni post-hoc test. Data is represented as mean ± S.E.M
p < 0.05).



Fig. 4. Macroscopic evaluation of cold burn wound (A) Immediately after the burn wound induction, wound area showed freezing of the skin. At day 1, black eschar formation
was prominent (B) Images representing macroscopic changes of the cold burn wounds including the general appearance, the size of the wound, time for tissue granulation and the
hair regeneration at respective wound healing phases. At day 3, edema and necrosis were observed in the control group, whereas Q þ hUC-MSCs represented wound surrounded
with a fine crust layer. The scab was prominent at day 7 in treatment groups, while in the control group, it appeared at day 14. In the treatment groups, scab was detached at day 14
and wound appeared to be contracted (C) Images showing schematic representation of the wound closure and formula used for analysis (D) Graphical illustration representing
wound closure in all groups with statistically significant reduction in wound closure in the Q þ hUC-MSC group. One-way ANOVA with Bonferroni post-hoc test was performed for
statistical analysis. Data is represented as mean ± S.E.M (n ¼ 3); p-value � 0.05 was considered statistically significant (where *** ¼ p < 0.001).
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Fig. 5. Histological evaluation of the cold burn wound model and treatment groups (A) Histology of the normal skin featuring all skin layers; epidermis, dermis, hypodermis
and thick keratinocytes along with hair follicles (B) Skin adnexa were observed in the wound and healed tissues. In the wound tissue, skin adnexa were distorted, surrounded with
inflammatory cells and extravasation of RBCs, however in the healed tissue, there was a specified morphology with HS (hair shaft), IRS (inner root sheath), and ORS (outer root
sheath) (C) Comparative histology of all experimental groups at respective time points ie. days 3, 7 and 14. Prominent features are as follows: At day 3: Control: distorted skin
adnexa, karryohectic debris, epidermis detachment; hUC-MSCs: tissue distortion, epidermis and dermis attached; Q þ hUC-MSCs: skin adnexa started to repair, re-epithelialization;

F. Irfan, F. Jameel, I. Khan et al. Regenerative Therapy 21 (2022) 225e238
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observed under fluorescence microscope after mounting the slides
with DPX mounting medium.

2.14. Gene expression analysis

Harvested tissues were pulverized, homogenized, and sonicated
to isolate RNA using one step RNA reagent using manufacturer's
protocol. RNA quantification was performed at 260 nm using
spectrophotometer (UV-1700, Shimadzu, USA). Volume of RNA
corresponding to 1 mg concentration was used for the synthesis of
cDNAusingmanufacturer's protocol. The amplification and analysis
of genes representing wound cytokines (Table 1) at different phases
of healing was performed through qPCR. GAPDH gene was ampli-
fied along with the targeted genes as the experimental control.

2.15. Statistical analysis

Statistical analysis was performed using IBM SPSS software 21
and GraphPad Prism 8. Group comparison was performed using
one-way ANOVA and Bonferroni post-hoc test. Data is presented as
mean ± SEM and p < 0.05 was considered as statistically significant
(* ¼ p � 0.05, ** ¼ p � 0.01 and *** ¼ p � 0.001).

3. Results

3.1. Characterization of hUC-MSCs

The cells initially represented a heterogeneous populationwhen
isolated from human umbilical cord and then within a week, they
showed homogenous morphology. After 10 days of isolation, the
cells adhered to the flask surface and within 12 days reached
70e80% confluence. hUC-MSCs were identified based on their
fibroblast like morphology (Fig. 1A). Cells were passaged to P1 and
then P2 when they reached 70% confluence. Immunocytochemical
characterization of hUC-MSCs showed strong expression for CD90,
CD117 and vimentin (Fig. 1B). These markers are specific for MSCs.
The cells showed negative expression of CD45, which is a he-
matopoietic marker.

3.2. Cytotoxicity analysis of quercetin and rutin

Cell cytotoxicity increased with increased concentration of both
compounds, quercetin and rutin. In case of quercetin, number of
apoptotic cells increased at concentrations of 80 mM and above,
while in case of rutin, 90 mM and above concentration were
cytotoxic to cells. Non-cytotoxic concentration of 20 mM was
selected for both compounds to precondition hUC-MSCs in sepa-
rate groups (Fig. 2A).

3.3. In vitro wound healing analysis via scratch assay

Wound healing potential of quercetin and rutin treated hUC-
MSCs was analyzed with scratch assay. The assay showed com-
plete closure of the scratch at 24 h and 48 h in the quercetin and
rutin treated MSCs, respectively (Fig. 2B). Statistical analysis
showed significant reduction in the scratch area in both quercetin
and rutin treated groups as compared to untreated control (Fig. 2C).
R þ hUC-MSCs: partial re-epithelialization. At day 7: Control: hyperplasia of epidermis; hUC
fibrous connections; R þ hUC-MSCs: partial tissue distortion. At day 14: Control: re-epitheli
attachment; Q þ hUC-MSCs: reformed skin adnexa, dense ECM, thick keratin layer, re-epit
senting enhanced re-epithelization and granulation at day 14 in all treatment groups, and in
One-way ANOVA with Bonferroni post-hoc test was performed. Data is represented as m
*** ¼ p < 0.001, ** ¼ p < 0.01, * ¼ p < 0.05).
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3.4. Homing of hUC-MSCs at the wound site

The increased expression of DiI labeled cells was observed in
quercetin and rutin treated hUC-MSCs as compared to untreated
hUC-MSCs indicating that cell survival was enhanced after treat-
ment (Fig. 3A and B).

3.5. Gross macroscopic wound analysis and wound closure
assessment

The healing pattern was observed after induction of cold burn
wound at different time points. Immediately after wound induc-
tion, burn area was contracted and frozen due to the exposure to
the chilled rod (Fig. 4A). After day 1 of wound induction, severe
edema was observed, resulting in uniform black eschar formation.
Black dotted blisters were also observed at the surface of thewound
(Fig. 4A). Comparative macroscopic wound closure analysis of all
groups was performed based on inflammation, crust, color of
lesion, re-epithelization, time of wound closure and granulation at
days 3, 7 and 14 as shown in Fig. 4B. At day 3, inflammation was
dominant and the lesion showed blackening of the burn area
around the wound in the untreated and both the treated groups. In
case of Q þ hUC-MSC group, entire area of the burn wound was
covered with a solid narcosis layer by day 3. At day 7, a small crust
formationwas observed around the wound edges and demarcation
started to appear along with persistent skin inflammation in the
control group. In the treated groups, prominent scab formation
occurred especially in the Q þ hUC-MSC group. The crust turned
dry, and shrinkage of wound edges was noted. At day 14, similar
macroscopic features were observed in the control group that
appeared at day 7 in Q þ hUC-MSC group indicating the formation
of tissue granulation. At day 14, hUC-MSC, Q þ hUC-MSC and
R þ hUC-MSC groups showed scab detachment by forming a new
second discreet crust. Statistical analysis performed by measuring
wound closure showed significant wound contraction at day 14 in
the Q þ hUC-MSC group as compared to control (Fig. 4C and D).

3.6. Microscopic analysis of burn wound tissues

3.6.1. Histopathological analysis
Histopathological evaluation of the wound tissues at different

time points supported our macroscopic analysis. Patterns of normal
skin and wound healing phases are presented in Fig. 5. Normal skin
showed clear demarcations of all three skin layers i.e., epidermis,
dermis and hypodermis. Thick keratinocyte layer was evident
above the epidermis. Hair follicles extended from epidermis to
dermis. Dermis showed compact tissue structure and hypodermis
represented well defined adipose tissues. All the features clearly
validate the histology of normal skin (Fig. 5A). The analysis of his-
topathology of the wound tissue revealed damaged skin adnexa,
which is a specialized structure located in the dermis consisting of
hair follicles, apocrine gland, and sebaceous glands. Healed tissue
represents formation of new dense extracellular network, recovery
of skin appendages, and the internal layers of hair follicles
including hair shaft, inner root sheath and outer root sheath
(Fig. 5B). In case of the wound tissue, not only the layers were
affected but the internal components were also damaged due to the
burn injury (Fig. 5C). At day 3, the tissue morphology represented
-MSCs: re-epithelization, distorted ECM, keratin layer; Q þ hUC-MSCs: compact dense
zation, tissue distortion; hUC-MSCs: dense fibrous connections, epidermal and dermal
helization; R þ hUC-MSCs: re-epithelization, dense ECM (D) Statistical analysis repre-
creased number of skin adnexa per field in Q þ hUC-MSC group as compared to control.
ean ± S.E.M (n ¼ 3); p-value � 0.05 was considered statistically significant (where
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disturbance of overall tissue integrity as skin layers were not
distinguishable with loss of extracellular matrix connection in all
experimental groups. In the control group, accumulated karyor-
rhectic debris were observed at day 3 as a result of fragmentation of
keratinocytes and other skin layers damaged during inflammation.
Furthermore, at day 3, Q þ hUC-MSC group showed attachment of
basement membrane, while R þ hUC-MSC group showed partial
attachment of epidermal layer. At day 7, epidermis started to
regenerate with multiple types of cells including squamous
epithelium, keratinocytes and melanocytes. Extracellular matrix
connection became dense in Q þ hUC-MSCs treated group whereas
it was still distorted in R þ hUC-MSCs as compared to control. At
day 14, histopathology represented the remodeling phases via
migration of skin cells as tissue has no distortion and compact
structure of dermis was reformed. At this stage, treated tissue
showed superficial layer reformation indicated by thick covering of
keratinocytes, while epidermis was completely regenerated and
dermis was filled with moderate number of fibroblasts and blood
vessels (Fig. 5C). In treated tissues, the reparative characteristics of
skin layers were further analyzed. Quantification of histology
revealed statistical significance in area of re-epithelization and
granulation at all treatment groups at day 14. Number of skin
adnexa per field was significantly increased at day 14 in the
Q þ hUC-MSC group as compared to control (Fig. 5D).

3.6.2. Analysis of neo-vascularization
Blood vessels were identified and quantified in the tissue sec-

tions by a-SMA immunostaining at day 14. The treated tissues
showed increased number of blood vessels as compared to control
(Fig. 6A). Statistical analysis showed significant increase in the
number of blood vessels in all treatment groups with highest
number in the Q þ hUC-MSC group (Fig. 6B).

3.7. Gene expression analysis

Time dependent changes in the gene expression pattern were
observed in all experimental groups. Inflammatory cytokines IL-1b
and IL-6 showed downregulation in the treatment groups. IL-1b
was downregulated at days 7 and 14 in the hUC-MSC group, and at
all-time points in Q þ hUC-MSC and R þ hUC-MSC groups (Fig. 7A).
Significant downregulation of IL-6 at days 7 and 14 was observed in
all treatment groups (Fig. 7B). Anti-inflammatory genes IL-5 and IL-
4 were upregulated in Q þ hUC-MSC group at day 3 (Fig. 7C and D).
Oxidative stress induced genes, GPX-7 and PRDX-7 showed signif-
icant upregulation in the R þ hUC-MSC group at days 3 and 7,
respectively, whereas TXNRD-2 was significantly upregulated at
day 3 in case of Q þ hUC-MSCs (Fig. 7EeG). Genes responsible for
cell proliferation, VEGF and FGF were significantly upregulated in
the treatment groups at different time points compared to control.
Rþ hUC-MSCs showed increased VEGF expression at days 7 and 14,
while Qþ hUC-MSCs showed upregulation of both VEGF and FGF at
day 14 (Fig. 7H, I).

4. Discussion

Despite the availability of various reconstructive therapeutic
options, the complete covering of soft wound tissues is still a
difficult and challenging procedure, especially when it is associated
with fractures and deep burn wounds. Artificial skin grafting is a
commonly performed procedure, however, it offers poor func-
tionality of skin and cosmetic outcomes [9]. In case of allogenic skin
grafting, several cases of immune rejection or graft versus host
disease are reported, which need necessary immunosuppressive
treatment [19]. The major hurdle to successful skin engraftment is
the incorporation of functional vasculature to provide essential
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nutrients and oxygen supply at the wound site. However, the use of
biomaterials in the field of tissue engineering has driven the rapid
development of vascularized skin tissue production, leading to new
technologies such as 3D bio-printing and nano-fabrication of
scaffolds. Stem cells have gained interest as a better therapeutic
option due to their self-renewal and plasticity properties as high
regeneration potential, that contributes significantly to the efficient
wound healing process [20]. The existing data from preclinical
studies suggests that stem cell therapy aids in reducing burnwound
area significantly, thus providing useful insight for future clinical
studies for burn wound management [21]. In addition, they can be
potentially used to treat skin wounds due to their less immuno-
genic property [22].

Preconditioning of stem cells can aid in increasing their regen-
erative potential by treating them with bioactive chemical com-
pounds. This is a promising strategy to enhance the wound healing
process. Preconditioning can aid stem cells to adapt to the patho-
logical environment by stimulating protective and cell survival
pathways [23]. In this study, we analyzed the effect of two bioactive
compounds of M. azedarach, quercetin and rutin, in enhancing the
potential of hUC-MSCs for rat cold burn wound model. Rat cold
burn wound model was developed and characterized via the
appearance of prominent black eschar around the wound edges
indicating second degree burn as reported in a previous study [24].
MSCs migrate and home to the wound site due to the chemotactic
response generated by the wound microenvironment [25,26].
However, transplanted MSCs face the challenge to survive under
the harsh tissue conditions. We hypothesized that preconditioning
of hUC-MSCs after treatment with the two bioactive compounds
can promote wound healing due to their cytoprotective properties.
hUC-MSCs were successfully isolated and characterized based on
their specific cell surface markers and treated with non-cytotoxic
concentrations of rutin or quercetin. The results indicated that
treated hUC-MSCs promoted wound closure in both the monolayer
cultures as well as in the animal model. Our previous study re-
ported that transplantation of hUC-MSCs at the wound site leads to
scar less healing because of the attenuated inflammatory response
and increased cell proliferation [17]. Macroscopic results were
further correlated with those of scratch assay that showed
improved cell migration by quercetin and rutin treatment.

Macroscopic and microscopic evaluation of the wound tissues
and their comparative analyses with normal skin showed extensive
destruction of the injured skin. Wound maturation is the foremost
feature analyzed via histopathology with regeneration of blood
vessels, ECM remodeling and reformation of skin layers. In a pre-
vious study, transplantation of hUC-MSCs at the wound site
resulted in their enhanced regeneration potential by regulation of
cell signaling related healing cascade [27]. In our study, wound
tissues showed characteristic morphology such as, detachment of
epidermis, distortion of skin adnexa, disorganization of extracel-
lular matrix and formation of karyorrhectic debris. The most
important feature observed at the inflammation phase of cold burn
wound was the degradation of skin appendages in the form skin
adnexa. Damage to the skin adnexa is considered as deep dermal
damage which results in progressive skin inflammation [28]. Be-
sides, red blood cells were also observed due to the extravasation or
blood vessel destruction. Comparative analysis of the treatment
groups showed that wound closure was significantly enhanced in
Qþ hUC-MSCs group. Quercetin is known to reduce duration of the
wound healing phases and enhance wound closure by increasing
the epithelial cell growth [29]. We observed scab formation at day
14 in the control group, whereas it was prominent at day 7 in all
treatment groups. Scab formation can protect the underneath tis-
sue from hemorrhage and allows healing to occur at the surface
[24]. At day 14, re-epithelialization was observed in the Q þ hUC-



Fig. 6. Immunohistochemical analysis of neo-vascularization (A) Mature blood vessels of different diameters were observed via a-SMA staining at day 14. Images were taken
under 4X and 10�magnifications (B) The quantification of blood vessels demonstrated significant increase in the treatment groups with highest number in the Q þ hUC-MSC group.
For statistical analysis, one-way ANOVA with Bonferroni post-hoc test was performed. Data is represented as mean ± S.E.M (n ¼ 3); p-value � 0.05 was considered statistically
significant (where *** ¼ p < 0.001, * ¼ p < 0.05).

F. Irfan, F. Jameel, I. Khan et al. Regenerative Therapy 21 (2022) 225e238

235



Fig. 7. Gene expression analysis: Gene expression analysis of wound healing cytokines showed that wound healing was significantly improved in the treatment groups as
compared to control (AeB) Genes corresponding to inflammatory cytokines, IL-1b and IL-6 showed decreased expression in the treatment groups in contrast to control (CeD) Genes
corresponding to anti-inflammatory cytokines, IL-5 and IL-4 (EeG) oxidative stress mediated cytokines, GPX-7, PRDX-7, and TXNRD-2, and (HeI) cell proliferation mediated cy-
tokines, VEGF and FGF showed significant increase in their expression in the treatment groups at days 3, 7 and 14 as compared to control. For statistical analysis, one-way ANOVA
with Bonferroni post-hoc test was performed. Data is represented as mean ± S.E.M (n ¼ 3); p-value � 0.05 was considered statistically significant (where *** ¼ p < 0.001,
** ¼ p < 0.01, * ¼ p < 0.05).
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MSC group via migration of skin cells as the tissue showed no
distortion with reformed compact structure of the dermis. During
the later phases of healing, the wound is stabilized by new collagen
formation and cell migration towards the peripheries [30]. Our
findings showed deposition of squamous epithelial cells at the
epidermal peripheries after regeneration in the quercetin and rutin
treated hUC-MSC groups. Squamous cell differentiation in the skin
tissue shows epidermal maturation, and it also facilitates self-
healing without scar formation [31]. Rutin promotes wound heal-
ing by proliferation of the collagen fibers, inactivates inflammatory
response and promotes cell migration [32]. Quercetin reverses the
inflammatory and fibrosis response during healing to protect the
skin from the hypertrophic scar and also activates the extracellular
remodeling, thus promoting collagen cross linking [15,33].
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We observed that recruitment of a-SMA around the blood
vessels was increased after treatment of the wound tissue with
hUC-MSCs. hUC-MSCs promote angiogenesis which play critical
role in granulation tissue formation which indicates maturation
of tissue structure [34,35]. Increase in the expression of a-SMA
indicates the presence of mature blood vessels; a-SMA helps in
contraction and relaxation of blood vessels [36]. A major hall-
mark of the non-healing wound is the disruption in the process
of angiogenesis. In our study, the increase in the number
of blood vessels in the treated groups especially Q þ hUC-MSC
group, ensures enhanced neo-vascularization and angiogenesis.
Higher expression of a-SMA indicates improved wound
healing through decreased inflammation and enhanced wound
closure [37].
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Gene expression analysis of wound healing cytokines further
confirms the findings of macroscopic and microscopic analyses.
Inflammatory, anti-inflammatory, anti-oxidant and remodeling
cytokines were quantified at the inflammation (day 3), proliferative
(day 7) and remodeling (day 14) phases of wound healing. Our
findings showed that preconditioning of hUC-MSCs with quercetin
significantly decreased IL-1b and IL-6 and increased IL-5, IL-4,
TXNR-2, VEGF, and FGF expression. Rutin preconditioning showed
significant decrease in IL-1b and IL-6 and increase in GPX-7, PRDX-7
and VEGF levels. In a previous study, it was reported that IL-1b and
IL-6 levels are signs of chronic inflammation and non-healing
wounds [38]. Decrease in the levels of inflammatory cytokines,
while upregulation of anti-inflammatory cytokines in the quercetin
and rutin treatment groups may promote wound healing. Inflam-
matory cells at the burn site produce reactive oxygen species which
cause oxidative damage to cells [39]. The anti-oxidant defense
mechanism is essential to adequately progress the wound towards
healing [40]. In this study, we analyzed three cytokines that play an
important role in scavenging free radicals and reducing oxidative
stress i.e., GPX-7, PRDX-7 and TXNR2. PRDX and GPX detoxify
peroxidases to avoid generation of harmful hydroxyl radicals
[40,41], while TXNR is involved in the intracellular processes and
protects against oxidative stress which ultimately reduces inflam-
mation and disease progression [1]. We also observed that growth
factors responsible for cell proliferation VEGF and FGF were upre-
gulated at the time period corresponding to remodeling phase.
Increased expression of VEGF indicates neovascularization process
which starts with proliferation of the endothelial cells to form new
vessels [42]. Furthermore, upsurge in the FGF expression represents
accelerated granulation, epithelization and angiogenesis, resulting
in enhanced wound healing [43].

Recent advancements in the field of stem cell biology have
increased the hope of achieving the definitive treatment for
regenerative diseases which are considered incurable, such as
diabetic foot ulcers, pressure ulcers, and other chronic long-
standing conditions. It is important to understand the basic con-
cepts of stem cell biology to utilize this technique effectively. Also,
strategies to improve stem cell potential, e.g. preconditioning and
tissue engineering approaches should be well understood. Results
obtained from this study can be utilized for future clinical appli-
cation of not only burn wounds, but degenerative pathologies.
5. Conclusion

The study concludes that wound healing potential of hUC-MSCs
is enhanced after treatment with quercetin and rutin, the two
bioactive compounds of M. azedarach. Quercetin was found to be
more potent to progress the wound healing towards tissue regen-
eration. The study revealed that preconditioned hUC-MSCs
restored tissue integrity, and promoted epithelialization and
regeneration, with no scar formation. Quercetin and rutin possess
anti-oxidant and anti-inflammatory properties that aid in
enhancing the wound healing efficiency of hUC-MSCs. This study
would provide a useful guide towards a better cell based therapy for
cold burn wounds using the preconditioned approach.
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