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Abstract

Background: Diabetic foot ulcer is the most costly and complex challenge for patients with diabetes. We hereby

assessed the effectiveness of different preconditioned adipose-derived mesenchymal stem cells (AD-MSCs) and

photobiomodulation protocols on treating an infected ischemic wound in type 1 diabetic rats.

Methods: There were five groups of rats: (1) control, (2) control AD-MSCs [diabetic AD-MSCs were transplanted

(grafted) into the wound bed], (3) AD-MSC + photobiomodulation in vivo (diabetic AD-MSCs were grafted into the

wound, followed by in vivo PBM treatment), (4) AD-MSCs + photobiomodulation in vitro, and (5) AD-MSCs +

photobiomodulation in vitro + in vivo.

Results: Diabetic AD-MSCs preconditioned with photobiomodulation had significantly risen cell function compared

to diabetic AD-MSC. Groups 3 and 5 had significantly decreased microbial flora correlated to groups 1 and 2 (all,

p = 0.000). Groups 2, 3, 4, and 5 had significantly improved wound closure rate (0.4, 0.4, 0.4, and 0.8, respectively)

compared to group 1 (0.2). Groups 2–5 had significantly increased wound strength compared to group 1 (all p =

0.000). In most cases, group 5 had significantly better results than groups 2, 3, and 4.

Conclusions: Preconditioning diabetic AD-MSCs with photobiomodulation in vitro plus photobiomodulation

in vivo significantly hastened healing in the diabetic rat model of an ischemic infected delayed healing wound.

(Continued on next page)

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: dr.amini@sbmu.ac.ir; bayat_m@yahoo.com
1Department of Biology and Anatomical Sciences, Shahid Beheshti University

of Medical Sciences, Tehran, Iran

Full list of author information is available at the end of the article

Ahmadi et al. Stem Cell Research & Therapy          (2020) 11:494 

https://doi.org/10.1186/s13287-020-01967-2

http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-020-01967-2&domain=pdf
https://orcid.org/0000-0002-6300-4143
https://orcid.org/0000-0002-9408-3200
https://orcid.org/0000-0002-2649-127X
https://orcid.org/0000-0003-2270-5637
https://orcid.org/0000-0002-3931-6542
https://orcid.org/0000-0002-6286-9380
https://orcid.org/0000-0002-1130-6377
https://orcid.org/0000-0001-5699-9907
https://orcid.org/0000-0002-2543-5989
https://orcid.org/0000-0002-1067-4178
https://orcid.org/0000-0001-5214-4223
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:dr.amini@sbmu.ac.ir
mailto:bayat_m@yahoo.com


(Continued from previous page)

Keywords: Diabetes mellitus Ischemia, Wound healing, Preconditioning stem cell, photobiomodulation, Adipose-

derived mesenchymal stem cells, Tensiometric properties, Methicillin-resistant Staphylococcus aureus infection,

Wound closure rate, Rats

Introduction
Worldwide, diabetes mellitus (DM) is a persistent, chal-

lenging metabolic condition for patients, their families,

and the community [1]. An estimated 463 million per-

sons suffer from DM globally; this number is anticipated

to increase by 25% in 2030 [2]. Approximately 50% of

patients with DM are undiagnosed [3]. Diabetic foot

ulcer (DFU) is the most costly and complex challenge

for patients with DM [4]. DFU impacts 25% of these

people at some point in their lives, and over half of these

ulcers become infected [4]. Almost 60% of whole limb

amputations are performed in people with DM [5]. In

most cases, limb amputations are preceded by an in-

fected DFU [6]. Staphylococcus aureus is the predomin-

ant microbe in infected DFUs [7]. Methicillin-resistant

Staphylococcus aureus (MRSA) comprises 15–30% of

microbial DFUs [7]. Due to overuse of inappropriately

prescribed antibiotics, there is an increase in drug-

resistant microbes, especially in patients with DFUs [8].

Skin wound healing is an active, natural course of

healing that can be separated into the following phases:

hemostasis, inflammation, proliferation, and maturation.

DM leads to compromised wound repair by disturbances

in one or more of the above mentioned phases [9]. Per-

sistent and poorly controlled hyperglycemia, which leads

to inflammation, hypoxia, peripheral neuropathy, and is-

chemia, causes foot deformities and DFU [10, 11]. Com-

promised injury repair in DM is categorized by

decreases in new blood vessel formation, endothelial

progenitor cell (EPC) employment, and fibroblast and

keratinocyte proliferation and migration [12]. DFUs are

considered to be a primary medical challenge [13].

Adipose-derived mesenchymal stem cells (AD-MSCs)

could improve DFU repair via boosting re-epithelialization

and the creation of granulation tissue, anti-inflammatory

and anti-apoptotic effects, and secretion of angiogenic

growth factors [14]. Bioactive molecules released by AD-

MSC promote new blood vessel formation in an ischemic

limb via paracrine actions [15] and improve anti-

inflammatory impacts in the injured regions [16]. Despite

their potential, barriers should be overcome prior to

obtaining the full benefits of AD-MSC. First, restricted

transplantation and viability of AD-MSC at the wound

place are primary concerns, and substitutions to maximize

AD-MSC potential are a major request [17]. Second, au-

tologous cell-based treatments might be restricted by de-

creasing cellular function related to DM [18]. These

documents point out effectiveness of autologous

mesenchymal stem cell (MSC) as an alternative treatment

in DM might be restricted and some mediations to ad-

vance cell action prior application are necessary [17, 19].

Using preconditioning stem cells with photobiomodu-

lation (PBM) is an important strategy to overcome poor

engraftment and survival and DM-related impairments

in diabetic stem cells. PBM stimulates healing, decreases

pain and inflammation [20], and diminishes M1 macro-

phages in the triggered macrophages [20]. PBM modu-

lates hypoxia-inducible factor (HIF)-1α expression [21],

improves regional blood stream, and enhances tissue

healing by encouraging angiogenesis [22]. In particular, a

combination of PBM plus non-diabetic allograft AD-

MSC successfully healed a delayed healing wound in rats

with type 2 DM (DM2) [23].

PBM increases the proliferation rate of cultivated cells,

as well as MSCs, in vitro without causing cytotoxic effects

[24]. Some experiments have shown that preconditioning

cells with PBM could be an original non-intrusive tactic

for stem cell engraftment, which would improve cell via-

bility and benefit cardiac regenerative therapy and stimu-

late the paracrine release of MSCs [25].

Recently, in our lab, we have engrafted healthy AD-

MSC cells into wounds of diabetic rats [23, 26]. How-

ever, in the current probe, we engrafted preconditioned

diabetic AD-MSC with PBM into wounds of diabetic

rats. We believe the current probe is more closely re-

sembling the clinical situation in which diabetic patients

who suffer from DFUs could be treated with their own

preconditioned stem cells with PBM. In the existing

probe, we initially preconditioned diabetic AD-MSC

with PBM in vitro. Next, we assessed different protocols

of using AD-MSC and PBM on healing infected ische-

mic delayed healing wounds in type 1 diabetic rats

(DM1). The best protocol of combined administration of

PBM and AD-MSC would accelerate the repair course

of DFU in diabetic patients.

Materials and methods
Animals and study design

Ethical approval of all techniques on animals was con-

firmed by the IRB of the Shahid Beheshti University of

Medical Sciences (File no: IR.SBMU.MSP.REC.1399.105).

The male adult Wistar rats were retained in animal rooms

with standard conditions: 12 h dark–12 h synthetic light

set, and temperature preserved at 22 ± 2 °C. Initially, we

introduced DM1 in 10 adult male Wister rats (in vitro

phase). The rats were maintained for 30 days. Next,
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adipose tissue was extracted from the lower abdominal re-

gion of each rat. Cells were separated from the adipose tis-

sue in the laboratory and were categorized as AD-MSC.

These AD-MSCs were cultured and expanded in vitro in

high glucose medium (25mmol/L) and were considered

to be the diabetic AD-MSC. The diabetic AD-MSCs were

preconditioned with PBM. In vitro lab tests showed a re-

markable escalation in cell viability along with significant

decreases in population doubling time (PDT) and apop-

tosis rate of the laser-treated AD-MSC compared to the

diabetic AD-MSC. Because of the elevations in blood glu-

cose levels, and severely decreased body weights in the

diabetic rats, we were unable to use these rats for further

experimentation. Thus, a second experiment (in vivo

phase) was performed on an additional 30 rats. These rats

were considered to have DM1 for 21 days prior to inflic-

tion of delayed healing wounds in them. At this point,

these rats (30 rats) were randomly allotted to five groups

(n = 6 per group). Group 1 was the control (placebo) rats

that received no intervention. In group 2 (control AD-

MSC), we grafted (transplanted) the diabetic AD-MSC

into the wounds of the rats in this group. Group 3 (AD-

MSC + PBM in vivo) received diabetic AD-MSC grafted

into the wounds followed by in vivo administration of

PBM in the wound area. In the fourth group (AD-MSC+

PBM in vitro), diabetic AD-MSCs preconditioned with

PBM were transplanted into the wounds. In the fifth

group (AD-MSC + PBM in vitro+ in vivo), diabetic AD-

MSCs preconditioned with PBM were transplanted into

wounds, and each wound was treated with PBM in vivo.

Wound closure rate, microbial examination and colony-

forming unit (CFU) counts, wound strength, and stereo-

logical tests were assessed. Each of the above mentioned

examination was performed in 6 rats. Days 4, 8, 12, and

16 were supposed to be the inflammatory, proliferation,

early, and late remodeling phases of the skin wound heal-

ing process. Rats were euthanized on day 16, and tensio-

meterical and histological samples were extracted.

Preparation of diabetic AD-MSC and in vitro culture

We administered an intraperitoneal (IP) injection of strep-

tozotocin (STZ, 40mg/kg) to each of the 10 adult male

Wistar rats for induction of DM1. DM1 was verified when

the rats had blood glucose levels higher than 250mg/dl

[27]. All rats were maintained for 30 days to confirm the

establishment of the DM1 model [21]. These rats had se-

vere declines in body weight and adipose tissue. Too little

adipose tissue was extracted from the lower abdominal re-

gion and inguinal pad fat. AD-MSCs were extracted from

the adipose tissue by standard protocol, and the cells were

cultured in an elevated glucose concentration (25mmol/l

or 450mg/dl). Flow cytometry technique was utilized to

characterize the AD-MSC in terms of MSC cluster of

differentiation markers (CD) (CD11b, CD45, CD44H, and

CD105) as previously reported [23].

One-time diabetic AD-MSC injection and one-time

transplantation of preconditioned diabetic AD-MSC

At 24 h after surgery, 1 × 106 passage-4 diabetic AD-

MSCs in 300 μl PBS were injected intradermally into

eight sites around each wound (Fig. 1). Diabetic AD-

MSCs were injected into the wounds of rats in group 2,

and preconditioned diabetic AD-MSCs were injected

into wounds of rats from groups 4 and 5 [23].

Preconditioning of diabetic AD-MSC with PBM in vitro

1 × 104 passage-4 AD-MSCs were seeded in each well of

a 24-well plate for each of the three groups: healthy con-

trol AD-MSC, diabetic control AD-MSC, and experi-

mental diabetic AD-MSC. Here, red laser alone plus

infrared laser alone at two energy densities were used to

irradiate the AD-MSC every other day for three sessions

according to our previously published protocol [28].

Table 1 lists the in vitro PBM parameters. At 24 h after

the last PBM administration, we used MTT, PDT, and

apoptosis rate tests to determine the best PBM protocol

for preconditioning the diabetic AD-MSC.

Fig. 1 A photo of the wound, photobiomodulation (PBM) target

points, and adipose-derived mesenchymal stem cell- (AD-MSC)

injection points
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MTT test

We used the MTT test to count the numbers of viable

cells, and the AD-MSCs were prepared for the MTT test

as previously explained [29].

PDT test

PDT ¼ T � lg2= lgNt‐lgN0ð Þ

where T = AD-MSC culture time, N0 = initial AD-MSC

number, and Nt = number of harvested AD-MSCs [29].

Acridine orange (AO)/ethidium bromide (EB) staining

We added 200 μl dual fluorescent staining solution that

contained 100 μg/ml AO + 100 μg/ml EB (Sigma Aldrich,

USA) to each well of the AD-MSC culture plate. Morph-

ology and percentages of live and apoptotic AD-MSCs

in five fields were assessed by a fluorescent microscope

(Nikon, C-SHG, Japan) and recorded [29].

Surgery

The 30 diabetic rats underwent surgery as described pre-

viously [23]. At first, under general anesthesia and sterile

conditions, a bipedicle skin flap (10 × 3.5 cm) was cre-

ated on the dorsal region of each rat. Next, a 12-mm

full-thickness circular excision was generated in the mid-

dle of each flap and a silicone made ring frame was fixed

around each wound to counteract skin muscle contrac-

tion (Fig. 1).

Gross examinations

The rats’ weights and blood sugar levels throughout the

project were documented.

Inoculation of MRSA into the wounds and microbiological

examination

The rats received injections of MRSA according to a

previously published protocol [23]. Briefly, each wound

was covered with a topical application of a 100-μl ali-

quot that contained 2 × 107 MRSA (ATCC 25923) just

after surgery. Microbiological samples were obtained for

Table 1 Specifications of in vitro and in vivo photobiomodulation parameters

Specifications of in vitro photobiomodulation

Laser type Wavelength
(nm)

Power
(W)

Duration of each
administration (s)

Energy density
(J/cm2)

Laser beam
diameter (cm)

Laser beam area
(cm2)

Power density
(W/cm2)

Red 630 0.05 46, 92 1.2,2.4 1.56 1.91 0.0261

Near
infrared

810 0.05 46, 92 1.2,2.4 1.56 1.91 0.0261

Company NILTVIR202 Noura Instruments, Tehran, Iran

Specifications of in vivo photobiomodulation

Parameters Dose and unit

Peak power output 75 W

Average power 0.001 W

Power density 0.001 W/cm2

Wavelength 890 nm

Wavelength range of the device 890±10 nm

Pulse frequency 80 Hz

Spot size 1 cm2

Diameter 1.12 cm

Pulsed duration 180 ns

Duration of exposure for each
point

200 s

Energy density 0.2 J/cm2

Number of laser shootings in
each session

9

Energy densities for one session
and for the total sessions

1.8 and 25.2 J/cm2

PBM radiation scheduling Immediately after surgery, 6 days per week, for 16 consecutive days

Probe L07

Company MUSTANG 2000, Technica Co., Russia
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routine microbiological analyses on days 8 and 16, and

the numbers of probable bacterial colonies in the wound

from each rat were reported as the CFU [23].

In vivo PBM

The wounds of the rats in groups 3 and 5 were subjected

to PBM in vivo (Fig. 1). Table 1 lists the complete speci-

fications of the in vivo PBM protocol.

Wound closure rate

We photographed the wounds on days 0, 4, 8, 12, and

16 and measured the wound surface area by ImageJ soft-

ware (NIH, USA). The wound closure rate was calcu-

lated as follows [26].

�

Surfacearea at day 0 − surfacearea at day Xð Þ=
surfacearea at day 0� � 100%:

Tensiometric examination

One 5 × 50 mm typical sample from each wound of all

the rats was extracted on day 16 and subjected to the de-

formation rate (0.166m/s) of a material testing machine.

We calculated the bending stiffness (MPa) and stress

high load (N/cm2) of the samples [23].

Histological and stereological analyses

Neutrophils, macrophages and fibroblasts count, and

vascular lengths measurement were examined in 10 ran-

domly selected slides of each rat. Hematoxylin and eosin

(H&E)-stained slides were assessed according to the

physical dissector method at magnification of × 400

under a light microscope. Special criteria based on two

previously published papers [30, 31] were utilized for the

abovementioned cell selection, specifically endothelial

cells. Collagen fibers were examined semi-descriptively

in Mallory’s trichrome staining slides [23].

Calculation of the cell numbers

Nv ¼ ΣQ= h� a= f � Σpð Þ

where Nv is the numerical density, ΣQ number of nuclei,

h height of the dissector and a/f was all counting frame

(field) area in each rat.

N (total of cells in each rat) = Nv ×V

where Nv is the numerical density and V the final total

volume.

Estimation of vascular length as a
biomarker for angiogenesis ¼ 2ΣQ= ΣP � a= fð Þ

where 2ΣQ (total number of the vessels counted per

rat)/ΣP (number of counting frames in all fields (a/f))

[23].

Statistical analysis

Data are shown as mean ± standard deviation (SD). The

comparison of body weights and blood sugar values was

performed by the t test. We used one-way analysis of

variance (ANOVA), repeated measurement analysis, and

least significant difference (LSD) tests for statistical ana-

lyses of microbial, wound closure, tensiometerical, and

stereological examinations. A logistic regression model

fitted to the data was used to estimate the ulcer closure

rate (the number of wounds closed/total samples) in

each group on day 16. A p value of < 0.05 was consid-

ered significant.

Results
Marker expressions

Flow cytometry analysis showed that the diabetic AD-

MSC cells slightly expressed hematopoietic CD markers

CDs11b (0.33%) and CD45 (0.8%) and completely

expressed mesenchymal CDs 44H and 105 (100%). The

graphs are shown in Additional file 1 (Fig. 7).

In vitro assay results

Figure 2 shows the in vitro assay results. All p values

were derived from the LSD test. Briefly, administration

of 1.2 J/cm2 PBM significantly increased cell survival and

significantly decreased PDT and the apoptosis rate in

the experimental diabetic AD-MSC group compared

with the healthy control AD-MSC and diabetic control

AD-MSC groups. Therefore, we selected 1.2 J/cm2 PBM

for preconditioning the AD-MSC.

In vivo results

Gross observations

All of the rats had significant elevations in blood glucose

levels and reductions in body weight after the STZ injec-

tion. Details are shown in Table 2 in Additional file 1.

MRSA findings

Figure 3 shows the CFU results in the infected wounds

of the study groups. Briefly, all groups with PBM therapy

significantly diminished CFUs in the wounds compared

(correlated) to the control groups (all, p = 0.000). How-

ever, group 5 had statistically more effective results than

the other groups (all, p = 0.000). Treatment with only

AD-MSC was not effective.

Day 8

Groups 5 and 3 significantly decreased CFU in the

wounds correlated to groups 1, 2, and 4 (all, p = 0.000)

(Fig. 3).

Day 16

Groups 5, 4, and 3 significantly decreased the CFU in

the wounds correlated to groups 1 and 2 (all, p = 0.000).

Ahmadi et al. Stem Cell Research & Therapy          (2020) 11:494 Page 5 of 14



Outcome of wound closure rate examination

All findings are shown in Fig. 4. In days 8, 12, and 16,

the results of groups 3, 4, and 5 were statistically better

than those of group 1.

Day 4 wound closure rate

Group 3 had a significantly decreased wound closure

rate correlated to groups 1 (p = 0.000), 2 (p = 0.016), and

4 (p = 0.033).

Day 8 wound closure rate

Groups 5 (p = 0.000), 3 (p = 0.008), and 4 (p = 0.02) had

significantly increased wound closure rates correlated to

groups 1 and 2. Group 5 was significantly better than

groups 3 (p = 0.002) and 4 (p = 0.001).

Day 12 wound closure rate

Groups 5 (p = 0.003), 3, and 4 (p = 0.031) had significantly

increased wound closure rates correlated to group 2.

Fig. 2 Mean ± SD of the MTT test (a, b), population doubling time (c, d), and apoptosis rate results (e, f) of AD-MSC of the studied groups compared

by analysis of variance (ANOVA) and least significant difference (LSD) tests. *p < 0.05; **p < 0.01; ***p < 0.001
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Day 16 wound closure rate

Group 5 was significantly better than group 2 (p = 0.033).

Logistic regression analysis at day 16

Figure 4, panel b, shows the corresponding estimated

wound closure rate in each group by logistic regression

analysis. The highest wound closure rate was observed

in group 5 (0.8). The wound closure rates for groups 2,

3, and 4 were 0.4, and for group 1, it was 0.2.

Tensiometrical findings

Groups 2–5 had significantly increased bending stiffness

and stress high load in the wounds correlated to group 1

(all, p = 0.000).

Bending stiffness and stress high load

Groups 5 and 4 had significantly better bending stiffness

and stress high load than groups 3 and 2 (all, p = 0.000).

The results of group 5 were significantly better than

those of group 4 (p = 0.000) (Fig. 5).

Outcomes of histological analysis and finding of H&E

staining

Photos of histological slides are shown in Additional file 1

(Fig. 8). We found that groups 5 and 2 had significantly

modulated inflammatory cells correlated to group 1

(both, p = 0.000). Groups 2, 3, 4, and 5 had significantly

increased fibroblast counts and vascular length corre-

lated to group 1. The results of group 5 were statistically

better than other groups. All results are shown in Fig. 6.

Finding of Mallory’s trichrome staining

Collagen fiber orientation in the control group was

mostly mixed. In most cases, they were horizontal in the

treatment groups. Collagen fibers in the control group

were mostly thin and loose, whereas in groups 2–5, they

were thicker and more compact than in the control

group. Mallory’s trichrome staining in the study groups

is shown in Additional file 1 (Fig. 9).

Discussion
Under normal circumstances, the inflammatory phase of

the wound repair is well-coordinated, enduring just

within days, and the phases of wound repair advance

routinely. But, in DM, the inflammatory phase is pro-

longed and the entirety of the wounded skin is not

reestablished, which results in delayed healing or ulcer

formation [32]. Patients with DFU should undergo

numerous types of treatments for prolonged periods

of time, which are costly, and result in a tremendous

financial burden for community and insurance organi-

zations [33].

Scientists have focused on innovative tactics to treat

delayed healing wounds [34]. MSC cell-based methods

have been proposed as potential treatments for delayed

healing wounds. Both in vitro and in vivo animal experi-

ments have shown that AD-MSCs differentiate into dif-

ferent types of skin cells and release bioactive molecules

that contribute to wound repair in a paracrine way [35].

Autologous MSCs including AD-MSC have been applied

in most of medical and animal probes [34]. AD-MSC

could escalate the viability of the adipose graft by regu-

lating the inflammatory and oxidative stress responses

[36]. The predominant use of autologous MSCs is legiti-

matized by easier isolation procedures, security, and lack

of ethical struggle [37]. So in the current study, we se-

lected an approach toward using autologous stem cell

for treating diabetic wounds in future studies.

Fig. 3 Comparison of colony-forming units of methicillin-resistant Staphylococcus aureus-infected wounds in the studied groups by the LSD test.

*p< 0.05; **p< 0.01; ***p< 0.001

Ahmadi et al. Stem Cell Research & Therapy          (2020) 11:494 Page 7 of 14



Despite the benefits, there are numerous problems

that preclude stem cell use as a treatment of the wound

skin. (1) Elevated blood glucose levels in DM result in

the aggregation of advanced glycosylation end products

(AGEs). These AGEs suppress proliferation and cause

apoptosis of AD-MSC, suppress differentiation of AD-

MSC into endothelial cells, and prevent the production

of collagen protein, all of which contribute directly to

delayed wound healing [38]. (2) Despite the increased

use of MSCs in clinical trials, the therapeutic benefits re-

main insignificant [39] and are partially attributed to the

natural restricted illness-adjusting capability of MSCs

[39]. On the other hand, tissue damage and the curative

body reactions cause secretion of endogenous hazard

signals [40, 41], which change the immune micromilieu

[42]. Hazard signals adversely affect healing in numerous

damaged organs [43]. Therefore, the discovery of novel

approaches that increase the capabilities of the MSCs is

a dynamic field of biological investigation that has med-

ical significance [39]. MSCs are one of the most studied

choices for stem cell treatment [44]. (3) Decreases in the

amount of stem cells in some experimental models of

skin wound have been reported. Wu et al. observed a

rapid decrease in stem cell survival 14 days after induc-

tion of a wound [45]. Muhammad et al. reported de-

creased survival of transplanted AD-MSC in an animal

model of a burn injury [28]. However, despite the poor

function of transplanted AD-MSC at the wound site, the

use of certain special pretreatment agents not only pro-

vided a good biological environment that enhances sur-

vival of the AD-MSC, but also promotes proliferation,

differentiation, and paracrine abilities of these AD-MSCs

[46]. PBM has been shown to increase the proliferation

ratio of cultivated AD-MSC [29], and it is an effective

tactic for preconditioning AD-MSC in a culture system

prior to implantation [47]. PBM therapies are non-

Fig. 4 a Comparison of wound closure rate from all groups according to the LSD test. The corresponding estimated proportions of the logistic

regression model to the data in each group are shown in b. *p< 0.05; **p< 0.01; ***p< 0.001

Ahmadi et al. Stem Cell Research & Therapy          (2020) 11:494 Page 8 of 14



intrusive, cost-effective modalities, and wise choice in-

struments for wound treatment. PBM-based clinical in-

vestigations could indicate novel areas for the use of

PBM and MSCs as treatments.

In the current study, we observed that preconditioning

diabetic AD-MSC with PBM significantly increased the

survival of diabetic AD-MSC and significantly dimin-

ished PDT and the apoptosis rate of this group com-

pared with the diabetic control AD-MSC group in vitro

(Fig. 2). Our in vivo analysis showed that in terms of

tensiometric and stereological evaluating methods,

groups 2–5 had significantly improved tensiometric and

stereological parameters of the wounds compared to the

control group (all, p = 0.000). The AD-MSC + PBM

in vitro + in vivo group was significantly better than the

other groups in terms of these tensiometric and stereo-

logical parameters (all, p = 0.000). The results indicated

that preconditioning diabetic AD-MSC with PBM prior

to transplantation of these AD-MSCs into the wound

bed and subsequent treatment of the wounds with

in vivo PBM could overcome the barriers to wound heal-

ing in a delayed healing wound. This group had the best

outcomes from the different protocols of combined AD-

MSC and PBM in the current study. These results were

partly in line with those reported by Liu and Zhang and

Liao et al. In a review article, Liu and Zhang concluded

that conditioning with PBM provoked proliferation, dif-

ferentiation, and paracrine release of MSCs for cardiac

renewal therapy [25]. Liao et al. examined the impact of

preconditioned human (h) AD-MSC with PBM (650 nm,

2–8 J/cm2) in an in vitro aging skin mouse model. They

reported that preconditioned hAD-MSC with PBM

markedly improved damaged skin. Liao et al. concluded

that PBM was a persuasive bioenhancer of hAD-MSC

and could stimulate the beneficial function of AD-MSC

for treatment [27].

Fig. 5 Comparison of bending stiffness (a) and stress high load (b), of the wounds in the experimental groups according to the LSD test.

***p < 0.001
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Here, we showed that although transplantation of

diabetic AD-MSC accelerated the healing process of

an ischemic, delayed healing, MRSA-infected wound,

however, preconditioning of diabetic AD-MSC with

PBM provided synergistic benefits. Accordingly,

Muhammad et al. have shown that transplantation of

AD-MSC accelerated the healing process of an acid

burn wound. Preconditioning of the AD-MSC pro-

vided additional benefits [28].

From a clinical perspective, the key challenge will be

translating insights from hair follicle (HF) biology into

treatment of disorders such as wound healing and tissue

regeneration, as well as de novo induction of HFs in

adult human skin. Since the HF and its surrounding

mesenchyme are potent sources of multipotent stem cell

populations, this raised the hope for the application of

stem cells within adult human HFs in regenerative medi-

cine [48]. Recent studies have shown that stem cells

Fig. 6 Comparison of numbers of neutrophils (a), macrophages (b), inflammatory cells (c), fibroblasts (d), and vascular lengths (e) of the wounds

from the five study groups by the LSD test. *p < 0.05; **p < 0.01; ***p < 0.001
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residing in HFs are able to contribute in re-

epithelialization and wound closure in vivo [48, 49]. We

did not directly study the role of stem cells from wound

adjacent HF in the wound closure. Inhibiting the wound

closure of skin muscle through applying a ring frame

around the wound iterated prominent regenerative role

of keratinocytes, and adjacent HF stem cells. Accord-

ingly, wound closure in groups 3–5 was significantly bet-

ter than groups 1 and 2. At the same time, the results of

group 5 were significantly better than other groups. It

means that in terms of wound closure, the combined ap-

plication of preconditioned diabetic AD-MSC with PBM

in vitro plus PBM therapy in vivo has a significantly su-

perior effect compared to the other treatments.

In the present study, we observed that an anti-

inflammatory agent and a mitogenic agent, PBM [20],

exhibited a synergistic effect on diabetic AD-MSC in-

duced wound healing in vivo [35]. Diabetic AD-MSC

alone significantly induced an anti-inflammatory effect

when compared with groups 1, 3, and 4. Our results also

demonstrated a significantly decreased inflammatory re-

sponse after treatment with PBM preconditioned dia-

betic AD-MSC plus PBM in vivo (group 5) compared to

treatment with AD-MSC alone. The improved prolifera-

tive activity (increased fibroblast counts) in the wound

bed of the diabetic AD-MSC was specifically increased

after preconditioning with PBM (Fig. 6).

In terms of bactericidal impact, treatment with only

diabetic AD-MSC was not effective (Fig. 3). We observed

that the combination of AD-MSC + PBM in vitro was

significantly superior to treatment with only AD-MSC

with regard to wound closure rate at day 8 and stress

high load, bending stiffness, fibroblast counts, and bac-

tericidal effects. These findings have implied that al-

though the appropriate PBM protocol administered

in vitro could facilitate the repair capabilities of trans-

planted diabetic AD-MSC in a DM1 model of an

MRSA-infected wound and accelerate the wound healing

process, the combined AD-MSC + PBM in vitro +

in vivo (group 5) was significantly superior. In total,

these results suggested that preconditioning with PBM,

which is a cost-effective [50], anti-inflammatory, and

mitogen agent [20], could be a powerful supplement for

diabetic AD-MSC-based therapy in treating DFUs.

The promising results of the current study of precon-

ditioning diabetic AD-MSC with PBM, which signifi-

cantly increases both viability and function of AD-MSC

in vitro and in vivo, have encouraged us to suggest add-

itional in vitro and in vivo studies with animal models of

wound healing and patients who suffer from DM. Hope-

fully, the final outcomes of these studies will enable the

use of PBM plus diabetic (autologous) AD-MSC proto-

cols to attain beneficial responses for DFU repair in

patients with DM.

While diabetic rats lost significantly their weight after

STZ injection in in vivo part, we could not hold them

for more than 21 days before surgery. This is considered

as a limitation of our work. As we mentioned in the

study design, wound closure rate, microbial examination

and CFU counts, wound strength, and stereological tests

were performed in each wound of rats, so we decreased

the number of rats four folds in the current study and

save the life of many animals.

Previously, co-treatment of AD-MSC with decellular-

ized extracellular matrices (ECM) [49], and stromal vas-

cular fraction (SVF) of nanofat [50] have been examined

on several complications such as DFUs and scars. The

data recommended the safety and efficiency of allogenic

AD-MSC and ECM engraftments with no prominent

complications [49]. There was also an encouraging rela-

tionship between SVF yield and medical effects in the

nanofat treatment of scars [50]. In the lack of a uniform

technique, renewing allogenic treatments by decellular-

ized ECM would be tough, if not just untrustworthy

[49]. Applying nanofat for curing scars requires more at-

tention in terms of the medical ethic issue as well.

Platelet-rich plasma (PRP) is a distillate of platelets and

cytokines attained by the centrifugation of venous. In

vivo application of PRP as a harmless and persuasive

procedure reviewed by having an encouraging influence

on tissue repair. This review article has some limits that

might pose danger of likely prejudices. De Angelis et al.

evaluated bio-functionality of a PRP-hyaluronic acid

(HA) composed scaffold in comparison to traditional

dressings (HA alone, control group) in an in vitro and

in vivo experiment in patients with DFUs and vascular

ulcers. One month and 80 days later, De Angelis et al.

observed significantly better results in the patients with

combined PRP +HA therapy than the control group. De

Angelis et al. concluded that PRP +HA regime showed

stronger renewing potential in terms of keratinocyte

proliferation and dermal restoration compared with HA

alone [51]. Skin grafts have been used to restore acute

and chronic wound insufficiencies with dissimilar etiolo-

gies. Nevertheless, the obtainability of adequate well

skin, and disfigured donor site morbidity should be

issued and have to be deliberated when choosing for skin

transplantation.

Recently, researchers and surgeons have worked to-

gether to develop various bioengineered and artificial

substitutes to encourage tissue renewal in cutaneous

wounds [52]. Double layer dermal substitute (DS) con-

tains a 3-dimensional collagen structure and a superficial

silicon layer which are positioned within the wound sup-

ply to stimulate tissue restoration in cutaneous wounds.

Accordingly, De Angelis et al. compared two kinds of

DSs (Nevelia®, an innovative collagen DS, and Integra) in

patients with post-traumatic injury wounds. De Angelis
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et al. observed that at long-term follow-up, Nevelia had

a better clinical outcome, more angiogenesis, and tissue

regeneration compared with Integra [53]. In another in-

vestigation, De Angelis et al. reviewed the surgical re-

sults of 20 patients, who experienced the application of

Dermal Regeneration Template (DRT) for scalp recon-

struction for minor defects. During 3 weeks, De Angelis

et al. observed the complete healing of the wound bed

by secondary intention with suitable cosmetic outcomes

and firm scars [54]. Currently, no consistent technique

for the extraction of adipose tissue exists. Consequently,

Gentile et al. stated that autologous therapies using

adipose-derived stromal vascular fraction (AD-SVF) and

AD-MSCs warrant careful preparation for being har-

vested from adipose tissue. Gentile et al. suggested some

quantitative and qualitative standards for extracting adi-

pose tissue. Gentile et al. found that the discovery of

new critical quality attributes (CQAs) of AD-MSCs

evolves with respect to purity and potency. Adjustments

to these benchmark standards will hopefully isolate AD-

MSCs of various CQAs with greater reproducibility,

quality, and safety. However, confirmatory studies un-

doubtedly need to be completed [55]. In the last study,

De Angelis et al. treated 35 patients who suffered from

chronic vascular ulcers with Nevelia® followed by autolo-

gous dermal-epidermal graft (DEG). De Angelis et al.

found that the medical findings of the Nevelia group

were better than the control group. Correlated histo-

logical and medical findings showed a better skin regen-

eration with a new formed tissue architecture analog to

normal physiology of the skin in the Nevelia group [56].

It is necessary to improve and expand this field in a

way that stem cell therapy and biotechnology can be ap-

plied cooperatively by adding different in vitro and

in vivo applications of AD-MSCs, SVFs, and autologous

growth factors like to PRP in tissue regeneration. For

this reason, in spite of animal studies, it is necessary to

report the application of SVFs and AD-MSCs in improv-

ing wound healing when utilized alone or in combin-

ation with HA, PRP, and fat graft, in humans. These

experiments should focus on improving wound healing

in humans as in vitro and pre-clinical conducted studies.

MSC-based therapeutics offers a novel approach to-

ward chronic non-healing wounds. Stem cells exert their

effects primarily through cytokine signaling. Combined

secretion of growth factors and cytokines has been

shown to promote wound repair. This combination of

growth factors and cytokines successfully reduces in-

flammation and promotes angiogenesis, fibroblast migra-

tion, and collagen production as we observed in the

current work. This environment contributes to healing

and improves underlying pathologies, decreasing the re-

currence of wounds and ulcers [51]. Stem cell prolifera-

tion and signaling play crucial roles in every phase of the

wound healing process. Chronic wounds are often asso-

ciated with impaired stem cell function. Although wide-

spread adoption of stem therapy has been complicated

by the costs and complications associated with large-

scale production of cell products, cell-based therapy for

non-healing wounds is a field with great potential. In-

creased population ages and the number of diabetic pa-

tients have increased the costs of chronic wound care.

Improving new treatment strategies would help the pa-

tient to cope with this situation [51, 52].

While many of current treatment protocols for the

management of wounds and ulcers are expensive and in-

vasive [53], PBM techniques, in the shape of multipur-

pose light devices, are a noninvasive, economical, and

attractive tool for wound management [25].

Many reports showed AD-MSC-based cell therapy

products have optimal efficacy and efficiency in some

clinical indications in both autologous and allogeneic

purposes. Hence, they are being considered as potential

tools for replacing, repairing, and regenerating dead or

damaged cells. In this section, the therapeutic advance-

ment of AD-MSCs in comparison to bone marrow (BM)

MSC and some old reconstructive surgery methods were

analyzed. AD-MSCs from adipose tissue and buccal fat

pad, as easily harvestable and accessible sources, have

gained interest to be used for some reconstructive sur-

geries and bone regeneration in the maxillofacial region

and other parts of the body [54]. However, bone marrow

mesenchymal stem cells (BMMSC) harvesting is a highly

invasive and painful procedure implying general anesthesia

and many days for hospital care. BMMSCs constitute a

rare population, with only 0.002% of the total stromal cell

population, and their isolation depends on the patient

status and the volume of aspirates. AD-MSCs are currently

isolated from the subcutaneous adipose tissue, which

allows the rapid acquirement of large numbers of highly

active cells. The SVF harbor nearly 2% of AD-MSCs which

is one of the greatest amounts in all tissues. These AD-

MSC features seem to promote tissue repair while cell pro-

liferation, angiogenesis, and anti-inflammatory processes

are rapidly required in damaged sites [55]. In the manage-

ment of mammary asymmetries by plastic and recon-

structive surgeries, postoperative complications such as

prolonged pain, hematomas, secondary cysts, infections,

necrosis, capsular contracture, hypertrophic scars, and

reintervention for prosthesis substitution were docu-

mented [56]. Major complications of microsurgical recon-

struction of fingers such as lack of osseous integration of

the implant, rare detachment of the prosthesis, or lack of

acceptance by the patient were recorded as well [57]. Be-

sides, in nasal reconstructive surgery, autologous bone

grafts do not survive as well as cartilage grafts. Totality,

satisfying esthetic results were achieved for both patient

and surgeon in 79% of cases [58].
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Conclusions
Preconditioning diabetic AD-MSC with PBM in vitro

significantly increased cell function compared with the

control diabetic AD-MSC. PBM preconditioning of dia-

betic AD-MSC significantly increased healing in ische-

mic MRSA-infected delayed healing wound in rats with

DM1 compared to the control, control AD-MSC, and

AD-MSC plus PBM in vivo groups. The combined appli-

cation of preconditioned diabetic AD-MSC with PBM

in vitro plus PBM therapy in vivo demonstrated a signifi-

cant superior effect compared to the other groups.

The cellular and molecular mechanisms of combined

PBM and AD-MSC treatment on inflammation and pro-

liferation steps of delayed wound healing of DM animals

should be clarified by additional investigations. We

also suggest further research with a combination of

AD-MSC, PBM, and scaffolds or DS in diabetic subjects.
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