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Abstract

Background We aimed to examine the accompanying and solo impacts of conditioned medium of human adipose-
derived stem cells (h-ASC-COM) and photobiomodulation (PBM) on the maturation stage of an ischemic infected
delayed-healing wound model (IIDHWM) of rats with type 2 diabetes (TIDM).

Results Outcomes of the wound closure ratio (WCR) results, tensiometrical microbiological, and stereological
assessment followed almost identical patterns. While the outcomes of h-ASC-COM+PBM, PBM only, and h-ASC-
COM only regimes were significantly better for all evaluated methods than those of group 1(all, p <0.001), PBM alone
and h-ASC-COM + PBM therapy achieved superior results than h-ASC-COM only (ranged from p=0.05 to p<0.001). In
terms of tensiometrical and stereological examinations, the results of h-ASC-COM + PBM experienced better results
than the PBM only (all, p < 0.007).

Conclusions h-ASC-COM+PBM, PBM, and h-ASC-COM cures expressively accelerated the maturation stage

in the wound healing process of IDHWM with MRSA in TIIDM rats by diminishing the inflammatory reaction,

and the microbial flora of MRSA; and increasing wound strength, WCR, number of fibroblasts, and new blood ves-
sels. While the h-ASC-COM+PBM and PBM were more suitable than the effect of h-ASC-COM, the results of h-ASC-
COM+ PBM were superior to PBM only.

Keywords Diabetes mellitus, Diabetic foot ulcers, Human adipose-derived stem cell, Conditioned medium,
Photobiomodulation, Microbial flora, Stereology, Rat

Background

Type 2 diabetes mellitus (TII DM) is caused by a grad-

ual loss of Peta-cell’s ability for insulin secretion suffi-
*Correspondence: ciently, almost in the presence of insulin resistance [1].
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worry, creating overwhelming demands on people,
healthcare systems, caregivers, and society at large.
D.M. is mainly categorized into two principal types:
type 1 diabetes mellitus (TI DM) and TIIDM. TIIDM
has a higher rate of prevalence, accounting for more
than 85% of all cases of D.M. [2]. TIIDM is one of the
most globally challenging and prevalent metabolic dis-
orders affecting 10.5% of adults [3]. 11.3 percent, or
37.3 million U.S. residents, suffer from D.M. Moreover,
individuals with preDM are at increased risk of devel-
oping TIIDM, chronic kidney disease, and cardiovas-
cular disease. There are 1 in 3 adults in the U. S. (96
million) who have preD.M. Of those 96 million, more
than 76.8 million don’t even know they have it. With-
out action, many people with preDM could develop
TIIDM within 5 years [4]. Diabetic foot disease (DFD)
is counted as a familiar complication of D. M. that is
particularly concerning. The most terrible consequence
of DFD is amputation, which may cause patients great
physical and emotional distress and substantial eco-
nomic costs. Diabetic foot ulcers (DFU) s often precede
the requirement for amputation [5].

DFUs are probable to be developed due to neuropa-
thy, ischemia, or a mix of them, and when the infection
gets on the DFU, this mixture can become limb and life-
threatening [5]. DFU, the most common complication of
D.M., is observed in up to 34% of diabetic patients [6].
The total medical cost for managing DFD in the U. S. is
about US$11 billion per year [7]. Despite these excessive
financial costs, roughly 20 percentage of D.M. individu-
als have remained untreated DFUs during the first year of
disease [8]. Existing management for DFUs are unaccep-
table due to the enhanced danger of bacterial pollution
and destructing the process of angiogenesis in wound
healing (restoration) [9]. Therefore there is a potential
for improved treatment of DFUs, and further investiga-
tions are required to discover new approaches to healing
severe cases of DFUs [10].

The usage of regenerative medicine and stem cell-
based therapeutic methods demonstrated much
potential in improving the healing process of wounds.
Plastic surgeons have been exploring the practical and
clinical application of human adipose-derived stem cells
(h-ASCs), which are effortless to obtain adult stem cells
that lead to differentiation into multiple types of cells and
release growth factors that ease wound restoration. These
growth factors assist the process of angiogenesis, leading
to an enhancement in local blood flow, as overall result,
enhancing the final wound healing process [11].

Additional benefits of h-ASCs can be counted as their
ability to be easily obtained in large quantities via simple
liposuction surgical procedures, they are capable of main-
taining their properties even after long-lasting periods of
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in vitro cultivation, and their low immunogenicity, which
let for the usage of h-ASCs from different donors. It has
been proposed that the wound-healing effects of h-ASCs
may be associated with reducing inflammation, encour-
aging blood vessel growth, and boosting the growth of
fibroblasts and keratinocytes [12].

Despite extensive investigations on h-ASCs proposed in
animal models both in vitro and in vivo, a scarcity of ran-
domized clinical trials presents involving humans. More-
over, the few clinical trials that have been started are still
ongoing or in the process of recruiting patients [11].

Although h-ASCs are a good cell type for MSC trans-
plantation therapeutic method in wound healing, patients
with D.M. can experience remarkable inhibition of stem
cell activity because of D.M.-induced glucolipotoxicity
[13], and poor cell survival within the harsh wound micro-
environment [14]. The activating of keratinocytes mostly
settles the wound restoration effect of ASCs and also der-
mal fibroblasts by the mechanism called paracrine [15].
De Gregorio et al. [16] distinguished that the application
of conditioned medium (COM) obtained from h-ASCs
(h-ASC-COM) to diabetic rats obviously regresses the cre-
ation of diabetic polyneuropathy (DPN), which enhances
the wound restoration process in diabetic mice [16].

Since more than 100 known physiologic factors con-
tribute to wound restoration deficiencies in indi-
viduals with D.M. [17], previous studies have shown
that using two therapeutic agents concurrently, such
as ASC and photobiomodulation(PBM) [18], bone-
marrow-derived mesenchymal stem cell-conditioned
medium (BM-MSC-COM) and PBM[19]; metformin and
PBM][20]; or a nanoparticle plus PBM [21] could progress
more wound restoration in diabetic subjects with TIDM,
TIIDM, and healthy subjects through an additive effect of
two agents compared to one agent.

PBM is a probably advantageous modality for hasten-
ing wound restoration, relief of pain, and decreasing
inflammation with modification of different biological
processes [22]. Results of three recent studies have shown
that a combination of ASCs-COM and PBM significantly
improved the restoration process in wounds, flaps, and
ischemic wounds of healthy animals [23-25].

In 2012, Montero-Vilchez, in their review article, con-
cluded that MSC-COM is an optimistic therapeutic
method for cutaneous problems. Investigations on MSC-
COM treatment in animals demonstrated high wound
closure rates and acceptable reports of skin rejuvenation.
However, more trials are demanded to reassure the safety
and efficacy of COM manufacturing [26]. We aimed to
examine the accompanying and solo impacts of h-ASC-
COM and PBM on the maturation phase of an ischemic
infected delayed-restoration wound model (IIDHWM) of
TIIDM rats.
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Results

Marker expression

Flow cytometry demonstrated that the h-ASCs expressed
cluster of differentiations (C.D).s 11b 45, 0.33% and 0.8%,
respectively. In addition, h-ASC completely expressed
C.D.s 44 and 105.

Gross information
Our observations confirmed significant decreases in
weight and blood sugar levels in almost all studied groups

(Fig. 1).
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Fig. 1 Mean+S.D. of body weights (A) and blood sugar values B at the beginning of the study (day 0) and time of sampling (day 16) of studied
groups compared by t-test. **p <0.01; ***p <0.001
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Microbial findings, day 16

All p values were related to least significant differences
(LSD) test. All treatment groups had lesser colony-
forming units (CFU) s of MRSA contrasted to group one
(all, p<0.001). h-ASC-COM +PBM, and PBM protocols
had lesser CFU than h-ASC-COM (p=0.002, p=0.007),
(Fig. 2).

Wound closure rate (WCR), day 16

There were higher WCR in favor of all experimental
groups than groupl (all, p<0.001). WCR of h-ASC-
COM +PBM was higher than h-ASC-COM only regime
(p=0.025), (Fig. 3).

Findings of wound strength examination

There were higher bending stiffness (M Pa), (Fig. 4,
panel A), and stress high load (N/cm?) (Fig. 4, panel B)
in favor of all cure groups than groupl (all, p<0.001).
These parameters in groups 3, 4 were higher than group 2
(both, p<0.001). Bending stiffness and stress high load of
group 4, was higher than group3 (p<0.001).

Outcomes of stereological examination on day 16,
neutrophils, and macrophages, isolated, and together

On day 16, Fig. 5 displays illustrative histological pictures
of the wound regions in the four experimental groups.

Page 4 of 15

There were fewer neutrophils (Fig. 6, panel A) and mac-
rophages (Fig. 6, panel B) in favor of all cure regimes than
groupl (almost all, p<0.001). Number of these cells were
less in group 4 comparing the groups 2, and 3 (almost all,
p<0.001). Number of macrophages were less in group 3
in comparison with group 2 (p=0.001).

Total of number of neutrophils and macrophages

There were fewer total count in numbers of neutro-
phils and macrophages in favor of all cure regimes
than groupl (b, p<0.001). Total count of inflamma-
tory cells were lower in groups 4, 3 than group 2 (both
p<0.001, p=0.001). Total count of inflammatory cells
were lower in group 4 than group3 (p <0.001) (Fig. 6,
panel C).

Number of fibroblasts, and new blood vessels
There were higher fibroblasts (Fig. 6, panel D), and
new blood vessels (Fig. 6, panel E) in favor of all cure
regimes than groupl (all, p<0.001). Number of these
elements were upper in groups 4, 3 than groups 2,
(both, p<0.001). Number of these elements were upper
in group 4 than group3 (p <0.001).

All raw data of evaluating methods were shown in
Table 1.
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Fig. 2 Mean+S.D. of colony forming units of methicillin-resistant Staphylococcus aureus (MRSA) of wounds in each group on day 16.; Mean+S.D.
of studied groups in comparison using ANOVA and LSD tests. *p < 0.05; **p <0.01; ***p <0.001; Abbreviations: COM, conditioned medium of human

adipose-derived stem cells; PBM, photobiomodulation
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Discussion
The results of all evaluated methods, comprising
WCR, microbiological, tensiometrical, and stereologi-
cal examinations, followed almost identical patterns.
While the outcomes of h-ASC-COM+PBM, PBM,
and h-ASC-COM regimes were significantly better
for all evaluated methods than those of the placebo
(all, p<0.001), PBM and h-ASC-COM+PBM treat-
ments achieved superior results than h-ASC-COM
only (p=0.05 to p<0.001). In terms of tensiometrical,
and stereological examinations the results of h-ASC-
COM + PBM were greater in PBM only (all, p <0.001).
Some recent studies have shown that stem cell
therapy did not support diabetic wound restoration.
Cianfarani et al. [27] found that diabetic ASCs demon-
strated diminished proliferative capacity and migration,
releasing lower amounts of important growth factors
involved in wound restoration. In addition, the condi-
tioned medium of diabetic ASCs displayed decreased
capability to stimulate epidermal cells and fibroblast
propagation and immigration. Cianfarani et al. [27]

concluded that the conversion process of D. M. con-
verts the intrinsic properties of ASCs, leads to the
impairment of their functionality. This, in turn, nega-
tively impacts the therapeutic potential of autologous
therapy for DFUs [27]. Dong et al. [28] revealed that
normal ASCs and diabetic ASCs could promote wound
restoration in rats with simple defect injuries. Still, dia-
betic ASCs have no significant effect on wound resto-
ration in rats with D.M., which might be attributed to
the inhibition of ASCs proliferation and the influence
of hyperglycemia and advanced glycation end products
(AGE)s intervention on their secretory function [28].
Although MSCs play a critical role in the healing
process of skin wounds, investigations have demon-
strated that the contribution of transplanted MSCs in
repairing wounds within the host tissue is limited due
to their low survival rate and lack of proper homing
[29]. However other studies have revealed that ASCs
have therapeutical impacts on various diseases, and its
advantageous effects by paracrine function of the cells
[30, 31]. Therefore Fui et al. [32], in their investigation
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Fig. 4 Comparing of bending stiffness (panel A), and stress high load (panel B) of repairing wounds among studied groups on day 16; data
reported as mean+S.D. and analysis applied with ANOVA and LSD tests. *p < 0.05; **p < 0.01; ***p <0.001

postulated that ASC-COM is a cell free therapy cause In the line with the Fui et al. [32] conclusion, in cur-
reduction some limitation of MSC therapy. The COMs rent study we found that application of h-ASC-COM on
harmonize the inflammation, increase proliferation and IIDHWM resulted in significantly increases in wound
re-modeling of diabetic wounds [32].
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Fig.5 On day 16, Hematoxylin and Eosin staining was considered to get typical histological pictures of the injury sites from the four studied
groups. The images depict various cellular components such as fibroblasts (F), macrophages (M), neutrophils (N), and blood vessels (V). The

magnification used for capturing these images was 40x 10

strength, WCR, fibroblasts, and new blood vessels counts
than control group. There was also significantly lower
inflammatory reaction, and lower CFU of MRSA, com-
pared to control group. In two recent studies other sci-
entists have supported our results. In the first probe,
Saheli et al. [33] displayed the beneficial advantages of
MSCs-COM on fibroblast performances and wound res-
toration. Saheli et al. [33] concluded therapy with MSCs-
COM could be a novel approach to treat chronic diabetic
wound in subjects. In the second probe, Takahashi
et al. [34] demonstrated that hydrogels containing MSC
-COM accelerated wound restoration in diabetic mice by
enhancing angiogenesis, accelerating reepithelialization,
and destroying inflammatory reaction. Takahashi et al.
[34] concluded topical application of MSC-COM could
be a novel treatment for DFUs.

Recently Kim et al. [35] found that mix therapy of
spheroidal culture (S.C.) and laser irradiation remark-
ably improve the angiogenic factor in h-ASCs. Increased
migration, viability, and angiogenesis are recorded in
cells therapy with COM obtained from the S.C. group.
Furthermore, Kim et al. [35] conducted in vivo study
using a mice rear limb ischemic simulation; the outcomes

revealed that COM derived from cultured spheroids
under influence of laser-radiated h-ASCs induced
increased angiogenesis in vivo. Kim et al. [35] concluded
that, using laser to promote stem cells could solve the
major disadvantages of COM-based therapies. On the
other hand several investigations studied the effects of
BM- MSC-COM applied with PBM for infected wounds
therapy [19, 36-39]. According the diabetic wounds,
the outcomes were controversial. Three investigations
noted that BM-MSC-COM, PBM, and the joint therapy
of BM-MSC-COM +PBM improved wound restoration
in non-infected diabetic wounds as compared with con-
trol group [36-38]. In Pouriran et al. [36] study, while
PBM and BM-MSC-COM, alone or combined, boosted
biomechanical factors in the wounds, PBM recognized
to be more helpful compared to the BM-MSC-COM
only. In relation of diabetic wounds that are infected, it
was distinguished that both the PBM +BM-MSC-COM
and PBM groups were capable to reduce the number
of CFUs (colony forming units) and accelerate the pro-
cess of wound healing than the controls. However, this
effect was not reported when BM-MSC-COM alone was
applied [19, 39].
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In this regard in the current study, in the next step
we added PBM, and h-ASC-COM +PBM treatment
protocols to our study groups. While the outcomes of
h-ASC-COM +PBM, PBM, and h-ASC-COM regimes
were significantly better for all evaluated methods than
those of the control gathering group (all, p<0.001),
PBM and h-ASC-COM+PBM treatments achieved

superior results than h-ASC-COM alone (p=0.05
to p<0.001). Our outcomes were in the same line of
those of Fridoni et al. [39] and Kouhkheil et al. [19]
investigations.

In terms of tensiometrical, and stereological examina-
tions the results of h-ASC-COM +PBM were superior to
those of PBM only (all, p <0.001).
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Table 1 Mean and standard deviation (S. D.) of all row data of entire evaluating methods of studied groups
Groups Blood sugar, day 0 Blood sugar, day16 Body weight, day 0 Body
weight,
day16
Control Mean 370 521 194 156
S.D. 28 46 26 24
COM Mean 410 412 191 159
SD. 70 69 16 15
PBM Mean 417 365 200 180
SD. 82 73 26 26
COM+PBM Mean 435 359 224 206
SD. 81 76 34 34
Groups Staphylococcus aureus, day16
Control Mean 5200
S.D. 653
COM Mean 878
SD. 84
PBM Mean 308
SD. 40
COM+PBM Mean 185
SD. 28
Groups Wound closure ratio, day, 16
Control Mean 78
SD. 24
COM Mean 97
SD. 1.8
PBM Mean 99
SD. 1.5
COM+PBM Mean 100
SD. 1
Groups Stress high load Bending stiffness
Control Mean 0.06 1.0
SD. 0.01 038
COM Mean 0.15 337
SD. 0.02 0.13
PBM Mean 0.27 74
S.D. 0.02 0.20
COM+PBM Mean 046 1037
S.D. 0.03 0.15
Groups Neutrophils Macrophages Inflammatory cells Fibroblasts Blood vessels
Control Mean 2449 2363 4812 2227 5.66
S.D. 209 109 287 180 1.03
COM Mean 2009 2155 4164 3323 9.50
SD. 191 105 249 281 1.04
PBM Mean 1832 1861 3694 5862 14.83
SD. 89 135 58 435 147
COM +PBM Mean 1494 1464 2958 8097 22.00
SD. 115 141 136 292 141

COM conditioned medium of human adipose-derived stem cells; PBM Photobiomodulation.
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It is vital to distinguish MSC-COM features from those
of culture media alone. MSC-COM refers to a type of cul-
ture where MSCs are built over a specific time period and
in specific conditions. On the other hand, culture media is
clearly the substance applied to cultivate MSCs. In some
investigations, culture media was operated as the con-
trol group to demonstrate the favorable effects of MSC-
COM in the healing of wounds [40—42]. Higher as well as
faster wound restoration rates were observed with MSC-
COM treatment than culture medium itself. The study
distinguished that using MSC-COM topically after laser
therapy resulted in lower level of skin redness and darken-
ing in comparison with using the culture medium alone
[43]. These data suggest that the effects observed of MSC-
COM in these diseases is due to the conditioned medium
and is not being caused by the culture medium alone.

One drawback in usage of MSC-COM is that in order
to apply it on patients, the exact composition of each
conditioned medium must be identified. Moreover, con-
ditioned medium usually requires to be administered
more frequently than MSCs because the cytokines and
growth factors found in the medium have shorter half-
lives in comparison with the stem cells, which may sur-
vive for longer periods of time [44]. Further studies are
needed to identify the specific constituents of MSC-
COM that effectively treat cutaneous disorders. Addi-
tionally, it is essential to establish regulatory guidelines
for the production, standardization, and quality control
of MSC-COM with regard to the source of the MSCs,
methods of isolation, and culture conditions. Including
measures would be necessary to ensure the safety and
efficacy of these products [45].

In the current study, we could not characterize either
the exact composition of the condition medium or criti-
cal signaling molecules that may potentially be secreted
by the h-ASC in the h-ASC-COM, which could be con-
sidered as two important limitations. On the other
hand, some research has indicated that a mixture called
h-ASC-COM, made up of amino acids, vitamins, glucose,
and human serum, can generate therapeutically signifi-
cant conditioned medium (COM) with angiogenic and/
or antiapoptotic properties. This CM including factors
such as vascular endothelial cell growth factor, fibro-
blast growth factor 2, hepatocyte growth factor, and
chemokine (C-X-C motif) ligand 12 [46].

We should note that we purchased 24 adult male Wistar
rats from the Pasteur Institute of Iran, all aged 3 months.
These rats were then randomly divided into four groups,
each containing six animals. In each rat, both a TIIDM
and a wound for delayed healing (IIDHWM) were cre-
ated. These rats received ethical treatment in a stand-
ardized animal facility, with consistent care provided
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regardless of their group assignments. The initial differ-
ences in body weights and blood glucose levels observed
among the study groups could be attributed to individual
responses of rats to TIIDM and IIDHWM. Consequently,
for the allocation of animals to the study groups, careful
attention was given to the pivotal role of randomization
in experimental research. It is important to note that the
statistical tests revealed no significant differences in the
initial body weights and blood glucose levels among the
groups under study.

Interestingly, after 17 days of treatments, several note-
worthy changes were observed that warrant further
attention. As the rats all experienced relatively large
delayed healing ischemic wounds, a decline in body
weights could be reasonably expected. Notably, while
treatment with COM prevented further escalation in
blood glucose levels on day 16 compared to day zero,
treatments involving PBM (groups 3 and 4) lowered
blood glucose to levels below those of day zero. Some
prior studies align with our findings:

Several studies have demonstrated the favorable effects
of PBM on glucose metabolism in hyperglycemic and dia-
betic individuals. Sene-Fiorese et al. conducted research
on obese females, finding that five months of PBM
combined with physical activity led to a more substan-
tial decrease in blood insulin levels compared to physi-
cal activity combined with placebo PBM [47]. Francisco
et al. reported that PBM using light-emitting diodes,
along with mild exercise, significantly lowered blood glu-
cose values in TIIDM patients [48]. Silva et al. [49] noted
that daily PBM over one month reduced blood glucose in
obese mice. These studies’ outcomes support our discov-
ery of reduced blood glucose levels following PBM treat-
ment in TIDM rats. However, the precise mechanism by
which PBM impacts blood glucose metabolism remains
incompletely understood. To the best of our knowledge,
the positive effects of PBM on blood glucose levels dur-
ing the healing process of diabetic skin wounds have not
been previously reported. Thus, our current research is
the first to demonstrate that PBM treatment of diabetic
wounds over 15 days leads to significant decreases in
blood glucose levels. PBM seems to enhance mitochon-
drial metabolism by increasing CCO oxidase activity,
thereby promoting increased glucose consumption. Cor-
respondingly, a previous study found that PBM elevated
citrate synthase activity and Krebs cycle function. The
heightened glucose consumption for ATP production
could explain the blood glucose reduction [1, 50]. PBM
might also lower blood glucose levels by inhibiting the
c-Jun N-terminal kinase pathway and promoting pro-
tein kinase B phosphorylation [49]. Nevertheless, further
studies are warranted in this area.



Sohrabi et al. Laboratory Animal Research (2023) 39:29

In the COM group, we observed a greater number of
new blood vessels and a reduced inflammatory reac-
tion compared to the control group. Our findings are
consistent with the studies by Iron et al. [51] and Zhang
et al. [52]. In their original article from 2018, Iron et al.
[51] concluded that topical application of COM accel-
erated diabetic wound healing in a swine model, with
enhanced angiogenesis and immunomodulation play-
ing significant roles. In their review article, Zhang et al.
[52] stated that the use of COM vyielded positive effects
on wound healing both in vitro and in vivo.

In the PBM group of our study, we observed more
fibroblasts, new blood vessels, increased volumes of
new epidermis and dermis, and a decreased inflam-
matory reaction compared to the control group. Our
results are in line with Houreld’s research. In her review
article from 2019, Houreld concluded that PBM, which
involves the non-invasive application of light at specific
wavelengths, has been shown to expedite the healing of
chronic wounds, including diabetic foot ulcers (DFUs).
PBM induces photophysical and photochemical changes
within cells without causing thermal damage. It has been
demonstrated to promote tissue regeneration and hasten
wound repair by mitigating inflammation and oxidative
stress, accelerating cell migration and proliferation, and
fostering extracellular matrix production as well as the
release of crucial growth factors [53].

Conclusions

PBM, h-ASC-COM, and h-ASC-COM+PBM treat-
ments meaningfully accelerated the maturation phase of
the wound restoration process in IIDWHM with MRSA
in TIIDM rats by diminishing the inflammatory reaction,
and the CFU of MRSA; and increasing wound strength,
WCR, number of fibroblasts, and new blood vessels.
While the h-ASC-COM+PBM, and PBM were more
suitable than the effect of h-ASC-COM, the results of
h-ASC-COM + PBM were superior to PBM alone.

Our recommendations for more research

Further experimental probes are required to understand
in greater details the molecular mechanisms of these
modalities, particularly the h-ASC-COM+PBM man-
agement protocol in diabetic infected wound restoration.
It is also suggested that clinical trials be conducted in this
field.

Methods

Animals and groups

h-ASCs were donated, their immunophenotypic char-
acteristics were analyzed, and their COM was prepared
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by concentrating h-ASCs. We bought 24 Wistar male
adult rats with age of 3 month old from Pasteur Insti-
tute of Iran. They were randomly divided into four
groups, six animals each group. TIIDM, and a delayed
healing wound (IIDHWM) was made in each rats. They
were ethically treated in a standard animal home and
were received similar cares regardless of their groups.
The first group was considered the control group (pla-
cebo); the second group received h-ASC-COM, the
third group; was exposed to PBM; and group four
received h-ASC-COM +PBM. On day 16, clinical and
laboratory examinations were done. Rats were eutha-
nized with CO, on day 16, and 2 study samples from
each wound for tensiometerical and stereological exam-
inations were extracted. There were six samples in each
group for all evaluating methods. We obtained approval
from the Ethics Board (IRB) at Shahid Beheshti Univer-
sity of Medical Sciences (SBMU.MSP.REC.1400.456). A
diagram of study design was added, (Fig. 7).

Isolation and expansion of h-ASCs

Subdermal fat was donated by a healthy adult lady who
is undertaking plastic surgery with a knowledgeable
patient agreement. Approximately five cubic centim-
eters of adipose tissue were extracted, then subjected to
standard methods of cultivation and proliferation. The
resulting cells were assessed for MSC markers using
flow cytometry following the previously described
protocol. The h-ASCs attained from passage 4 were
detached and further used [54].

Preparation of h-ASC-COM

h-ASC-COM was prepared by cultivating 10° h-ASC s
from passage 4. According to the manufacturer’s protocol,
COM was gathered and condensed roughly tenfold via lyo-
philized-drying (Christ Alphal-2 LD Plus, Germany) [36].

Induction of TIIDM

At first, the animals were given a drink containing 10%
fructose (Biobasic, Canada) rather the regular water,
and they were fed a standard pellet of rats for 14 days.
In the next step, streptozotocin [(STZ), 40 mg/kg
Santa Cruz Biotechnology, Inc., Dallas, TX, USA] was
injected. Seven days later, the rat’s blood sugar level
were checked. Rats with high blood sugar levels (more
than 250 mg/dl) for 21 days after injection of STZ were
considered as TIIDM [20]. An oral glucose tolerance
test was done in our previous study [20].

Operation for wounding

Under total anesthesia and sterile circumstances, two
parallel 10-cm incisions were induced in each animal and
were sutured. The distance between them was 3.5 cm.
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Fig. 7 Applying photobiomodulation and condition medium alone and together

Next, a 12-mm, all-layer, round skin injury was produced
in the middle area between two incisions. Finally, a ring-
shaped skin holder was properly sutured around the exci-
sion to avoid the panniculus carnosus muscle contraction
(Fig. 8A) [18].

Inoculation of infection into the wounds

Patients who suffer from DFUs may have methicillin-
resistant Staphylococcus aureus (MRSA) occurs in 10-32%
of their infections. MRSA is heavily connected to a higher
chance of treatment not working, increased illness, and
higher hospitalization expenses for these patients [55].
Therefore, in the current experiment, a standard MRSA
strain (ATCC 25923, Seattle 1945, USA) was used as
described in a prior study. A 100-pl aliquot of the colony
with 2x 10" MRSA was administered locally in each injured

area soon after wound formation. The number of each bac-
teria per probable specie was counted as CFUs. On day 16,
the CFU of wounds in all groups was counted [18].

Gross examinations
Throughout the experiment, the rats’ weights and blood
sugar levels were checked.

h-ASC-COM and PBM administrations

300 A of the PBS containing tenfold concentrated COM
of 10° h-ASC were administered (i. p.) on days 1,3,5, and
7, to 8 points around each wound of rats of groups 2 and
4 (Fig. 6A) [39]. The wounds in groups 3, and 4 were radi-
ated with a PBM generator, and complete information on
PBM was provided in Fig. 8B [18].
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Measurement of WCR

On day 16, all wounds were photographed using standard
methods, and the wound area was measured by utilizing
IMAGE ] software developed by the National Institutes
of Health (NIH). Subsequently, WCRs were calculated
based on this data [18].
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Count of cells

Nv=X2Q/(h x a/f x XP)

YQ=number of cells; h=dissector height; a/f=area
of all counting frames; and P =the total number of test

WCR = [(wound surface on day 0 — open wound surface on day X) /wound surface on day O] x100%

Wound strength examination

One 0.5%5 cm sample of repairing area was scaled on a
material testing machine (Santam, Iran). The deforma-
tion rate was counted at 0.166 mm/s. From the stress—
strain graph, bending stiffness (MPa) and high-stress load
(N/cm?) were calculated [18].

Stereological procedure by physical dissector method

10% Formaldehyde -fixed samples were embedded in par-
affinic blocks, and ten sections of 5-um thickness were
sequentially sliced and stained with the H&E method.
Numerical density (Nv) and total (N) counts of fibro-
blasts, macrophages, and neutrophils in 6 fields of wound
area were examined by a light microscope at a magnifica-
tion of 40 x 10 [56].

points hitting the structure [56].
N = Nv x V (volume)

Number of new blood vessels = 23 Q/(ZP x a/f)

YQ=total number of vessels per wound. Number
of new blood vessels was measured as an angiogenesis
marker.

Statistical analysis

Our study reported data in the format of mean + stand-
ard deviation (S.D.). To determine any considerable dif-
ferences between the two groups, the LSD test was used
for values that had a normal distribution. At the same
time, one way analysis of variance (ANOVA) was applied

Parameter Dose and unit
Peak power W
Average power 0.001 W
Power density 0.001 W/em?
Wavelength 890 = 10 nm
Pulse frequency 80 Hz
Duration of pulse 180 ns
Spot size I em?
Diameter of the spot 1.12 cm
Time of each exposure 200s
Number of exposures per session 9
Number of sessions per week 6
Energy density of one exposure 0.2 Jem?
Total energy density per Isession 1.8 Jem?
Total energy density of all (15) 27 Jem?
sessions
Model MUSTANG 2000, Technica Co.,
Russia, LO7

Fig. 8 Wound area, silicon ring around the edge of wound, condition medium injection points, PBM irradiation points (Panel A), and the PBM

specifications (Panel B)
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to compare data among multiple groups. A p value lesser
than 0.05 was considered significant. The statistical anal-
ysis of Tensiometry, Stereology, Wound Closure Rate,
Blood Sugar, Body Weights, and Microbe Analysis in this
study is available as an Additional file 1.

Abbreviations

ANOVA Analysis of variance

BM-MSC-COM  Bone-marrow-derived mesenchymal stem cell-conditioned
medium

cD Cluster of differentiation

CFU Colony-forming unit

D.M. Diabetes mellitus

DFD Diabetic foot disease

DFU Diabetic foot ulcers

DPN Diabetic polyneuropathy

h-ASC-COM Conditioned medium of human adipose-derived stem cells

h-ASCs Human adipose-derived stem cells

[IDHWM Ischemic infected delayed-healing wound model

LSD Least significant differences

MRSA Methicillin-resistant Staphylococcus aureus

PBM Photobiomodulation

SD. Standard deviation

STZ Streptozotocin

TIDM Type 1 diabetes mellitus

TII DM Type 2 diabetes mellitus

WCR Wound closure ratio

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/542826-023-00178-z.

Additional file 1. The statistical analysis of Tensiometry, Stereology,
Wound Closure Rate, Blood Sugar, Body Weights, and Microbe Analysis.

Acknowledgements
Not applicable

Author contributions

KS, HA, BA, HO, MM, MF, and MR performed the methods. AM conducted the
statistical tests. AA and FFF added their comments. SC provided critical com-
ments. MB provided the concept for this work and wrote the draft.

Funding
This study was supported by NIH Grants No. R44DK133065 and R44DK105692.

Availability of data and materials
The statistical outcomes are available as an Additional file 1 no one.

Declarations

Ethics approval and consent to participate
We obtained approval from the Ethics Board (IRB) at Shahid Beheshti Univer-
sity of Medical Sciences (SBMU.MSPREC.1400.456).

Consent for publication
Not applicable.

Competing interests
No conflicts of interest for this work.

Author details

'School of Medicine, Shahid Beheshti University of Medical Sciences, Tehran,
Iran. 2Department of Biology and Anatomical Sciences, Shahid Beheshti
University of Medical Sciences, Tehran, Iran. *Department of Anatomical

Page 14 of 15

Sciences and Cognitive Neuroscience, School of Medicine, Tehran Medical Sci-
ences, Islamic Azad University, Tehran, Iran. *Department of Anatomy, School
of Medicine, Mazandaran University of Medical Sciences, Sari, Iran. >Depart-
ment of Biology and Anatomical Sciences, School of Medicine, Zanjan Uni-
versity of Medical Sciences, Zanjan, Iran. ®Price Institute of Surgical Research,
University of Louisville and Noveratech LLC, Louisville, KY, USA. ”Department
of Biology and Anatomical Sciences, School of Medicine, Shahid Beheshti
University of Medical Sciences, Tehran, Iran.

Received: 21 July 2023 Revised: 23 October 2023 Accepted: 27 October
2023
Published online: 15 November 2023

References

1. Association AD. Classification and diagnosis of diabetes: standards of
medical care in diabetes—2021. Diabetes Care. 2021;44:515-33.

Forouhi NG, Wareham NJ. Epidemiology of diabetes. Medicine.
2019;47(1):22-7.

3. Nishi SK, Viguiliouk E, Kendall CW, Jenkins DJ, Hu FB, Sievenpiper JL, et al.
Nuts in the prevention and management of type 2 diabetes. Nutrients.
2023;15(4):878.

4. Hao S, Umpierrez GE, Daley T, Vellanki P. Intervention with therapeutic
agents, understanding the path to remission in type 2 diabetes: part 1.
Endocrinol Metab Clin North Am. 2023;52(1):27-38.

5. Khanolkar MP, Bain SC, Stephens JW. The diabetic foot. QJM.
2008;101(9):685-95.

6. Armstrong DG, Boulton AJ, Bus SA. Diabetic foot ulcers and their recur-
rence. N Engl J Med. 2017;376(24):2367-75.

7. Raghav A, Khan ZA, Labala RK, Ahmad J, Noor S, Mishra BK. Financial bur-
den of diabetic foot ulcers to world: a progressive topic to discuss always.
Ther Adv Endocrinol Metab. 2018;9(1):29-31.

8. AngL, Cowdin N, Mizokami-Stout K, Pop-Busui R. Update on the man-
agement of diabetic neuropathy. Diabetes Spectr. 2018;31(3):224-33.

9. YangY,Huang K, Wang M, Wang Q, Chang H, Liang Y, et al. Ubiquitination
flow repressors: enhancing wound healing of infectious diabetic ulcers
through stabilization of polyubiquitinated hypoxia-inducible factor-1a by
theranostic nitric oxide nanogenerators. Adv Mater. 2021,33(45): €2103593.

10. Naves CC. The diabetic foot: a historical overview and gaps in current
treatment. Adv Wound Care (New Rochelle). 2016;5(5):191-7.

11. Bertozzi N, Simonacci F, Grieco MP, Grignaffini E, Raposio E. The biological
and clinical basis for the use of adipose-derived stem cells in the field of
wound healing. Ann Med Surg (Lond). 2017,20:41-8.

12. Ren G, Peng Q, Fink T, Zachar V, Porsborg SR. Potency assays for human
adipose-derived stem cells as a medicinal product toward wound heal-
ing. Stem Cell Res Ther. 2022;13(1):249.

13. Xiao S, Zhang D, Liu Z, Jin W, Huang G, Wei Z, et al. Diabetes-induced
glucolipotoxicity impairs wound healing ability of adipose-derived stem
cells-through the miR-1248/CITED2/HIF-1a pathway. Aging (Albany NY).
2020;12(8):6947-7045.

14. Kosaraju R, Rennert RC, Maan ZN, Duscher D, Barrera J, Whittam AJ, et al.
Adipose-derived stem cell-seeded hydrogels increase endogenous
progenitor cell recruitment and neovascularization in wounds. Tissue Eng
Part A. 2016;22(3-4):295-305.

15. Kim WS, Park BS, Sung JH. The wound-healing and antioxidant effects of
adipose-derived stem cells. Expert Opin Biol Ther. 2009;9(7):879-87.

16. De Gregorio C, Contador D, Diaz D, Carcamo C, Santapau D, Lobos-
Gonzalez L, et al. Human adipose-derived mesenchymal stem cell-
conditioned medium ameliorates polyneuropathy and foot ulceration in
diabetic BKS db/db mice. Stem Cell Res Ther. 2020;11(1):168.

17. Brem H, Tomic-Canic M. Cellular and molecular basis of wound healing in
diabetes. J Clin Invest. 2007;117(5):1219-22.

18. Moradi A, Zare F, Mostafavinia A, Safaju S, Shahbazi A, Habibi M,
et al. Photobiomodulation plus adipose-derived stem cells improve
healing of ischemic infected wounds in type 2 diabetic rats. Sci Rep.
2020;10(1):1206.

19. Kouhkheil R, Fridoni M, Piryaei A, Taheri S, Chirani AS, Anarkooli lJ, et al. The
effect of combined pulsed wave low-level laser therapy and mesenchymal
stem cell-conditioned medium on the healing of an infected wound with


https://doi.org/10.1186/s42826-023-00178-z
https://doi.org/10.1186/s42826-023-00178-z

Sohrabi et al. Laboratory Animal Research

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

(2023) 39:29

methicillin-resistant Staphylococcal aureus in diabetic rats. J Cell Biochem.
2018;119(7):5788-97.

Asghari M, Kanonisabet A, Safakhah M, Azimzadeh Z, Mostafavinia A, Taheri
S, et al. The effect of combined photobiomodulation and metformin on
open skin wound healing in a non-genetic model of type Il diabetes. J
Photochem Photobiol B. 2017;169:63-9.

Moradi A, Kheirollahkhani Y, Fatahi P, Abdollahifar MA, Amini A, Naserzadeh
P, et al. An improvement in acute wound healing in mice by the combined
application of photobiomodulation and curcumin-loaded iron particles.
Lasers Med Sci. 2019;34:779-91.

Kuffler DP. Photobiomodulation in promoting wound healing: a review.
Regen Med. 2016;11(1):107-22.

Park IS. Enhancement of wound healing by conditioned medium of
adipose-derived stromal cell with photobiomodulation in skin wound. Int J
Stem Cells. 2021;14(2):212-20.

Park IS, Chung PS, Ahn JC, Leproux A. Human adipose-derived stem cell
spheroid treated with photobiomodulation irradiation accelerates tis-

sue regeneration in mouse model of skin flap ischemia. Lasers Med Sci.
2017,32:1737-46.

Park IS, Chung PS, Ahn JC. Adipose-derived stem cell spheroid treated with
low-level light irradiation accelerates spontaneous angiogenesis in mouse
model of hindlimb ischemia. Cytotherapy. 2017;19(9):1070-8.
Montero-Vilchez T, Sierra-Sanchez A, Sanchez-Diaz M, Quifiones-Vico MI,
Sanabria-de-la-Torre R, Martinez-Lopez A, et al. Mesenchymal stromal cell-
conditioned medium for skin diseases: a systematic review. Front Cell Dev
Biol. 2021,9: 654210.

Cianfarani F, Toietta G, Di Rocco G, Cesareo E, Zambruno G, Odorisio T.
Diabetes impairs adipose tissue-derived stem cell function and efficiency in
promoting wound healing. Wound Repair Regen. 2013;21(4):545-53.
Dong JY, Gong JH, Ji XY, Tian M, Liu YK, Qing C, et al. Preliminary evaluation
and mechanism of adipose-derived stem cell transplantation from allogenic
diabetic rats in the treatment of diabetic rat wounds. Zhonghua Shao
Shang Za Zhi. 2019;35(9):645-54.

de Mayo T, Conget P, Becerra-Bayona S, Sossa CL, Galvis V, Arango-Rodriguez
ML. The role of bone marrow mesenchymal stromal cell derivatives in skin
wound healing in diabetic mice. PLoS ONE. 2017;12(6): €0177533.

Na YK, Ban JJ, Lee M, Im W, Kim M. Wound healing potential of adipose tis-
sue stem cell extract. Biochem Biophys Res Commun. 2017;485(1):30-4.
Alvites R, Branquinho M, Sousa AC, Lopes B, Sousa P, Mauricio AC. Mesen-
chymal stem/stromal cells and their paracrine activity—immunomodu-
lation mechanisms and how to influence the therapeutic potential. Pharma-
ceutics. 2022;14(2):381.

Fui LW, Lok MPW, Govindasamy V, Yong TK, Lek TK, Das AK. Understanding
the multifaceted mechanisms of diabetic wound healing and therapeutic
application of stem cells conditioned medium in the healing process. J
Tissue Eng Regen Med. 2019;13(12):2218-33.

Saheli M, Bayat M, Ganji R, Hendudari F, Kheirjou R, Pakzad M, et al. Human
mesenchymal stem cells-conditioned medium improves diabetic wound
healing mainly through modulating fibroblast behaviors. Arch Dermatol
Res. 2020;312:325-36.

Takahashi H, Ohnishi S, Yamamoto Y, Hayashi T, Murao N, Osawa M, et al.
Topical application of conditioned medium from hypoxically cultured
amnion-derived mesenchymal stem cells promotes wound healing in
diabetic mice. Plast Reconstr Surg. 2021;147(6):1342-52.

KimYJ, Lee SH, Im J, Song J, Kim HY, Bhang SH. Increasing angiogenic
efficacy of conditioned medium using light stimulation of human adipose-
derived stem cells. Commun Biol. 2022;5(1):957.

Pouriran R, Piryaei A, Mostafavinia A, Zandpazandi S, Hendudari F;, Amini

A, et al. The effect of combined pulsed wave low-level laser therapy and
human bone marrow mesenchymal stem cell-conditioned medium

on open skin wound healing in diabetic rats. Photomed Laser Surg.
2016;34(8):345-54.

Amini A, Pouriran R, Abdollahifar M-A, Abbaszadeh HA, Ghoreishi SK, Chien
S, et al. Stereological and molecular studies on the combined effects of
photobiomodulation and human bone marrow mesenchymal stem cell
conditioned medium on wound healing in diabetic rats. J Photochem
Photobiol B. 2018;182:42-51.

Bagheri M, Amini A, Abdollahifar M-A, Ghoreishi SK; Piryaei A, Pouriran R,

et al. Effects of photobiomodulation on degranulation and number of mast
cells and wound strength in skin wound healing of streptozotocin-induced
diabetic rats. Photomed Laser Surg. 2018;36(8):415-23.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Page 15 of 15

Fridoni M, Kouhkheil R, Abdollhifar MA, Amini A, Ghatrehsamani M, Ghorei-
shi SK, et al. Improvement in infected wound healing in type 1 diabetic rat
by the synergistic effect of photobiomodulation therapy and conditioned
medium. J Cell Biochem. 2019;120(6):9906-16.

Jun EK, Zhang Q, Yoon BS, Moon JH, Lee G, Park G, et al. Hypoxic condi-
tioned medium from human amniotic fluid-derived mesenchymal stem
cells accelerates skin wound healing through TGF-3/SMAD2 and PI3K/Akt
pathways. Int J Mol Sci. 2014;15(1):605-28.

Deng C, HeY, Feng J, Dong Z, Yao Y, Lu F. Conditioned medium from 3D
culture system of stromal vascular fraction cells accelerates wound healing
in diabetic rats. Regen Med. 2019;14(10):925-37.

Rong X, Chu W, Zhang H, Wang Y, Qi X, Zhang G, et al. Antler stem cell-
conditioned medium stimulates regenerative wound healing in rats. Stem
Cell Res Ther. 2019;10(1):326.

Zhou BR, XuY, Guo SL, Xu'Y, Wang Y, Zhu F, et al. The effect of conditioned
media of adipose-derived stem cells on wound healing after ablative frac-
tional carbon dioxide laser resurfacing. Biomed Res Int. 2013;2013: 519126.
Pawitan JA. Prospect of stem cell conditioned medium in regenerative
medicine. Biomed Res Int. 2014,2014: 965849.

Park J, Jun EK, Son D, Hong W, Jang J, Yun W, et al. Overexpression of Nanog
in amniotic fluid-derived mesenchymal stem cells accelerates dermal
papilla cell activity and promotes hair follicle regeneration. Exp Mol Med.
2019,51(7):1-15.

Bhang SH, Lee S, Shin JY, Lee TJ, Jang HK; Kim BS. Efficacious and clinically
relevant conditioned medium of human adipose-derived stem cells for
therapeutic angiogenesis. Mol Ther. 2014;22(4):862-72.

Ferreira PPR, Silva LFR, Dias-Peixoto MF, Cassilhas RC, Gripp F, Amorim FT,

et al. Effects of the association of different volumes of strength training with
photobiomodulation therapy on insulin resistance: a protocol for a rand-
omized, triple-blind, placebo-controlled trial. Contemp Clin Trials Commun.
2022;29: 100984.

Francisco CO, Beltrame T, Hughson RL, Milan-Mattos JC, Ferroli-Fabricio AM,
Benze BG, et al. Effects of light-emitting diode therapy (LEDT) on cardio-
pulmonary and hemodynamic adjustments during aerobic exercise and
glucose levels in patients with diabetes mellitus: a randomized, crossover,
double-blind and placebo-controlled clinical trial. Complement Ther Med.
201942:178-83.

Silva G, Ferraresi C, de Almeida RT, Motta ML, Paixao T, Ottone VO, et al.
Insulin resistance is improved in high-fat fed mice by photobiomodulation
therapy at 630 nm. J Biophotonics. 2020;13(3): €201960140.

de Brito Vieira WH, Ferraresi C, Schwantes MLB, de Andrade Perez SE, Baldis-
seraV, Cerqueira MS, et al. Photobiomodulation increases mitochondrial
citrate synthase activity in rats submitted to aerobic training. Lasers Med Sci.
2018,33:803-10.

Irons RF, Cahill KW, Rattigan DA, Marcotte JH, Fromer MW, Chang S, et al.
Acceleration of diabetic wound healing with adipose-derived stem cells,
endothelial-differentiated stem cells, and topical conditioned medium
therapy in a swine model. J Vasc Surg. 2018,68(6):1155-5125.

Zhang B, Wu'Y, Mori M, Yoshimura K. Adipose-derived stem cell conditioned
medium and wound healing: a systematic review. Tissue Eng Part B Rev.
2022;28(4):830-47.

Houreld N. Healing effects of photobiomodulation on diabetic wounds.
Appl Sci. 2019.9(23):5114.

Ebrahimpour-Malekshah R, Amini A, Mostafavinia A, Ahmadi H, Zare F,
Safaju S, et al. The stereological, immunohistological, and gene expression
studies in an infected ischemic wound in diabetic rats treated by human
adipose-derived stem cells and photobiomodulation. Arch Dermatol Res.
2023;315(6):1717-34.

ViswanathanV, Pendsey S, Radhakrishnan C, Rege TD, Ahdal J, Jain R.
Methicillin-resistant Staphylococcus aureus in diabetic foot infection in India:
a growing menace. Int J Low Extrem Wounds. 2019;18(3):236-46.

Omidi H, Sohrabi K, Amini A, Fathabady FF, Mostafavinia A, Ahmadi H, et al.
Application of combined photobiomodulation and curcumin-loaded iron
oxide nanoparticles considerably enhanced repair in an infected, delayed-
repair wound model in diabetic rats compared to either treatment alone.
Photochem Photobiol Sci. 2023:22(8):1791-807.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Promising improvement in infected Wound Healing in Type two Diabetic rats by Combined effects of conditioned medium of human adipose-derived stem cells plus Photobiomodulation
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Marker expression
	Gross information
	Microbial findings, day 16
	Wound closure rate (WCR), day 16
	Findings of wound strength examination
	Outcomes of stereological examination on day 16, neutrophils, and macrophages, isolated, and together
	Total of number of neutrophils and macrophages
	Number of fibroblasts, and new blood vessels

	Discussion
	Conclusions
	Our recommendations for more research

	Methods
	Animals and groups
	Isolation and expansion of h-ASCs
	Preparation of h-ASC-COM
	Induction of TIIDM
	Operation for wounding
	Inoculation of infection into the wounds
	Gross examinations
	h-ASC-COM and PBM administrations
	Measurement of WCR​
	Wound strength examination
	Stereological procedure by physical dissector method
	Count of cells
	Statistical analysis

	Anchor 33
	Acknowledgements
	References


