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ABSTRACT: Diabetes mellitus (DM) is a set of metabolic disorder primarily 

characterized by chronic hyperglycaemia state, which is linked with several 

complications including retinopathy, neuropathy, and delayed wound healing. 

Adipose derived stem cells conditioned media (ADSCs-CM) contains several 

cytokines, and growth factors that can be used for treatment of diabetes-associated 

wounds. This study was conducted to explore the therapeutic potential of ADSCs-

CM in excisional wound model in diabetic mice. Diabetes was induced in mice 

through Streptozotocin (STZ). Then, excisional wound splinting model in diabetic 

mice was developed. Subcutaneous injections of ADSC-CM (pure) and ADSC-CM 

conjugated with zinc sulphate were applied on the mice wound bed. Wound 

diameter, weight, and blood glucose levels of all the mice groups were measured at 

the start and end of the experiment. Additionally, qPCR was performed to analyse 

the expression level of some crucial genes (MMP-2, NANOG and OCT4) associated 

with wound healing. Overall, the results showed reduced wound size, blood glucose 

level, and weight restoration in ADSCs-CM treated mice as compared with control 

groups. Furthermore, ADSCs-CM also modulated the gene expression of MMP-2, 

NANOG, and OCT4, contributing to the enhanced wound healing observed in 

diabetic mice. This suggests ADSC-CM’s potential as an alternative therapeutic 

option for achieving improved wound healing outcomes in diabetic patients. 
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INTRODUCTION 

Diabetes mellitus (DM) is a metabolic 

disorder primarily characterized by 

hyperglycemia (high blood sugar) 

resulting from defects in insulin action, 

secretion, or both (Kharroubi and 

Darwish, 2015). Insulin, a vital hormone 

consists of 51 amino acids, plays a 

significant role in metabolism, cell 

growth, and glucose homeostasis (Lewis 

and Brubaker, 2021). It is a chronic and 

complex disease that has rapidly 

increased on a global scale (Hernandez 

et al., 2019). The International Diabetes 

Federation (IDF) predicts a substantial 

rise in the worldwide number of adults 

affected by diabetes, projected to 

increase from 422 million in 2017 to 

642 million in 2040 (Ogurtsova et al., 

2017). The hyperglycaemic state in 

diabetes can lead to severe 

complications, including peripheral 

neuropathy, stroke, diabetic kidney 

disease, and cardiovascular diseases 

(Fowler, 2008).   

A major problem faced by diabetic 

patients is delayed or impaired wound 

healing, often resulting in chronic 

ulcers. The exact cause of delayed 

wound healing in diabetes remains 

unclear. However, research suggests a 

complex interplay between disease-

specific intrinsic factors such as blood 

supply issues, increased matrix 

progression, abnormal angiogenesis, and 

extrinsic factors like infections and 

continued trauma (Spampinato et al., 

2020). Furthermore, impaired cytokine 

production by fibroblasts and 

inflammatory cells also contributes to 

non-healing wounds in diabetic patients. 

Diabetic foot ulcers present a significant 

socio-economic and clinical burden, 

with an annual prevalence among 

diabetic individuals ranging between 1% 

to 4.1%. The incidence of amputations 

in this group is reported to be between 

0.21% to 1.37%. Shockingly, the 

frequency of amputations in diabetic 

individuals is 15 to 70 times higher than 

that in the general population (Lin et al., 

2016). The optimal healing of cutaneous 

wounds requires the integration of 

several molecular and biological events, 

such as cell proliferation, migration, 

angiogenesis, and extracellular matrix 

deposition and remodeling. In diabetes, 

this orderly sequence of events becomes 

disorganized, leading to compromised 

wound healing (Lux, 2022). Varoius 

treatment modalities are utilized to 

control diabetic wounds, including 

negative pressure dressings, 

bioengineered skin transplants, growth 

factor therapies, chemical debridement 

techniques, and hyperbaric oxygen 

treatment. However, these methods have 

limitations, such as providing only 

short-term relief and potentially 

inducing side effects (Game et al., 
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2012). Consequently, diabetic wounds 

persist as a significant socio-economic 

challenge, necessitating a 

multidisciplinary approach to address 

these shortcomings in wound healing 

among diabetic patients. In recent times, 

cell-based therapy has garnered 

attention for treating multiple impaired 

wounds in diabetic patients. Stem cells 

in regenerative medicine possess the 

ability to self-renew and differentiate 

into various cell types (DiMarino et al., 

2013). Previous reports indicate that 

adipose tissue-derived stem cells 

(ASCs) and bone marrow-derived 

mesenchymal stem cells (BM-MSCs) 

can promote wound healing in 

experimental diabetic models. Studies 

have shown that adipose-derived stem 

cells (ADSCs) secrete multiple growth 

factors, such as basic fibroblast growth 

factor (BFGF), hematopoietic growth 

factor (HGF), and vascular endothelial 

growth factor (VEGF), in the wound 

tissue, thereby enhancing angiogenesis 

and promoting refractory wound healing 

in both normal and diabetic mice (Zheng 

et al., 2020). Furthermore, stem cell-

derived conditioned medium (SC-CM) 

has emerged as an effective tool for 

treating chronic wound healing. This 

medium contains essential cytokines 

necessary for healing chronic wounds, 

particularly diabetic wounds that are 

slow to heal and often persistent 

(Lupu‐Haber et al., 2019). 

Consequently, SC-CM presents an 

alternative approach to overcome the 

limitations associated with cell-based 

therapies in chronic wound healing. 

Thus, this study was designed to assess 

the effectiveness of adipose-derived 

stem cell conditioned medium (ADSCs-

CM) and ADSCs-CM combined with 

Zinc Sulfate as a potential alternative 

therapies for treating diabetic wounds in 

a mouse model. 

MATERIALS AND METHODS 

Experimental animals 

For this study, a prior approval was 

taken from the Institutional Biosafety 

and Ethical Committee of Microbiology 

and Molecular Genetics, University of 

the Punjab, Pakistan. All experiments 

were carried on BALB/C mice (8 weeks 

of age, 20 ± 5g) and were kept at 

constant temperature (24 ± 2℃) in 

natural light–dark cycle (12–12 hrs) in 

the laboratory animal house of the 

Institute. All mice were fed with 

standard diet and water ad libitum. 

Diabetic Induction in Mice 

Diabetes was induced in mice according 

to the established protocols with a single 

intra peritoneal injection of 

streptozotocin (STZ) (150mg/kg Sigma-

Aldrich, St. Louis, Mo). After the 

induction of diabetes in mice, 10% 

glucose water was given for 3 days to 

boost its blood glucose level and was 
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replaced with normal water on 4th day.  

For confirmation of diabetes in mice, 

blood glucose level of mice was 

measured after 7 days of STZ injection. 

Mice which had glucose level around 

400mg/dL were selected for diabetic 

study (Dewey, 2014). 

Animal Model 

All animals were treated humanely 

according to the standard protocols and 

guidelines provided by the National 

Institute of Health (NIH). Mice were 

anesthetized by Intraperitoneal (I.P.) 

injection of 50μL ketamine, 12.5 

μlxylazine and 187 μl of distilled 

water/mouse in 1mL (U-100,30 

G×8mm) syringes. Hairs on the dorsal 

side of the mice were removed using an 

electric shaver then a depilatory agent 

was applied for complete removal of it. 

For injury induction, a previously 

similar protocol was followed with 

minor modifications. Mice were 

positioned dorsal side up on a sterile 

sheet. A wound of 5 mm in diameter 

was created (Chen et al., 2021; Alrouji 

et al., 2023). 

Experimental Design and Treatment 

of Wounds 

Mice were randomly divided into 4 

groups, each containing 5 animals (n = 

5), to evaluate the role of ADSCs-CM 

and ADSCs-CM conjugated with zinc 

sulfate in diabetic wound healing. Group 

I comprised healthy controls without 

diabetes, receiving no treatment after the 

induction of dorsal skin wounds. Group 

II, the diabetic control group, had skin 

wounds induced in mice but did not 

receive treatment with either ADSCs-

CM or ADSCs-CM + zinc sulfate. 

Group III received 100 µL of ADSCs-

CM, while Group IV received 100 µL of 

ADSCs-CM conjugated with zinc 

sulfate, administered at two sites in the 

dermis surrounding the wound using a 

sterile applicator (Joseph et al., 2020). 

Preparation of Adipose Derived Stem 

Cells Conditioned Medium (ADSCs-

CM) and its Conjugation with Zinc 

Sulfate 

The mice underwent disinfection using 

70% ethanol, and subcutaneous adipose 

tissue (300-600 mg) was collected from 

non-diabetic mice. The tissue was then 

cut into small pieces, placed in a petri 

plate containing phosphate-buffered 

saline (PBS) with 3% penicillin-

streptomycin, and washed with PBS 

four additional times. Subsequently, the 

tissues were digested using collagenase-

I solution (1mg/ml Millipore SCR103) 

in a shaking incubator for one hour. At 

the end of the incubation, a clear fat 

solution was obtained, which was 

centrifuged at 4000rpm for 20 minutes 

to collect the somatic vascular fraction 

(SVF) pellet containing adipose-derived 

stem cells (ADSCs). 
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The pellet cells were resuspended in 

Dulbecco's Modified Eagle Medium 

(DMEM) containing 10% fetal bovine 

serum, 1% L-Glutamine, and 1% 

Pen/Strep. Upon reaching 80% 

confluence at passage four, the spent 

media was replaced with fresh basal 

DMEM and incubated for three days in 

a 5% CO2 environment. After three 

days, the conditioned media were 

collected, filtered using a 0.22µm filter, 

vacuum-sealed, and stored at 4ºC for 

future therapeutic applications (Ishida et 

al., 2020; Joseph et al., 2020). 

Half of the ADSCs-CM was conjugated 

with 3% Zinc sulphate in final 

concentration by thoroughly mixing zinc 

sulfate particles into the ADSCs-CM 

until fully suspended. The study then 

evaluated the wound healing properties 

of pure ADSCs-CM and ADSCs-CM in 

combination with zinc sulfate. 

Determination of Body Weight and 

Blood Glucose Levels 

The weight and blood glucose levels of 

all experimental mice were measured on 

day 0, the starting day, and on day 14, 

the final day of the study. Blood glucose 

levels were measured using a 

Glucometer (ACCU CHEK Active) for 

all experimental groups. 

Estimation of Wound Healing Closure 

Wound healing was assessed using a 

vernier calliper on days 0, 3rd, 7th, and 

10th after surgery by the same 

experimenter to minimize potential 

errors. The percentage of wound closure 

was calculated using the formula: Area 

of original wound = 1 - (Area of actual 

wound / Area of original wound) × 100, 

represented as (1 - A1/A0) × 100 (Chen 

et al., 2019) 

RNA Isolation and Quantitative PCR 

(qPCR) Analysis  

The skin samples surrounding the 

wound were collected, and total RNA 

was isolated using the Trizol method 

(Invitrogen, USA) (Than et al., 2015). 

The Thermo Scientific RevertAid First 

Strand cDNA Synthesis Kit was utilized 

to perform reverse transcription of the 

isolated RNA into cDNA following the 

manufacturer’s protocol (Thermo 

Scientific, USA). Quantitative real-time 

PCR (qPCR) analysis was conducted to 

assess the expression levels of MMP-2, 

NANOG, and OCT4before and after the 

healing process using Maxima SYBER 

Green/ROX qPCR Master Mix 2x 

(Thermo Scientific, USA) (Than et al., 

2015). 

The qPCR reaction involved an initial 

denaturation at 95ºC for 10 minutes, 

followed by 45 cycles of amplification 

at 95 ºC for 10 seconds, annealing, and 

extension simultaneously for 30 

seconds. The reactions were allowed to 

cool for 5 minutes. Table 1 contains the 

primer sequences for each marker. The 
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Delta Ct method was employed to calculate changes in gene expression. 

Table 1:GAPDH, NANOG, OCT4, and MMP-2, primer sequence used for qPCR 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

GAPDH TGACCTCAACTACATGGTCTACA CTTCCCATTCTCGGCCTTG 

NANOG CACAGTTTGCCTAGTTCTGAGG GCAAGAATAGTTCTCGGGATGAA 

OCT4 CGGAAGAGAAAGCGAACTAGC ATTGGCGATGTGAGTGATCTG 

MMP-2 CCCTGGTGGCTGGAGGCTCT AACGGGGTCCCACGTCCCAA 
 

Statistical Analysis  

Statistical analyses were conducted 

using Graph Pad Prism version 6 

software. Arithmetic means and 

Standard error of all parameters were 

calculated, represented as error bars and 

± signs on the graphs and tables, 

respectively. To assess the data, one-

way ANOVA and t-tests were applied. 

The difference p < 0.05 were considered 

statistically significant. 

RESULTS 

Body Weight 

The induction of diabetes in mice using 

Streptozotocin initially led to a decrease 

in weight due to its targeting of insulin-

producing beta cells. Throughout the 

two-week study period, the body weight 

remained relatively stable in the 

ADSCs-CM group (18-20 g) and the 

ADSCs-CM plus zinc sulfate group (19-

20 g) while in the diabetic control 

group, there was a significant drop from 

14-20 g. Additionally, weight loss 

consistently improved in both treated 

groups, whereas it decreased in the 

diabetic control group, as illustrated in 

Fig. 1.  
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Fig 1. Effects of ADSCs-CM on body weight 

gain in diabetic mice. 

ADSCs-CM Treatment Reduced 

Blood Glucose Levels 

Hyperglycemia is primary concern for 

individuals with diabetes. In our study, 

the healthy control group mice 

maintained a consistent blood glucose 

level of 100 mg/dL. Conversely, the 

mice in the diabetic control group 

exhibited the high blood glucose level at 

400 ± 50 mg/dL. This confirmed the 

adverse impact of Streptozotocin 

administration on the efficiency of beta 

pancreatic cells, resulting in elevated 

blood glucose levels. 

Furthermore, the group of mice treated 

with ADSCs-CM + zinc sulfate and 

ADSCs-CM demonstrated significantly 

decreased blood glucose levels of 200 

mg/dL and 250 mg/dL, respectively, 

compared to the diabetic control group 

(refer to Fig. 2). Notably, the ADSCs-

CM + zinc sulfate treated group 

effectively controlled blood glucose 

levels better than all other groups. 

 

Fig. 2. ADSCs-CM caused reduction in blood glucose level of streptozotocin (STZ) induced diabetic 

mice.  
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ADSCs-CM Enhanced Diabetic 

Wound Healing 

Overall, our study revealed that the 

transplantation of ADSCs-CM and 

ADSCs-CM conjugated with zinc 

sulfate in diabetic mice enhanced the 

wound healing process compared to the 

control groups. Substantial wound 

closure was noticeable as early as the 

3rd day post-surgery and became more 

prominent by the 7th day in the treated 

mice groups compared to the diabetic 

control group. Additionally, a 

significant increase in wound closure 

was observed by the 10th day post-

surgery in the ADSCs-CM conjugated 

with zinc sulfate (2 mm) and ADSCs-

CM (2.8 mm) groups, while delayed 

wound healing was evident in the 

diabetic control (4.6 mm) and healthy 

control (4.4 mm) groups, as depicted in 

Fig. 3A. 

Statistical analysis of wound diameter 

on days 0, 3, 7, and 10 further supported 

these observations across all treated and 

control groups, as illustrated in Fig. 3B. 

 

 
Fig. 3. Enhanced wound closure in diabetic mice treated with ADSCs-CM 
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ADSCs-CM Treatment Regulate the 

Expression of MMP-2, NANOG and 

OCT4 Genes  

To delve deeper into the effects of 

ADSCs-CM treatments on wound 

healing at the molecular level, we 

analyzed the mRNA expression of 

MMP-2, a pivotal enzyme in wound 

healing, along with NANOG and OCT4 

genes, crucial for cell proliferation and 

self-renewal, using qPCR. The results 

revealed a reduction in MMP-2 

expression, coupled with increased 

expression of NANOG and OCT4 genes 

following ADSCs-CM treatment. These 

changes suggest accelerated healing in 

the treatment groups compared to the 

control groups, as illustrated in Figure 4. 

GAPDH served as the housekeeping 

gene for normalization. 

 

Fig. 4. Relative expression MMP-2, NANOG, and OCT4 

Data is presented as mean + SD. Number of samples (n) = 5. Experimental values are considered 

significant when p value is < 0.05. (*: p<0.05, **: p<0.01,). 
 

This study strongly indicates that 

ADSCs-CM promotes the wound 

healing process in diabetic mice by 

modulating the expression of several 

key genes directly associated with 

wound healing, including MMP-2, 

NANOG, and OCT4. Consequently, the 

findings emphasize the significant 
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potential of ADSCs-CM treatment as an 

alternative therapeutic option for 

diabetic wound healing. 

DISCUSSION 

Diabetes mellitus occurs when the body 

is unable to secrete or respond to 

insulin, resulting in elevated blood 

glucose levels in individuals (Olisah et 

al., 2022).  Medically, it is associated 

with the long-term impairment of vital 

organs such as the heart, kidneys, 

nerves, eyes, and blood vessels. 

Additionally, it poses a life-threatening 

risk for both the unborn child and the 

mother, affecting 7% of total 

pregnancies annually (Cheng et al., 

2008). By 2045, it is estimated that 

approximately 48% of the world's 

population will be affected by diabetes 

(Standl et al., 2019) 

Furthermore, among the various 

complications associated with diabetes, 

impaired wound healing emerges as a 

major clinical issue (Davis et al., 2018). 

This impairment is attributed to multiple 

physiological factors and deficiencies 

prevalent in diabetic patients, These 

factors encompass impaired 

angiogenesis, reduced production of 

growth factors, defective macrophage 

function, collagen accumulation, 

quantity of granulation tissues, 

compromised fibroblast and 

keratinocyte proliferation and migration, 

hindered epidermal barrier function, 

bone healing, epidermal nerve count, 

imbalance in extracellular matrix (ECM) 

accumulation and their remodelling by 

matrix metalloproteinases (MMPs), 

nuclear localization of ß-catenin, c-myc 

over expression, diminished and 

aberrant localization of estimated 

glomerular filtration rate (EGFR), and 

inactivation of the glucocorticoid 

pathway (Qing 2017). 

To address this challenge, advancements 

in conventional methods need to be 

complemented by new alternative 

therapeutic measures (Menke et al., 

2008; Szunerits et al., 2021). Therefore, 

there is a pressing need to explore novel 

and effective therapeutic approaches to 

enhance the diabetic healing process. 

Previously, mesenchymal stem cells 

(MSCs) have shown promise in 

enhancing diabetic wound healing due 

to their ability to migrate to the injury 

site, stimulate resident progenitors for 

proliferation and differentiation, secrete 

growth factors, and induce anti-

inflammatory and immunomodulatory 

effects. (Athanassiou et al., 2020). Over 

the last two decades, adipose-derived 

stem cells (ADSCs) have gained 

preference in regenerative medicine due 

to their rapid in-vitro proliferation, easy 

accessibility, low immunogenicity, and 

suitability for autologous transplantation 

(Athanassiou et al., 2020). However, the 

clinical applications of stem cells are 

constrained by safety concerns and 
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issues related to cell viability (Mazini et 

al., 2020). Hence, significant interest 

has recently shifted toward cell-free 

treatments like ADSCs-CM and 

extracellular vesicles (EVs). ADSCs-

CM contains various proteins (such as 

growth factors and cytokines), lipids 

(e.g., prostaglandins), and nucleic acids 

(non-coding RNA) that promote wound 

healing (Guo et al., 2022). Therefore, 

this study was conducted to evaluate the 

role of ADSCs-CM and ADSCs-CM 

combined with zinc sulfate in treating 

diabetic wounds and assessing their 

impact on blood glucose levels and 

associated molecular markers. Overall, 

our study demonstrates promising 

results, suggesting ADSCs-CM as a 

viable alternative therapy for diabetic 

wounds. 

At the start of our study, induction of 

diabetes using streptozotocin resulted in 

decreased body weight and increased 

blood glucose levels in mice. 

Streptozotocin, known for its high 

toxicity, contributes to the destruction of 

pancreatic beta cells, consequently 

leading to elevated blood glucose levels 

(Dewangan et al., 2017). However, 

following treatment with ADSCs-CM 

and ADSCs-CM combined with zinc 

sulfate, we observed weight restoration 

and normalization of blood glucose 

levels in both treated groups compared 

to the diabetic control groups. Previous 

diabetes-related studies have highlighted 

the importance and impact of stem cell 

therapies, including MSCs and ADSCs, 

in regulating body weight and blood 

glucose levels (Takafuji et al., 2021). 

In our study, mice treated with ADSC-

CM, along with those treated with 

ADSC-CM combined with zinc sulfate, 

demonstrated improved wound closure 

compared to the diabetic control group. 

Conversely, healthy mice exhibited a 

normal healing process. Previous studies 

have highlighted the significance of 

ADSC-CM, containing essential 

elements crucial for wound healing, 

particularly in enhancing the healing 

process of chronic diabetic wounds 

(Guo et al., 2022).  

MMPs play a significant role in 

extracellular matrix (ECM) remodeling 

and are crucial factors in wound healing. 

These enzymes can degrade various 

ECM components and facilitate cell 

migration. Therefore, a regulated 

activation and inhibition cascade of 

MMPs are necessary for efficient wound 

closure (Dai et al., 2021). Our study 

revealed higher expression of MMP-2 in 

diabetic control wounds compared to 

both ADSC-CM treated wounds and 

healthy control wounds. This suggests a 

greater breakdown of ECM in diabetic 

wounds, potentially contributing to 

delayed healing. Similar findings from 

previous studies have indicated elevated 

MMPs expression in diabetic wounds 

and ulcers (Amadio et al., 2021). Our 
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results suggest that ADSC-CM 

treatment may help reduce the increased 

expression of MMPs in diabetic wounds, 

presenting a novel approach in the 

treatment strategies for diabetic ulcers. 

Previous studies have suggested that 

adipose stem cells (ASCs) initiate skin 

wound repair through differentiation 

into skin cells (Strong et al., 2015). The 

self-renewal and differentiation of stem 

cells, crucial for wound healing, are 

regulated by various transcription 

factors (TFs), including NANOG and 

OCT4 (Strong et al., 2015). Our study 

revealed increased expression levels of 

both NANOG and OCT4in the ADSC-

CM treatment group compared to the 

diabetic control group. This suggests 

that ADSC-CM may enhance the 

stemness and differentiation capabilities 

of local stem cells, thereby promoting 

the wound repair process. Previous 

research has highlighted the roles of 

both NANOGand OCT4 in wound repair 

and tissue remodeling (Wollenzien et 

al., 2018). The increased expression of 

these TFs in ASCs indicates efficient 

therapeutic potential (Dentelli et al., 

2013). 

Wound healing, immune response, and 

inflammation are intricately connected. 

Zinc has been noted to modulate both 

innate and adaptive immune responses, 

and its deficiency is linked to delayed 

wound healing (Lin et al., 2017). 

Additionally, zinc sulfate plays a crucial 

role in mitosis, cell proliferation, and 

DNA synthesis (Mann et al., 2016), 

making it a vital element for proper 

wound healing. Our study combined 

zinc sulfate with ADSC-CM and 

observed that the combined dose (Zinc 

sulfate + ADSC-CM) was more 

effective in promoting wound closure 

and reducing blood glucose levels 

compared to the ADSC-CM (pure) 

group. These results emphasize the 

significance of utilizing ADSC-CM 

either as a single dose or synergistically 

with zinc sulfate for treating diabetic 

wounds. 

CONCLUSION 

ADSCs-CM has emerged as an 

attractive treatment for diabetes-

associated wounds due to its potential in 

accelerating the wound healing process. 

Our study demonstrated that applying 

ADSCs-CM around the wound bed in 

diabetic mice resulted in enhanced 

wound healing and a reduction in blood 

glucose levels compared to the control 

groups. Furthermore, the application of 

ADSCs-CM regulated the expression of 

various crucial genes, including MMP-2, 

NANOG, and OCT4, known to be 

associated with the wound healing 

process. In conclusion, our study 

confirms the effectiveness of ADSCs-

CM therapy and supports its 

consideration as a viable treatment 

option for diabetic wounds. 
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