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ABSTRACT 

Impaired wound healing in diabetic patients is a major clinical challenge, often associated 

with mitochondrial dysfunction, increased inflammation, and oxidative stress. Trisk95, a 

transmembrane protein, plays a critical role in calcium homeostasis, and its modulation 

may enhance wound repair processes. Benfotiamine, a thiamine derivative, improves 

diabetic complications by affecting oxidative stress, inflammation, metabolism, and 

signaling pathways. This study aimed to evaluate the efficacy of benfotiamine in diabetic 

wound healing by impacting Trisk95 expression and exerting anti-inflammatory and 

antioxidant effects. Benfotiamine was administered topically to the wounded area of 

diabetic mice and the wound closure rate was measured. The anti-inflammatory effects 

were quantified by measuring interleukin-6 (IL-6) and interleukin-10 (IL-10) levels. 

Antioxidant effects were assessed by measuring reactive oxygen species (ROS) level, and 

the activity of superoxide dismutase (SOD) and catalase (Cat). Benfotiamine significantly 

downregulated Trisk95, IL-6, and ROS levels, and upregulated IL-10. It increased the 

activity of SOD and Cat enzymes. In conclusion, benfotiamine promotes wound healing in 

diabetic mice by modulating Trisk95 and exerting anti-inflammatory and antioxidant 

effects, thereby improving mitochondrial function. 

Keywords: Trisk95, diabetic wound healing, mitochondrial function, antioxidant, anti-

inflammatory
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CHAPTER 1: INTRODUCTION 

1.1 Skin 

Skin is the largest organ of the body that acts as a protective barrier against solar 

radiations, pathogens, and fluid loss, and possesses neuro-immuno-endocrine functions, 

contributing to the maintenance of body homeostasis [2]. Functionally, the skin has two 

compartments: the epidermis, which includes keratinocytes, melanocytes, and Langerhans; and 

the dermis with fibroblasts, vasculature, and immune cells [3]. 

1.1.1 Skin Injury 

In case of any injury to the skin, its integrity must be restored to maintain its function. 

Whenever acute skin damage occurs, skin wound regeneration protects against secondary 

infection and internal organ damage [4]. Rapid skin regeneration helps the body heal from 

injuries as a single organ, restores impaired bodily functioning, and lowers morbidity and death 

[5-7]. 

1.2 Wound Healing Phases 

There are four phases of the biological skin repair process: hemostasis, which begins 

right after the injury and includes processes like platelet aggregation, vascular constriction, 

fibrin formation, and degranulation [8]. The second phase involves proper inflammation, where 

inflammatory cells, namely, neutrophils and monocytes, migrate to the wound site [9, 10]. The 

third is the proliferative phase which overlaps the inflammatory phase, characterized by re-

epithelization, angiogenesis, and collagen and extracellular matrix (ECM) formation. 

Afterward, the remodeling phase takes place, involving collagen deposition and vascular 

maturation [11].  

1.3 Wound Complexity 

Wound repair is an intricate process, that is altered by various factors, affecting one or 

more phases. These factors include local factors i.e. ischemia, edema, infection, etc. as well as 

systemic factors like diabetes mellitus, hypothermia, sepsis, age, obesity, and medications [12]. 
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1.4 Diabetes Mellitus 

Diabetes mellitus (DM) is a critical health emergency of the 21st century [13]. This 

metabolic disorder is described as increased blood glucose levels because of inadequate 

production of insulin, insufficient use of insulin by body cells, or a combination of both factors 

[14]. In 2019, over 422 million individuals worldwide were reported to have diabetes and 

projections estimate a further rise to 578 million by 2030 [15]. Diabetes mellitus gives rise to 

various complications and the most common is impaired wound healing that frequently results 

in amputation [16, 17]. Of 25% of patients, 68% pass away within five years (Zhang, Li et al. 

2023). 

1.4.1 Diabetic Wound Healing 

There is increased inflammatory cell infiltration and less granulation tissue formation 

in diabetic skin as compared to normal skin [19, 20]. Patients with diabetes mellitus have longer 

inflammatory phases during wound healing, accompanied by increased cytokines like 

interleukin (IL)-6, IL-1β, tumor necrosis factor-α (TNF-α) [21]. The increased infiltration of 

cytokines causes more damage to the tissue and impaired diabetic wound healing. In addition, 

hyperglycemia also leads to increased production of reactive oxygen species (ROS) which 

leads to oxidative injury [22, 23], due to a higher influx of reducing equivalents into the electron 

transport chain of mitochondria [24-26]. Increased oxidative stress and bacteria predisposed 

the wound to chronic wounds [27]. Therefore, prolonged inflammation is the major reason for 

impaired healing in diabetic wound patients, and alleviating the pro-inflammation and 

oxidative stress is crucial for accelerating the repair process in these patients [28].  

In diabetic wounds, mitochondrial dysfunction is also observed [29]. The continuous 

elevation of blood glucose levels impairs mitochondrial function, increases ROS levels, and 

induces damage to mitochondrial DNA, thereby contributing to a delayed wound-healing 

process [30, 31]. 

1.5 Calcium (Ca2+) Signaling 

Elevation of intracellular Ca2+ in the wound-healing process is the first damage signal 

[32] that is crucial for initiating and regulating wound healing [33]. This Ca2+ propagation is 

accountable for different processes including modulation of fibroblast and keratinocyte 
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proliferation, migration, and differentiation during re-epithelialization [34, 35], and acts as an 

inflammatory mediator [36]. Additionally, it is involved in regulating angiogenesis in the 

wound-healing process [37] and the metabolism and formation of the extracellular matrix [38]. 

Ca2+ is also important in regulating mitochondrial function,  activating action potential in the 

mitochondrial matrix to increase ATP production and other cofactors [39, 40]. Mitochondria 

regulate calcium uptake by mitochondrial calcium uniporter complex (MCUC) [41-44]. 

Increased calcium levels can affect mitochondrial function, altering mitochondrial metabolism 

and morphology [45-47]. Mitochondria exhibit specific phenotypes in response to high glucose 

levels in the skin, potentially attributed to calcium uptake which may lead to mitochondrial 

damage [1, 48]. 

1.6 Trisk95 

Triadin, a transmembrane protein, is co-localized using the ryanodine receptor (RyR) on 

the junctional sarcoplasmic reticulum (SR) membrane. At first, it was identified as a 95-kDa 

protein [49-51]. Triadin interacts with various proteins including Junctin, Ryanodine receptor 

(RyR) [52, 53], and CSQ, contributing to the regulation of calcium homeostasis in cells [54]. 

Multiple isoforms of triadin are expressed in skeletal muscle [55]. One of these isoforms is the 

95-kDa, named Trisk95 [56]. Trisk95 has a short cytoplasmic domain, a transmembrane 

domain, and a C-terminal domain residing within the lumen of the SR [57]. The intraluminal 

domain interacts with RyR and CSQ [58, 59]. It is present in skeletal and cardiac muscles and 

involved in the release of calcium from the sarcoplasmic reticulum, thus in muscles, it regulates 

excitation-contraction coupling [60]. Trisk95 binds directly to the RyR receptor and is involved 

in the controlled release of calcium from the SR by directly interacting with the RyR receptor 

[61]. 

1.6.1 Hyperglycemia and Trisk95 

High blood glucose levels lead to more glucose uptake to the skin via the insulin-

independent pathway. The mechanism by which skin takes up glucose is via Glut-1, its 

expression level increases with the increase in blood glucose level due to which glucose level 

increases in the diabetic mice skin than in healthy mice skin. This indicates that modification 

in the glucose concentration of blood regulates the glucose level in the skin. And increased skin 

glucose levels, lead to the upregulation of Trisk95 expression, evidencing that expression of 

Trisk95 is dependent on the glucose pathway [1]. 
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1.6.2 Trisk95 and Calcium Homeostasis 

Since in skeletal and cardiac muscles, Trisk95 is involved in the calcium release from 

the endoplasmic reticulum (ER) [41, 60], overexpression of Trisk95 caused by high glucose 

concentrations affects the amount of calcium in the ER store. RyR-1 and CSQ-2 are more 

highly expressed in diabetic mice and keratinocyte cell lines, cultured in high-glucose 

environments. In healthy people, Trisk95 does not bind to RyR-1 or CSQ-2, and RyR-1 

channels sustain a continuous calcium outflow from the ER into the cytosol. However, in 

diabetic conditions, Trisk95 is upregulated. The RyR-1 channels close when the skin 

Trisk95/CSQ-2 complex binds to them and increases the calcium storage in the ER [1].  

1.6.3 Trisk95 and Mitochondrial Dysfunction 

Mitochondria regulate intracellular calcium, by the mitochondrial calcium uniporter 

complex (MCUC) activation [41, 42], impacting mitochondrial metabolism and network 

morphology [46, 47]. Increased ER calcium ultimately causes changes to the mitochondrial 

network, affecting its function. It triggers mitochondrial changes by increasing the MCU and 

MICU1 expression, activating the MCU complex in keratinocytes, and facilitating calcium 

uptake  [1], causing mitochondrial damage [48]. 

[1] 

Figure 1.1: Hyperglycemia triggers calcium uptake in the ER and mitochondria by 

Trisk95 

In mitochondria, Ca2+ homeostasis is important for cellular function and dysfunction. It 

regulates energy production, shapes intracellular Ca2+ signals, and influences cell death [62-

64]. Ca2+ interacts with reactive oxygen species (ROS), for example, hydroxyl radicals (HO-), 
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hydrogen peroxide (H2O2), and superoxide anion (O2-),  [65]. Ca2+ promotes ATP synthesis by 

stimulating mitochondrial enzymes, potentially leading to increased oxygen consumption and 

respiratory chain electron leakage, producing higher ROS levels [66]. 

1.7 Oxidative Stress 

Oxidative stress is essential in the occurrence and development of diabetic wounds [19, 

67]. It is referred to as insufficient antioxidant systems or oxidants and antioxidants imbalance, 

disrupting the redox signaling [68]. Oxygen-dependent, redox-sensitive signaling pathways 

play an essential role in the wound-healing process. Oxidative stress is crucial for wound 

cleaning, and it helps in wound repair, hemostasis, inflammation, angiogenesis, formation of 

tissue granulation, and extracellular matrix (ECM)  formation and maturation [69, 70]. 

Excessive oxidative stress is, however, a major cause of diabetic wound healing [30]. Research 

revealed that the highly oxidizing environment is linked to tissue hypoxia and hyperglycemia 

that infiltrates diabetic wounds. People having long-term type 2 diabetes have markedly 

decreased levels of antioxidant enzyme activity [71], and higher ROS production, which 

damaged wound-healing processes by increasing apoptosis and senescence in cells with 

continuing lipid peroxidation, oxidative stress, DNA damage, and protein modification [69].    

1.7.1 ROS and Inflammation 

In addition, ROS is crucial in inflammatory diseases [72]. In dysregulated conditions, 

ROS is generated in reaction to any stimuli or defense mechanism that increases inflammation 

[73], and promotes inflammatory factor production by altering fibroblasts, endothelial cells, 

and keratinocytes [74-76]. This may result in inflammatory damage, cellular senescence, and 

cell death, impairing the healing process [77]. 

1.8 Inflammation 

Inflammation is important for preparing for the initiation of wound repair [78-81]. One 

important step in preparing for starting wound healing is inflammation; the resolution of 

inflammation delay may give rise to a persistent and dysregulated response that exacerbates 

tissue damage [82]. In individuals with diabetes mellitus, the impairment of wound healing can 

be attributed to the emergence of chronic inflammation, which can be caused by 

proinflammatory macrophages losing their ability to change into anti-inflammatory ones [83]. 
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Controlling microbial invasion requires the neutrophils' recruitment to the wound, but the 

persistence of neutrophils causes a delayed inflammatory phase resolution and delayed healing 

in diabetic wounds [84]. Chronic inflammation is caused by elevated and prolonged ROS 

generation in the wound. Hence, redox balance restoration improves inflammatory skin 

diseases [30]. 

1.8.1 Inflammation and ROS 

Inflammatory mediators can enhance the generation of ROS within cells, increasing the 

resulting damage and disruption of metabolism [74]. Additionally, the respiratory bursts of 

inflammatory cells during inflammation result in increased ROS production and accumulation 

at the site of injury [85, 86]. 

1.9 Mitochondria 

Mitochondria serve as the powerhouse of cells, playing a crucial role in energy 

production within the human body by respiratory chain and oxidative phosphorylation, and are 

involved in redox regulation, signal transduction, and cell death [87]. They are arranged in 

intricate intracellular networks connected to their physiological functions [88]. In response to 

environmental changes, mitochondria can rapidly and temporarily change their morphology, 

modifying their function involving Ca2+ homeostasis, redox signaling, metabolism, and energy 

production [89]. Mitochondria regulate cellular Ca2+ storage and propagation, as mitochondrial 

Ca2+ is crucial for several cellular signaling pathways and bioenergetics [90]. Ca2+ is introduced 

into the mitochondria via the mitochondrial Ca2+ uniporter complex (MCU) and is exported 

through the mitochondrial Na+/Ca2+/Li+ exchanger (NCLX). However, due to the low affinity 

of mitochondria for Ca2+, its transferal into the mitochondria mainly takes place through close 

interactions with the endoplasmic reticulum (ER), known as mitochondrial-associated 

membranes (MEMs) [91]. Various mitochondrial processes, including insulin signaling, 

glucose sensing, unfolded protein response (UPR), apoptosis, mitophagy, and ROS signaling, 

depend on these MEMs [47]. Mitochondria regulates the immune response. They act mainly 

as a central hub for metabolic regulation, which is required to activate multiple immune cell 

types of innate and acquired immunity. Mitochondria also participate in inflammatory 

signaling via ROS [92, 93], make scaffolds for cell-cell interactions between numerous 

immune cells and respective proteins [94], and directly trigger inflammatory responses [95]. 
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1.9.1 Mitochondrial Dysfunction 

Any abnormality in mitochondrial function can impact the healing process of diabetic 

wounds [96]. In diabetes, high glucose levels contribute to increased oxidative stress and ROS 

levels, leading to mitochondrial dysfunction [97]. This increased ROS level enhances 

mitochondrial permeability, increasing cytochrome c release and triggering cell apoptosis in 

diabetic wounds [98].  

1.10 Benfotiamine 

Benfotiamine (S-benzoyl thiamine-O-monophosphate) with higher bioavailability, is a 

synthetic S-acyl derivative of thiamine (vitamin B1). It is a lipid-soluble analog of thiamine 

and is almost completely insoluble in hydrophobic and organic solvents [99]. Benfotiamine 

undergoes dephosphorylation by membrane-bound S-benzoyl thiamine phosphatases. 

Intracellularly, thioesterases convert S-benzoyl thiamine into thiamine, a portion of which is 

phosphorylated by thiamine pyrophosphokinase into thiamine pyrophosphate (TPP), TPP 

serves as a coenzyme in glycolysis, the Krebs cycle, and the pentose phosphate pathway. Both 

thiamine and benfotiamine metabolites exhibit anti-inflammatory, antioxidative, and 

neuroprotective properties [100]. 

 

[100] 

Figure 1.2: The metabolic pathways of benfotiamine 
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Benfotiamine is best known for its anti-inflammatory, anti-oxidative, and other 

therapeutic effects. It has been widely studied and used for treating diabetic complications, 

neurodegenerative diseases, and inflammatory conditions [100]. Notably, benfotiamine 

reduces superoxide production and also functions as a direct antioxidant [101].  

Bozic et. al. show that benfotiamine suppresses oxidative stress, decreasing the 

production of nitric oxide, superoxide anion, and malondialdehyde. It also upregulates the 

antioxidant defense system by increasing the superoxide dismutase, catalase, and glutathione 

levels and activity. Thus benfotiamine is effective in alleviating both inflammation and 

oxidative stress [102]. 

As mentioned earlier, benfotiamine exhibits antioxidant properties that contribute to the 

amelioration of diabetic complications [101, 103]. In hyperglycaemic conditions, benfotiamine 

markedly enhances glucose oxidation and promotes the absorption of glucose [104].  

Benfotiamine inhibits advanced glycation products (AGE) production thereby reducing 

metabolic stress. It can also modulate several signaling pathways including NF-kB, MAPK 

[105], PKB/Akt, VEGF [106], and transketolase pathways [107], affecting cell survival, repair, 

and cell death processes. 

In high glucose levels, Benfotiamine regulates the intracellular glucose and counteracts 

the detrimental effects of hyperglycemia [108-111]. As in a high glucose environment, 

benfotiamine reduces the aldose reductase (AR) expression while increasing the transketolase 

(Tk) activity [112] and is associated with a decrease in protein kinase C (PKC) activation, 

protein glycation, and oxidative stress [113, 114]. 

Delayed diabetic wound healing is a worldwide issue that even leads to limb amputation. 

The large patient population and associated healthcare costs necessitate an effective treatment 

method. Diabetic wound development mechanisms are affected by multiple factors, including 

hyperglycemia, and impaired immune function. These mechanisms interact, leading to 

irreversible diabetic complications. Although current treatments, such as anti-infective 

treatment, advanced dressing application, and glycemic control aim to enhance wound healing, 

they often face limitations such as high costs, inconsistent results, and prolonged treatment 

periods. For this, benfotiamine is used to investigate its role in the healing process of diabetic 

wounds. It is an antioxidant that alleviates oxidative stress, and pro-inflammatory response and 

importantly mitigates hyperglycemia-induced stress complications. It was hypothesized that 
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benfotiamine would downregulate the Trisk95 that is related to hyperglycemia, induce 

mitochondrial dysfunction, and reduce oxidative stress and pro-inflammatory response thereby 

improving mitochondrial function by enhancing antioxidative and anti-inflammatory response, 

and regulating calcium homeostasis in the mitochondria by downregulating Trisk95, improving 

wound healing in diabetic mice. 
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OBJECTIVES 

• To evaluate the potential of benfotiamine to downregulate Trisk95 in diabetic wound 

models 

• To assess the effects of Trisk95 downregulation on ROS production 

• To elucidate the antioxidant effect of benfotiamine in diabetic wound healing  
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 CHAPTER 2: MATERIALS AND METHODS 

2.1 Animal Experimentation 

All the animal experiments were conducted per the ethical guidelines outlined in the NIH 

publication #85-23 (Revised 1985) on the Care and Use of Laboratory Animals. 

2.2 Animal Model Strain 

The experiments were conducted on Balb/c 6-7 weeks old male mice, (purchased from 

the National Institute of Health (NIH), Islamabad), weighing 25-35g. A proper humid and 

temperature-controlled room was provided to all the mice under standard conditions. All the 

mice were maintained in a 12-hour light-dark cycle, and free access to water and food was 

provided. The mice were placed in plastic cages, with approximately five per cage. 

2.3 Diabetes Induction 

The mice were acclimatized for 1 week before diabetes induction. To induce diabetes, 

mice were starved for 12 hours with free access to water. Following the fasting period, each 

mouse received a single intraperitoneal injection of Alloxan (200mg/kg in normal saline). After 

injection, the food was restored, and the mice were provided with a 20% sucrose solution for 

the next 12-18 hours to prevent hypoglycemic shock. After 12 hours, the sucrose solution was 

replaced with plain water. Diabetes was checked using a glucometer, and mice with blood 

glucose levels above 300mg/dl were considered diabetic. 

2.4 Wound Creation 

After the induction of diabetes, wounds were created in the mice. The mice were 

anesthetized using Ketamine (1mg/kg) injections. Hair removal cream was applied to the dorsal 

posterior region to remove excess hair, and the area was cleaned with ethanol. Then, a 6mm 

Biopsy Punch was used for the wound creation.  
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2.5 Drug Application 

2.5.1 Animal Groups 

The mice were randomly divided into four groups, each consisting of 7 mice (n=7): 

Control Group: No treatment was given to this group. 

Vehicle Group: 0.5% Carboxymethyl cellulose (CMC) was topically applied to this group. 

Figure 2. 1: Schematic diagram of overall experiment performed during the study 
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BFT 0.05% Group: mice were treated topically with 0.05% benfotiamine. 

BFT 0.1% Group: In this group, 0.1% benfotiamine was topically applied to the mice. 

A 10-day experiment was performed and a daily 200uL solution of benfotiamine and 

CMC was applied topically on the wound by a dropper.  

2.6 Wound Contraction Measurement 

Pictures of the wound of each mouse were taken daily from day 1 to day 10 using a digital 

camera. A scale was included in each photograph to measure the wound size accurately. The 

specific wound area was analyzed statistically using ImageJ software. The healing rate was 

calculated using the following formulae for statistical analysis: 

Woundhealingrate(%) =
𝐴0 − 𝐴𝑡

𝐴0
× 100% 

A0 = initial wound areas on days 0  

At = wound areas on days t  

This formula gives a reduction in the wound area in percentage over time. 

2.7 Tissue Collection 

The specified number of mice were dissected on days 3, 7, and 10 of the protocol. The 

mice were euthanized using chloroform and quickly flayed with sharp scissors to extract the 

wounded area. The skin tissue was washed by ice-cold phosphate-buffered saline (PBS). After 

washing, the tissue samples were stored at -80°C until further analysis. 

2.8 Histological Analysis 

For histology, tissue samples of the wound were embedded in paraffin wax after being 

fixed in a 10% formalin solution. The 4μm-thick sections were cut and stained with 

hematoxylin and eosin (H&E), and Mason’s trichrome per the standard method. Both stainings 

were analyzed and visualized under a light microscope. 
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2.9 Gene Expression Analysis 

2.9.1 RNA Extraction 

The tissue samples were weighed using a weighing balance. 500 µL Trizol was added 

in an Eppendorf tube for each 100 mg of tissue. The tissue was minced with scissors. After 

mincing for phase separation, chloroform was added, vortexed for 15 seconds and then the 

homogenate was incubated at room temperature for 5 minutes. The mixture was centrifuged at 

14,000 rpm for 15 minutes at 4°C. The supernatant was separated using a micropipette and 

transferred to a different Eppendorf tube. For RNA precipitation, 150µL of isopropanol was 

added to the supernatant and 10 minutes of incubation was given to this sample on ice. The 

mixture was then centrifuged again at 14,000 rpm for 15 minutes at 4°C. After centrifugation, 

the supernatant was discarded, and the pellet was washed two times with 500µL of 70% 

ethanol. After washing, the pellet was vortexed with ethanol and centrifuged at 14,000 rpm for 

15 minutes at 4°C. The supernatant was discarded, and the pellet was air-dried for 20-25 

minutes. After drying, 25 µL of DEPC-treated water was added to the pellet and was vortexed 

for 30 seconds and stored at -80°C until further analysis. 

2.9.2 RNA Quantification 

After RNA extraction, RNA quantification was performed to assess the yield and purity 

of the isolated RNA, which was done using a NanoDrop spectrophotometer. The absorbance 

ratio was measured at 260 nm and 280 nm (A260/A280) to assess the purity of the RNA samples. 

Samples, exhibiting ratios between 1.8 and 2.0 were considered to contain minimal to no 

contamination, indicating high-quality RNA suitable for downstream applications. While the 

samples with ratios below 1.6 were considered significantly contaminated, and unsuitable for 

further experimentation. 

2.9.3 cDNA Synthesis 

The protocol followed for cDNA synthesis was according to the “Revert Aid First 

Strand cDNA synthesis kit” (Thermo Fisher, USA).  
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Table 2. 1: List of reagents for cDNA synthesis 

Sr.# Reagents  Volume 

01 RNA Template 1-3 µg 

02 Nuclease free water 8-10 µL 

03 Random Hexamer primer  1 µL 

04 10X PCR Buffer  4 µL 

05 dNTP 2 µL 

06 RNase Inhibitor 1 µL 

07 Revert Aid RT 1 µL 

 Total volume 20 µL 

Reagents were completely thawed before starting the experiment. A 12 µL mixture was 

prepared, by adding the RNA template, nuclease-free water, and random hexamer primer in 

PCR tubes. The reaction mixture was then prepared by adding reagents in concentrations 

multiplied by the number of reactions, including the reaction buffer, dNTPs, RNase inhibitor, 

and Revert Aid Reverse Transcriptase. The PCR tubes were placed on ice, and all the reagents 

were added to get a final volume of 20 µL. The PCR tubes were placed in a PCR machine, and 

the conditions were set as outlined in Table 2.2. The synthesized cDNA was then stored at -

20°C. 

Table 2. 2: Thermocycler conditions for cDNA synthesis 

Steps Temperature Duration 

Annealing  25oC 00:05:00 

Incubation  42oC 01:00:00 

Reaction termination  85oC 00:05:00 
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2.9.4 Confirmation of cDNA Synthesis 

To confirm cDNA synthesis, conventional PCR was performed using GAPDH as the 

housekeeping gene.  

Table 2. 3: Reagents for cDNA confirmation 

Sr.# Reagents Volume 

01 cDNA 1 µL 

02 Taq buffer 2.5 µL 

03 10mM dNTPs 0.5 µL 

04 Nuclease Free water/dH2O 17.3 µL 

05 Forward Primer (specified) 1 µL 

06 Reverse Primer (specified) 1 µL 

07 Taq Polymerase 0.2 µL 

08 MgCl2 1.5 µL 

 Total Volume 25 µL 

The reaction mixture was prepared by adding reagents in concentrations multiplied by 

the number of reactions, including Taq buffer, 10mM dNTPs, nuclease-free water, forward and 

reverse primers, Taq polymerase, and MgCl2. Subsequently, 24 µL of the reaction mixture was 

added to each PCR tube with 1 µL of cDNA, making the final volume 25 µL. The PCR tubes 

were then placed in a PCR machine and subjected to the reaction conditions specified in Table 

2.4. 
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Table 2. 4: conventional PCR reaction conditions 

Stages Temperature  Duration  

Initial denaturation 95oC 00:03:00 

Denaturation 95oC 00:00:30 

Annealing 60oC 00:00:30 

Extension  72oC 00:00:45 

Final extension 72oC 00:05:00 

Final hold 4oC Till further processing 

2.9.5 Primer Designing 

Primers were designed using the qPCR analysis tool from Integrated DNA 

Technologies (IDT). The NM number of the desired gene was retrieved from the NCBI 

database and input into the IDT tool, which generated various primer sequences. A primer 

sequence meeting the desired criteria was selected, and further validation was performed using 

in-silico PCR and BLAT. After all validation steps, the final selected primer sequences are 

listed in Table 2.5. 

Table 2. 5: Final primer sequences 

Sr. # Gene Primers 

01 Trisk95 Forward-GTTTTCCCAGAGGACCATGA 

Reverse-TTGGCAGCCAGCTAATCTTT 

02 IL-6 Forward-TAGTCCTTCCTACCCCAATTTCC 

Reverse-TTGGTCCTTAGCCACTCCTTC 

03 IL-10 Forward-GCTCTTACTGACTGGCATGAG 

Reverse-CGCAGCTCTAGGAGCATGTG 

04 GAPDH Forward-GCCTTCCGTGTTCCTACC 

Reverse-CCTCAGTGTAGCCCAAGATG 
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2.9.6 Primer Dilution/Reconstitution 

The primers were received in lyophilized form. To prepare the stock solution, 50 µL of 

nuclease-free water was added to the lyophilized primers and incubated at -20°C. For primer 

dilutions, 5 µL of the stock primer solution was mixed with 45 µL of nuclease-free water to 

achieve a 10µM solution. 

2.9.7 Primer Optimization 

For primer optimization, conventional PCR was performed, and the products were 

analyzed by gel electrophoresis to visualize the bands for each primer. The reagents used in the 

PCR setup are listed in Table 2.6. The PCR tubes were then placed in the PCR machine, and 

the reaction conditions were set according to those specified in Table 2.7. 

Table 2. 6: Reagents for primer optimization 

Sr. No. Reagents  Volume 

01 cDNA 1 µL 

02 Taq buffer 2.5 µL 

03 10Mm dNTPs 0.5 µL 

04 Nuclease Free water/dH2O 17.3 µL 

05 Forward Primer (specified) 1 µL 

06 Reverse Primer (specified) 1 µL 

07 Taq Polymerase 0.2 µL 

08 MgCl2 1.5 µL 

 Total Volume 25 µL 
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Table 2. 7: Reaction conditions for primer optimization 

Stages  Temperature  Duration  

Initial denaturation 95oC 00:03:00 

Denaturation 95oC 00:00:30 

Annealing 60oC 00:00:30 

Extension  72oC 00:00:45 

Final extension 72oC 00:05:00 

Final hold 4oC Till further processing 

2.9.8 Agarose Gel Electrophoresis 

For agarose gel electrophoresis, the first 10X TBE buffer was prepared with the 

reagents as in Table 2.8. All the reagents were added to the reagent bottle and add dH2O to 

make the total volume 1000ml with pH-8.3. Then to make the 1X TBE buffer 1:9 dilution was 

made with 10X TBE buffer and dH2O respectively. 

A 2% agarose gel was prepared to observe the bands for primer optimization. To make 

the gel, 1 g of agarose (weighed using an electric balance) was dissolved in 50 mL of 1X TBE 

buffer in a conical flask and heated for 1 minute in a microwave oven until fully dissolved. 

After the temperature was dropped slightly, 6 µL of ethidium bromide was added and mixed 

thoroughly. The solution was then poured into a gel caster with a comb in place and left to 

solidify for 30 minutes. After solidification, the gel was carefully transferred to a horizontal 

gel tank filled with 1X TBE buffer. In a separate tube, 8 µL of PCR sample was mixed with 2 

µL of 6X loading dye. Each sample was then loaded into the well of the gel using a 

micropipette, and the loading order was recorded carefully. The gel was then run at 90 volts 

for 40 minutes. After electrophoresis, the gel was carefully removed from the caster and 

transferred to the gel documentation system. The gel image was captured using the gel-Doc 

system. 
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Table 2. 8: Components of 10X TBE buffer 

Sr# Reagents  Quantity  

01 Tris base 108g 

02 Boric acid 55g 

03 EDTA 40 mL 

04 dH2O 900ml 

 

2.9.9 Quantitative real-time PCR (RT-PCR) 

For the expression analysis of the target genes qPCR was performed. The reaction 

mixture was prepared with concentrations multiplied by the number of reactions, including 

forward and reverse primer, Eva green dye, and nuclease-free water. Then 9 µL of the reaction 

mixture was added to the PCR strips and 1 µL cDNA was added to each strip making the final 

volume 10 µL. The strips were then placed in the qPCR machine, and the reaction conditions 

were set according to Table 2.10. After completing the qPCR cycles, the Ct values were 

recorded to calculate the relative expression of the target gene. The housekeeping gene 

GAPDH was used as a control for each group, and each reaction was performed in triplicate. 

Table 2. 9: Reagents of RT-PCR 

Sr.# Reagents Volume 

01 cDNA 1 µL 

02 Forward primer 0.5 µL 

03 Reverse primer 0.5 µL 

04 Eva green dye 2 µL 

05 Nuclease free water 6 µL 

 Total volume 10 µL 
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Table 2. 10: Conditions for qPCR 

Stages Temperature Duration Cycles 

Holding  95oC 00:10:00 01 

Cycling  

Step 1 

Step 2 

Step 3 

 

95oC 

60oC 

72oC 

 

00:00:15 

00:00:30 

00:00:30 

40 

Melt curve 

Step 1 

Step 2 

Step 3 

 

95oC 

60oC 

97oC 

 

00:00:10 

00:01:00 

00:00:05 

01 

 

2.10 Biochemical Profiling 

2.10.1 Protein Lysate 

To make protein lysate of tissue samples RIPA buffer was prepared as in Table 2.11. 

then this RIPA buffer was added to the skin tissue samples according to the weight. Then the 

tissue was minced with scissors and incubated at room temperature for 10 minutes. After 

incubation the minced tissue was vortexed for 5 minutes and again incubated on ice for 10 

minutes. After incubation, homogenized tissue was centrifuged at 14000rpm, 4oC, for 10 

minutes. After centrifugation, the supernatant was separated in another Eppendorf and the 

pellet was discarded.  
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Table 2. 11: RIPA buffer reagents 

Sr# Reagents Quantity 

01 10mM Tris-Cl/Base (pH-8.0) 0.0606g 

02 1mM EDTA 0.0146g 

03 140mM NaCl 0.4098 

04 1% Triton X-100 0.5ml 

05 0.1% SDS 0.05g 

06 Sodium Deoxycholate 0.05g 

 Total volume 49.5ml 

07 Protease inhibitor 10µl/ml 

2.10.2 Oxidative Stress Analysis 

2.10.2.1 Reactive Oxygen Species (ROS) Measurement 

For the ROS level measurement, reagent 1 (R1) (N, N-diethyl-para-phenylendiamine 

(DEPPD) in 0.1M sodium acetate buffer) and reagent 2 (R2) (FeSO4 in 0.1M sodium acetate 

buffer) was prepared as in Table 2.12. Then R1 and R2 were mixed at a ratio of 1:25. Then 5µl 

sample and 140µl buffer were added to the 96 well plates and were incubated for 5 minutes at 

room temperature. After incubation 100µl R1:R2 was added in each well and the absorbance 

was recorded at 505nm using Agilent 8453 UV–Visible spectrophotometer (UK). A 

buffer standard calibration curve was used for the measurement of ROS. The ROS levels were 

normalized with the total protein concentration. 
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Table 2. 12: Reagents for R1 and R2 preparation 

Sr# Reagents Quantity 

01 0.1M Sodium acetate buffer (pH-4.8) 50ml 

02 DEPPD 100 µg/ml 

03 FeSO4 0.5% 

2.10.3 Antioxidants Activity Measurement 

2.10.3.1 Superoxide Dismutase (SOD) 

For SOD measurements mixture was prepared as in Table 2.13. Then 5µl protein lysate 

was added to the 96-well plate and 243µl reaction mixture was in each well and was illuminated 

for 7 minutes with a fluorescence lamp. After this, it was incubated for 5 minutes at room 

temperature. After incubation 3µl chilled Riboflavin was added and then incubated for 8 

minutes at room temperature. After incubation, 3 absorbance readings were recorded at 540nm 

with 1 minute difference.   

Table 2. 13: Reagents for SOD reaction mixture preparation 

Sr# Reagents  Volume  

01 9.9mM L-Methionine 1.5ml 

02 57µM NBT 1ml 

03 0.025% Triton X-100 0.75ml 

04 50mM Potassium phosphate buffer To make volume 30ml 

2.10.3.2 Catalase  

For catalase measurement 8.09 µl sample, 161µl 50mM potassium phosphate buffer pH-

7, and 80.9µl 5.9mM H2O2 were added to the 96 well plate. The 3 absorbances were recorded 

at 240nm at 30-second intervals. 
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2.11 Statistical Analysis 

Data was expressed as the mean ± standard deviation. The data was statistically analyzed using 

GraphPad Prism by one-way and two-way analysis of variance (ANOVA) followed by Tukey’s 

test. The probability values of p<0.05 were considered statistically significant. 
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 CHAPTER 3: RESULTS 

3.1 Effect of Topical Application of Benfotiamine on Wound Closure in Diabetic Mice 

The effect of the topical application of benfotiamine on wound healing in BALB/c wild-

type diabetic mice was determined by comparing the four groups: No treatment (Control), 

Vehicle, 0.05% BFT, and 0.1% BFT. Wound sizes were analyzed for 10 days, with pictorial 

representation (Figure 3.1A), and quantitative measurements of wound healing (Figure 3.1B, 

C). Additionally, wound closure rates were calculated to evaluate the effectiveness of the 

treatment over time. To compare the wound area and closure rate among different treatment 

groups results were plotted in graphs. It was observed that wound size decreased in 0.1% of 

BFT-treated mice compared to the other groups (Figure 3.1A). On days 7 and 10, 0.1% of the 

BFT-treated group showed a significant reduction in wound size (12.5 and 9.4 mm2 wound 

area with 61% and 71% closure rate respectively) compared to the other groups which did not 

contract significantly (Figure 3.1B). Even though there were no continuous significant 

variations in wound size, the 0.1% BFT group showed a higher overall wound closure rate and 

the fastest wound healing with a wound closure rate of 81% on the 10th day of treatment as 

compared to other groups (Figure 3.1C).  
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 (A) Photographic representation of wound healing processed on Days 0, 3, 7, and 10 after the 

puncture. (B) Graphical representation of average wound area on days 0, 1, 3, 5, 7, 9, 10 (n = 6). 

(C) Graphical representation of wound closure rate (%) on days 3, 5, 7, 9, 10 (n = 6). All the 

data was statistically analyzed by one-way ANOVA and is presented as mean ± SD. *p < 0.05 

(0.1% BFT treatment group vs No treatment group).  

  

Figure 3. 1: Effect of benfotiamine on diabetic wound healing in BALB/c wild-type mice  
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3.2 Histological Analysis 

3.2.1 Benfotiamine Promotes Epidermal Regeneration in Wounded Diabetic Mice 

 Then the benfotiamine effect on epidermal regeneration was evaluated in BALB/c 

wild-type diabetic mice in the four groups: No treatment (Control), Vehicle, 0.05% BFT, and 

0.1% BFT on days 3, 7, and 10 by H&E staining. The staining data showed more epidermal 

regeneration in drug-treated groups on days 3, 7, and 10 (Figure 3.2A). Figure 3.2B also 

showed a significant increase in epidermal regeneration in benfotiamine-treated groups on days 

3, 7, and 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3. 2: Effect of benfotiamine on epidermal regeneration 
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(A) Epidermal regeneration was assessed through H&E staining on days 3, 7, and 10 of 

wounded skin samples of all groups.  (B) Graphical representation of recovered epidermis area 

on Days 3, 7, and 10. All the data was statistically analyzed by one-way ANOVA and is 

presented as mean ± SD. ***p < 0.001, ****p < 0.0001 vs. no treatment and Vehicle group. 
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3.2.2 Benfotiamine Increases Collagen Deposition in Wounded Diabetic Mice 

 Then benfotiamine effect on collagen deposition was evaluated in BALB/c wild-type 

diabetic mice in the four groups: No treatment (Control), Vehicle, 0.05% BFT, and 0.1% BFT 

on days 3, 7, and 10 by Mason’s trichrome staining. The staining data showed more collagen 

deposition in drug-treated groups on days 3, 7, and 10 (Figure 3.3A). Figure 3.3B also showed 

a significant increase in collagen deposition in benfotiamine-treated groups on days 3, 7, and 

10. 

    

Figure 3. 3: Effect of benfotiamine on collagen deposition 
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(A) Collagen deposition was assessed through Masson's trichrome staining on days 3, 7, and 

10 of wounded skin samples of all groups.  (B) Graphical representation of collagen deposition 

on Days 3, 7, and 10. All the data was statistically analyzed by one-way ANOVA and is 

presented as mean ± SD. ****p < 0.0001 vs. no treatment and vehicle group. 
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3.3 mRNA Expression Analysis 

3.3.1 Benfotiamine mitigates hyperglycemia-induced stress condition by downregulating 

Trisk95 Level 

Then benfotiamine effect on Trisk95 was evaluated in BALB/c wild-type diabetic mice 

in the four groups: No treatment (Control), Vehicle, 0.05% BFT, and 0.1% BFT on days 3, 7, 

and 10. On day 3, it is shown that the Trisk95 level is consistent in all the groups. While on 

days 7 and 10, Trisk95 increased significantly in the vehicle group. On day 7, less increase in 

Trisk95 occurred in the 0.05% BFT group, and in the 0.1% BFT group, its level decreased 

significantly. On day 10, 0.1% BFT and 0.05% BFT groups showed significant downregulation 

of Trisk95 (Figure 3.4).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3. 4: Benfotiamine effect on Trisk95 level 

Graphical representation of mRNA expression of Trisk95 on days 3, 7, and 10 of wounded skin 

samples of all groups. All the data was statistically analyzed by one-way ANOVA and is 

presented as mean ± SD. ****p < 0.0001, ***p < 0.001, *p < 0.05 vs No treatment group. 
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3.3.2 Benfotiamine Reduces Inflammatory Response in diabetic mouse model 

The effect of BFT on inflammation was checked by analyzing the gene expression of 

anti-inflammatory cytokine i.e. IL-10 and pro-inflammatory cytokine i.e. IL-6 at the wound 

site in diabetic mice. It was hypothesized that BFT would lower the inflammation by enhancing 

the release of anti-inflammatory cytokines i.e. IL-10 and lowering the IL-6 level at the wound 

site. 0.1% BFT dose shows that BFT has an anti-inflammatory response as the IL-6 level 

decreased while IL-10 levels significantly increased in this group. Figure 3.5A shows that the 

IL-6 level is significantly downregulated in the vehicle and 0.05% BFT group, and significantly 

upregulated in the vehicle and 0.05% BFT group on day 7, while 0.1% BFT group shows 

significant upregulation on days 3 and 7. On day 10, the IL-6 level is significantly upregulated 

in the vehicle group, and significantly downregulated in the 0.05% BFT group and 0.1% BFT 

group.  

Figure 3.5B shows that the IL-10 level is significantly downregulated in the vehicle and 

0.05% BFT group on days 3 and 7, and slight upregulation on day 10, While the 0.1% BFT 

group shows significant upregulation on days 7 and 10. 
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Figure 3. 5: Benfotiamine effect on IL-6 and IL-10 levels 

Graphical representation of mRNA expression of (A) IL-6, and (B) IL-10 on days 3, 7, and 10 

wounded skin samples of all groups. All the data was statistically analyzed by one-way 

ANOVA and is presented as mean ± SD. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 

vs No treatment group.   
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3.4 Effect of Benfotiamine on Different Biochemical Parameters 

3.4.1 Benfotiamine Reduced Oxidative Stress in Diabetic Mouse Model 

3.4.1.1 ROS Level 

The effect of benfotiamine on oxidative stress was evaluated by measuring the ROS 

level in BALB/c wild-type diabetic mice in the four groups: No treatment (Control), Vehicle, 

0.05% BFT, and 0.1% BFT on days 3, 7, and 10. The results were evaluated by total protein 

concentrations (ug/uL protein). Results show that ROS level is significantly decreased in 

0.05% BFT and 0.1% BFT groups compared to the No treatment and Vehicle group. By day 7, 

though there is no significant decrease in ROS level, comparatively there is a decrease in ROS 

in 0.05% BFT and 0.1% BFT groups. On day 10, there was a significant decrease in ROS level 

in the 0.1% BFT group, and no difference in the 0.05% BFT group on that day compared to 

the No treatment group and Vehicle group (Figure 3.6). 

  

 

 

 

 

 

 

 

Effect of BFT on ROS on Days 3, 7, and 10 of wounded skin samples of all groups. All the 

data was statistically analyzed by one-way ANOVA and is presented as mean ± SD. ****p < 

0.0001, ***p < 0.001, *p < 0.05 vs No treatment group and Vehicle group. 

  

Figure 3. 6: Effect of BFT on oxidative stress  



35 

 

3.4.2 Benfotiamine Exerts Antioxidant Effect in Diabetic Mouse Model 

To check the antioxidant effect of BFT, SOD and Catalase activity was observed. 

3.4.2.1 Superoxide Dismutase Activity 

The effect of benfotiamine on SOD activity was measured in BALB/c wild-type 

diabetic mice in the four groups: No treatment (Control), Vehicle, 0.05% BFT, and 0.1% BFT 

on days 3, 7, and 10. Results show that on day 3 there is a significant increase in SOD activity 

in the 0.05% BFT group, but a decrease in the 0.1% BFT group compared to the no treatment 

and Vehicle group. While on days 7 and 10, there is a significant increase in SOD activity was 

observed in 0.05% BFT and 0.1% BFT groups and decreased in no treatment and vehicle 

groups (Figure 3.7A). 

3.4.2.2 Catalase Activity 

Another enzyme that is also antioxidant, Catalase, activity was also measured in 

BALB/c wild-type diabetic mice in the four groups: No treatment (Control), Vehicle, 0.05% 

BFT, and 0.1% BFT on days 3, 7, and 10. On day 3, there is no difference in the enzyme activity 

of all the groups. While, on day 7, the 0.1% BFT group show a significant increase in Catalase 

activity. By day 10, the 0.05% BFT and 0.1% BFT groups significantly increased this 

antioxidant enzyme activity (Figure 3.7B). 
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Figure 3. 7: Effect of BFT on antioxidative enzymes activity 

Effect of BFT on (A) SOD and (B) Cat enzymes activity on Day 3, Day 7, and Day 10 of 

wounded skin samples of all groups. All the data was statistically analyzed by one-way 

ANOVA and is presented as mean ± SD. ****p < 0.0001 vs No treatment and Vehicle group. 
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CHAPTER 4: DISCUSSION 

Diabetes mellitus is a group of metabolic disorders, characterized by high blood glucose levels, 

resulting from insufficient insulin production or impaired bodily response to insulin [115]. The 

development and progression of DM lead to serious diabetic complications, notably chronic 

diabetic wounds, which, if left untreated, can result in severe outcomes, such as amputation 

(Zhang, Li et al. 2023). It is estimated that Type 2 Diabetes Mellitus is the cause of 75% of the 

one million annual leg amputations worldwide, highlighting the critical need for efficient 

interventions to address this serious health issue [28]. For efficient wound healing, various cells 

need to work coordinately to restore damaged skin. The complex pathophysiological link 

between impaired wound healing and diabetes involves multiple factors [116]. In diabetic 

wounds, significant oxidative stress and mitochondrial dysfunction are observed [29]. The 

continuous elevation of blood glucose levels impairs mitochondrial function, increases ROS 

levels, and induces damage to mitochondrial DNA, thereby contributing to a delayed wound-

healing process [30, 31]. This study aimed to identify a novel potential therapeutic agent 

capable of augmenting the healing in wounded diabetic mice models. Benfotiamine was used 

to investigate its wound-healing properties in diabetic mice. Benfotiamine exhibits antioxidant 

and anti-inflammatory properties that participate in the amelioration of diabetic complications 

[101, 103]. In hyperglycaemic conditions, benfotiamine markedly enhances glucose oxidation 

and promotes the absorption of glucose [104]. 

Two different concentrations (0.05% BFT, 0.1% BFT) were used to check the effect of 

benfotiamine on diabetic wound healing, in comparison to mice treated with vehicle (Vehicle 

group) and mice received no treatment at all (No treatment group). Benfotiamine showed 

wound-healing effects in vivo, especially in the 0.1% BFT-treated group as compared to other 

groups. The digital photographs taken from day 0 to day 10 showed significant results (Figure 

3.1A). Data show that benfotiamine is involved in improving diabetic wound conditions. Then 

downstream targets of benfotiamine were checked to know the mechanisms by which it 

involves in diabetic wound healing. The primary reason for delayed wound healing in diabetic 

mice is oxidative stress and inflammation that leads to mitochondrial dysfunction and other 

complications. 

In hyperglycemic conditions, an increase in skin glucose level leads to the upregulation of 

Trisk95 that binds to the RyR receptors of SR and blocks the calcium exchange between 
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cytoplasm and SR, which in turn leads to the SR calcium overload, increasing the calcium 

influx into the mitochondria [1]. Calcium is a second messenger, critical in almost all 

unicellular and metazoan cells. It involves different physiological activities including 

mitochondrial bioenergetics [117, 118]. Elevated calcium leads to mitochondrial calcium 

overload, a prerequisite to open permeability transition pores (PTP), mitochondrial swelling, 

and necrotic cell death [119]. This calcium overload increases the permeability of the 

mitochondrial membrane, and the leakage of cytochrome C from the mitochondria, leading to 

mitochondria-induced apoptosis.  

In the current study, it is observed that benfotiamine downregulates the Trisk95 level in 

wounded diabetic mice (Figure 3.3) and this downregulation is dose-dependent. On day 3 

Trisk95 level is consistent in all the groups, indicating a similar initial response to the diabetic 

environment. However, there is a significant upregulation of Trisk95 in the vehicle group on 

day 7, suggesting exacerbations of hyperglycemic conditions in this group. In the 0.1% BFT 

group, there is significant downregulation of Trisk95 on day 7 compared to the vehicle group, 

indicating that BFT may mitigate hyperglycemia-induced stress in the skin. Despite these 

changes, a higher level of Trisk95 in all the groups on day 7 compared to day 3, may show the 

general progression of hyperglycemia in the diabetic environment. By day 10, the vehicle group 

shows continued significant upregulation of Trisk95, further indicating the worsening of 

hyperglycaemic conditions in this group. Both 0.05% BFT and 0.1% BFT groups show 

significant downregulation of Trisk95 and the 0.05% BFT dose shows a more significant 

downregulation of Tris95 on day 10. This suggests that BFT effectively reduces 

hyperglycemia-induced stress over time, potentially improving calcium signaling and reducing 

mitochondrial fragmentation, which is crucial for better wound healing. The observed 

downregulation of Trisk95 in the treatment groups justifies the therapeutic potential of BFT in 

managing hyperglycemia-related complications in diabetic wound healing. As Trisk95 is 

involved in calcium influx into the mitochondria, benfotiamine may be involved in restoring 

calcium-related mitochondrial dysfunction. It is evident that benfotiamine restores 

hyperglycemia-induced disruption in calcium homeostasis in diabetic mice [120]. 

Calcium signaling is essential in ROS production, when calcium is overloaded it leads to the 

production of ROS [121]. ROS is important in overcoming microbial invasion and regulating 

intracellular signaling pathways under normal physiological conditions, which alter the wound-

healing process [122]. Excessive oxidative stress can damage cells' DNA, lipids, and proteins, 
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which may ultimately result in cell death and subsequent tissue damage [123]. ROS has harmful 

effects on cellular homeostasis, including a decrease in antioxidant defenses, which increases 

the redox imbalance. Clinical research has demonstrated that wound tissue in diabetic patients 

experiences more severe oxidative stress than nondiabetic wounded skin tissue [124]. In the 

skin, diabetic rats have reduced levels of superoxide dismutase, and catalase activity, and an 

overall decrease in antioxidant status [125]. Superoxide dismutase (SOD), an antioxidant 

enzyme, plays a critical role in oxidative stress. SOD catalyzes the conversion of superoxide 

radicals into hydrogen peroxide [126]. Catalase, another important enzyme, is localized in 

peroxisomes and catalyzes the breakdown of hydrogen peroxide (H2O2) into water and oxygen, 

further contributing to the reduction of oxidative stress [127]. However, in diabetic wound 

healing, SOD is often expressed at insufficient levels, leading to increased oxidative stress and 

impaired wound repair. Application of SOD in diabetic wound healing can significantly 

improve chronic diabetic wound repair [128]. 

This study indicates the effect of BFT on oxidative stress in diabetic wound healing.  ROS level 

was significantly downregulated in the 0.05%BFT group on day 3, suggesting an early 

antioxidant effect of BFT. However, on day 7, there was no significant downregulation of ROS 

in any group, indicating a temporary stabilization of oxidative stress. By day 10, both the 

0.05%BFT and 0.1%BFT groups showed significant downregulation of ROS, reflecting a 

sustained reduction in oxidative stress, particularly with prolonged treatment. 

SOD activity showed a significant increase on day 3 in the Low dose group, but a marked 

decrease in activity in the 0.1%BFT group, possibly indicating an initial oxidative response at 

lower doses. Interestingly, by day 7, there was a significant increase in SOD activity in both 

groups, with this trend continuing significantly on day 10, suggesting that BFT enhances the 

antioxidant defense over time, particularly at higher doses. For catalase, there was no difference 

in activity observed on day 3. However, by day 7, catalase activity significantly increased in 

the 0.1%BFT group, and by day 10, it was significantly elevated in both the 0.05%BFT and 

0.1%BFT groups. This pattern indicates that BFT may enhance the enzymatic antioxidant 

defenses, particularly in the later stages of wound healing. These results suggest that BFT, 

especially at higher doses, effectively modulates oxidative stress by regulating ROS levels and 

enhancing the activity of key antioxidant enzymes like SOD and catalase, thereby potentially 

improving wound healing in diabetic conditions. 
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Proinflammatory cytokines are essential for initiating wound healing, any upregulation of IL-

1ß, TNF-α, IL-6, TGF-ß, and CRP and downregulation of IL-10, leads to a detrimental 

environment for the healing process [129]. IL-6 is important for acute inflammation and timely 

wound healing [130, 131]. Released early after injury, IL-6 stimulates the release of pro-

inflammatory cytokines from tissue-resident macrophages, keratinocytes, endothelial cells, and 

stromal cells. It also promotes leukocyte chemotaxis to the wound site, enabling the 

inflammatory response [132]. In dermal fibroblasts,  IL-6 stimulates collagen production and 

procollagen gene expression [130], involved in wound re-epithelialization by creating the 

collagen and fibronectin scaffold [133]. Consequently, IL-6 gene knockout may delay re-

epithelialization, potentially via TGF-β1 signaling [130], leading to delayed and poorly healed 

wounds [134]. IL-6 also induces angiogenesis by stimulating VEGF production. During normal 

wound repair, IL-6 expression significantly decreases during the remodeling phase, likely due 

to the apoptosis of infiltrating inflammatory leukocytes and the subsequent reduction in 

cytokine signaling [135]. This reduction is critical for transitioning the wound bed from a 

chronic inflammation to a reparative one. Dysregulated IL-6 signaling, can lead to a prolonged 

proliferative phase, excessive collagen deposition, and the formation of hypertrophic scar 

[135]. Such dysregulation is commonly observed in various diabetic complications, where 

altered IL-6 levels contribute to the chronic inflammation associated with non-healing diabetic 

ulcers [136]. IL-6 also regulates M2 macrophage polarization, possibly by upregulating the IL-

4 receptor. M2 macrophages play a crucial role in late-stage wound repair, producing anti-

inflammatory cytokines like TGF-β and IL-10 [132]. Overexpression of IL-10 in postnatal 

cutaneous dermal wounds promotes regenerative, scarless tissue repair by regulating 

inflammation and promoting an extracellular wound matrix formation that is rich in hyaluronan 

via fibroblast activity. This hyaluronan-rich matrix is essential to support the regenerative 

wound-healing ability of IL-10. Additionally, IL-10 modulates the synthesis and degradation 

of several extracellular matrix molecules in different fibroblast cell types, thereby maintaining 

its anti-fibrotic effects during skin wound healing. Furthermore, IL-10 overexpression is key 

in promoting neovascularization and enhancing healing in both normal and diabetic conditions. 

In diabetic mice, higher levels of IL-10 significantly improve wound healing outcomes by 

enhancing the recruitment and retention of endothelial progenitor cells (EPCs) at the injury 

site, leading to increased capillary lumen density within the wound [137]. Increased neutrophils 

and inflammatory cytokines like IL-6, enhance the activity of NOx, resulting in ROS 

production [138], and excessive stress during inflammation, leading to damage in the 

surrounding cells, tissues, and fibroblasts [139].  
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To check if benfotiamine alleviates this prolonged inflammation, IL-6 and IL-10 expressions 

were checked in the wounded skin tissue of diabetic mice. Results in Figure 3.2 show that 0.1% 

BFT dose has more therapeutic effect, leading to a significant upregulation in anti-

inflammatory IL-10 gene expression that may be crucial for promoting wound healing and 

resoluting inflammation and tissue repair. While IL-6 although has proinflammatory 

properties, is crucial in the early stages of wound healing as it recruits immune cells to the 

wound site. Hence, its regulated increase in gene expression on days 3 and 7 shows a proper 

inflammatory phase that leads the wound to the proliferative phase. Slight upregulation of IL-

6 on day 10 in the 0.1% BFT group can be an indication of a finely tuned response that balances 

the need for both inflammation and its resolution in the context of diabetic wound healing.  

These findings suggest that benfotiamine, especially 0.1% BFT dose, can potentially improve 

wound healing in diabetic mice. As benfotiamine downregulates the Trisk95 expression that in 

turn may mitigate the hyperglycemia-induced stress condition, reducing calcium influx into the 

mitochondria and preventing mitochondrial fragmentation. It also improves the antioxidant 

defense system by decreasing ROS levels and increasing antioxidant enzymes; and shows an 

anti-inflammatory response by downregulating the IL-6 and upregulating the IL-10 expression, 

which are critical for normal diabetic wound healing. This improved antioxidant defense and 

anti-inflammatory response may reduce mitochondrial dysfunction and mitochondrial-induced 

apoptosis.  

Despite the valuable findings, the study has a few notable limitations, such as potential 

interactions with other medications commonly used in diabetic patients were not investigated, 

which could affect the BFT's real-world applicability. We assessed trisk95 levels, 

inflammatory response, and antioxidant effects, but did not directly measure calcium signaling, 

mitochondrial function, or apoptosis, leaving gaps in fully understanding BFT impact on these 

key mechanisms in wound healing. Moreover, environmental factors such as diet or stress, 

which can influence wound healing, may not have been fully controlled or accounted for in 

this study.   
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CHAPTER 5: CONCLUSION AND FUTURE RECOMMENDATIONS 

This study demonstrates that BFT effectively downregulates Trisk95 expression, a gene 

associated with hyperglycemia-induced cellular stress, and has an anti-inflammatory and 

antioxidant effect. This suggests that BFT helps in diabetic wound healing by improving 

calcium signaling and mitochondrial function. These findings highlight the potential of 

benfotiamine as a therapeutic agent for improving wound healing in diabetic conditions. This 

research contributes to a deeper understanding of the molecular mechanisms involved in 

diabetic wound healing and opens new possibilities for therapeutic intervention. However, 

further studies are needed to fully elucidate the underlying mechanisms and to determine 

whether these effects translate into long-term improvements in wound healing outcomes. 

Future studies should focus on predicting the molecular target of BFT for wound healing and 

the anti-diabetic viability of BFT. 

 

 

  

Figure 5. 1: Visual summary of key conclusions 

 

Figure 5. 2: Visual summary of key conclusions 
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