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Abstract: Skin ulcers remain a major cause of morbidity worldwide, affecting 
millions and burdening healthcare systems with prolonged hospitalisation. 
Conventional wound therapies rarely achieve full regeneration because the 
biochemical imbalances that sustain inflammation, oxidative stress and poor 
collagen deposition remain uncorrected. Among essential nutrients, vitamin C (L-
ascorbic acid) has emerged as a decisive molecular regulator of cutaneous repair. 
Acting as a cofactor for collagen synthesis, vitamin C governs matrix synthesis, 
promotes angiogenic signalling and maintains immune–redox balance within the 
ulcer microenvironment. Accumulating evidence demonstrate direct control of 
cellular metabolism and gene expression by vitamin C through modulation of prolyl 
hydroxylases, hypoxia-inducible factor-1α, and NF-κB pathways, thus modulating 
fibroblast proliferation, keratinocyte differentiation, and vascular maturation. It also 
suppresses pathogen-driven oxidative injury, reinforcing host defence in infected 
ulcers. This review consolidates biochemical and clinical data to define vitamin C 
as a clinical modulator of chronic wound healing rather than a supportive 
micronutrient. The discussion connects mechanistic findings to outcomes from 
topical and systemic supplementation trials, highlighting how optimised vitamin C 
delivery can accelerate tissue regeneration and reduce infection risk. Collectively, the 
evidence establishes vitamin C as a practical, low-cost adjunct capable of bridging 
nutritional intervention and regenerative medicine for effective ulcer management. 
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1. Introduction to Chronic Wounds and Chronic Wounds Treatment 

The skin is the largest organ in the human body and possesses many functions in the realms of 
thermoregulation, sensation, excretion, vitamin D synthesis, storage and absorption, immune response, and 
prevention of water loss. However, its primary role is to serve as a protective barrier against physical and 
mechanical harm and damage, as well as a microbial defence by preventing the entry of pathogens. Structurally, 
the skin comprises of two principal layers: the outer epidermis and the deeper dermis. The epidermis, primarily 
formed by keratinocytes, provides most of the mechanical barrier properties. The keratinocytes are proliferating 
away from the basal membrane and are arranged in layers throughout the epidermis thickness. The process of 
differentiation involves losing all subcellular organelles, including the cytoplasm and the nucleus [1,2]. When 
reaching their final stage of development keratinocytes are being sealed with moieties rich on lipids, thus forming the 
water-impermeable barrier that gives this main mechanical protection function of the skin–stratum corneum [3]. 
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In comparison, the dermal layer provides the tensile and elastic properties of the skin. This is owing to the 
presence of complex extracellular proteins such as collagen, which comprises 70–80% of the dry weight of the 
dermis [4]. The dermis includes blood and lymph vessels as well as nerve fibres that are part of the peripheral 
neural system and impart the skin sensory functions. D of being situated in the dermis, some sensory nerve fibres 
terminate near or within the basal membrane of the epidermis, interacting with keratinocytes and Merkel cells 
[5,6]. The basal layer by itself consists of proteins (collagen type IV and VII) and glycoproteins (laminin, perlecan, 
nidogens, heparan sulphate proteoglycans) that provide structure and mediate cell adhesion, dividing the epidermis 
from the dermis [7]. Compared to the epidermis, the major cell type present in the dermis are the fibroblasts. These 
cells actively take part in the extracellular matrix (ECM) components synthesis. For the proper skin functioning, 
cell proliferation and damage repair, a constant and adequate supply of blood is critical to deliver the required 
micro- and macronutrients. However, due to predispositions and prerequisites (e.g., diabetes, tobacco smoking, 
aging, pregnancy, hypertonia, hypercholesterolaemia, thrombophilia, obesity, and limited mobility) dysregulated 
and suppressed blood flow may occur, consequently leading to skin ulceration. 

When an injury occurs, four stages of wound healing take place–clot formation, inflammation, proliferation, 
and tissue remodelling [8,9]. These phases occur in a coordinated and time-dependent manner. However, any 
disruption in their sequence or timing can lead to abnormal or impaired wound healing. Generally, wounds are 
classified in two categories–acute and chronic [10]. The first ones are related to mechanical, physical or chemical 
skin damage and the time for tissue regeneration is relatively short [11]. Unlike acute wounds, the second type are 
often associated with underlying conditions such as diabetes, vascular insufficiencies, or other systemic disorders. 
They are characterized by delayed healing, a higher rate of recurrence, and greater persistence. Although, at 
present, there are no clear evidence that acute wounds to evolve into chronic ones, research of assessing chronic 
this possibility is still ongoing [12]. In this context, treating chronic wounds requires careful assessment of the 
underlying conditions. As the prevalence of underlying medical conditions increases with aging populations, so 
does the incidence of chronic wounds and related complications, such as ulceration. Consequently, the annual 
costs to healthcare systems for treating chronic wounds increased to tens of billions of dollars in the United States 
[13]. Amongst the 30 million diabetes patients, about 1 million are expected to develop foot ulcers annually, and 
further 6–7 million during their lifetime [14]. In addition, venous ulcers associated with varicosis are estimated to 
affect over 1% of the population [15]. 

Being chronic wounds, skin ulcers represent a significant challenge for medical practitioners to handle, but 
also for the patients themselves as ulcers have a severe impact on their quality of life. It has already been 
extensively demonstrated that the abnormal and slow healing process associated with chronic wound leads to 
distress, social isolation, anxiety, prolonged hospital stays and even terminal ends for the patients [16,17]. 

The pathophysiological manifestation of skin ulcers is primarily caused by poor blood circulation, leading to 
the occurrence of lesions and ruptures that fail to heal. As ulcers progress, they are often characterized by local 
swelling, erythema (redness), tenderness, pain, discoloration, and changes in skin structure. This leads to an 
increased risk of infection development. In advanced stages, when antibacterial treatments fail and wounds fail to 
heal, more invasive interventions may be required. Ultimately, surgical procedures such as skin grafting are often 
utilized as a last-resort therapeutic strategy to restore tissue integrity and promote healing [18–20]. 

Appropriate dressing of the wound is of extreme importance, to be kept it clean from contaminations and 
mechanical irritation [21]. Non-steroidal anti-inflammatory drugs (NSAIDs) are the first line of choice therapeutics 
to deal with inflammation and pain. Nonetheless, they should be applied in an informed manner, because some 
would not be suitable for pregnant patients, or those with high blood pressure or diabetes, since these drugs may 
increase the severity of the conditions, or have severe side effects [22–26]. Non-pharmacological treatments of 
skin ulcers can be used as adjunct therapies which usually include laying cold compresses, elevating the swollen 
body parts and simple physical exercises that will increase the blood flow in the peripheral tissues. Although 
complex to use, negative pressure wound therapy (NPWT) is another method for treatment [27]. Despite its 
effectiveness, the use of NPWT poses certain challenges which include the need for specialized and trained 
personnel, requires careful monitoring and precise application to avoid complications. 

Even in the absence of an obvious infection, an important consideration is the prophylactic use of antibiotics. 
Systemic antibiotics may be administered orally to target deep tissue infection, while topical antibiotics are often 
applied to reduce the risk of surface infections. This is particularly relevant for patients with specific primary 
medical conditions such as varicosis, atherosclerosis or/and diabetes [28,29]. In combination or individually, these 
three conditions and prolonged pressure on specific body regions represent the most common underlying causes 
of skin ulceration [30,31]. 

This review provides a concise overview of vitamin C in skin biology and wound healing, focusing on its 
mechanisms of action, delivery strategies, stability, and antimicrobial effects. Vitamin C supports keratinocyte 
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differentiation and collagen synthesis, stabilizes the ECM through its antioxidant properties, and contributes to 
local antimicrobial defences, collectively enhancing skin barrier integrity and wound repair. 

2. Nutrition Role and Administration Routes of Vitamin C 

Nutrients are extremely crucial as vitamin deficiencies alone may have crucial negative impact on the wound 
healing process, expressed as skin fragility and bleeding, impaired wound healing and increased risk of infections 
(vitamin C and B). Furthermore, nutrients are related to wound healing impairment (vitamin A, D and K), increased 
infection susceptibility (vitamin A and E) and increased inflammation due to UV exposure (vitamin D). Although 
all mentioned vitamins play important and diverse roles in wound healing and prevention, vitamin C is unique in 
its role of a co-factor in collagen synthesis during tissue repair. The historical role of vitamin C in preventing 
scurvy during long voyages that are well documented should also be mentioned. The British explorer Captain 
James Cook famously completed his second Pacific journey in the 18th century without losing any crew members 
to scurvy, by implementing measures like cleanliness, ventilation, and most prominently a diet rich in citrus fruits 
and vegetables, key sources of vitamin C. 

Ascorbic acid exists in two forms: L-ascorbic and D-ascorbic acid, where the prior is naturally occurring, 
and the latter is synthetic. It is the left rotating isomer (L-) that is referred to as vitamin C. In fact, D-ascorbic acid 
has similar physicochemical properties as antioxidant and chelating agent, but it does not act as an enzymatic co-
factor, thus considered as an inactive form with negligible biological role [32,33]. Despite that, published research 
studies have concluded an equal bioavailability of both forms [34]. Nonetheless, vitamin C is still considered 
essential, meaning that it cannot be synthesized in humans, unlike in other mammal species (due to a mutation in 
the GULO gene that encodes L-gluconolactone oxidase), and has to be obtained from diet [35]. 

The route of administration has a major impact on vitamin C bioavailability and ability to exercise its 
biological role. The oral absorption pathways are influenced by intestinal disorders, systemic diseases or properties 
of the gastrointestinal tract and metabolization in the liver before reaching the skin. Nevertheless, a recent study 
has shown that vitamin C-loaded liposomes have resulted in 1.8 times higher bioavailability compared to non-
liposomal samples [36]. A study by Łukawski et al. also found enhanced bioavailability after oral administration 
by vitamin C-loaded liposomes [37]. In another new study, orally applied chitosan particles loaded with vitamin 
C have been proven to improve immunological parameters and resistance to pathogens in shrimp [38]. There are 
many other promising developments published in scientific literature that report encapsulation of vitamin C using 
various polymers and entrapment techniques aimed at protecting the molecule and improving bioefficacy, 
however, most of these have not been validated by in vivo studies or clinical trials [39–41]. 

To tackle the issues associated with oral administration, one solution might be an intravenous application 
(IV). Due to its water-soluble nature, vitamin C is subject to rapid renal clearance, especially when administered 
in high doses. Once the renal threshold is exceeded, vitamin C is eliminated via urinary excretion, a process termed 
by the transport maximum [42]. Even when high IV doses are applied, vitamin C concentration is tightly controlled 
to maintain optimal levels for physiological functions and the excess is excreted through the different pathways 
[43]. During a healthy physiological process, this fine regulation facilitates vitamin C concentration to be 
maintained within a specific range without the risk of reaching toxic levels. To date, no advanced intravenous 
formulations of vitamin C, such as nanoparticles, microemulsions, or controlled-release carriers, have been 
developed that meaningfully improve IV delivery. This underscores a significant opportunity to design innovative 
delivery systems that enhance its bioavailability and therapeutic efficacy. 

An alternative to address the aforementioned issues is topical administration. This approach results in high 
enough administration doses locally surpassing the drawbacks of the peroral route and most of the disadvantages 
of the systemic one associated with intravenous application. Despite that, the overall patient health and current 
skin conditions like severe acne, melasma, cancer, extensive skin damage and infections should be scrutinized 
when topical usage is chosen as the therapeutical way of delivering of these nutrients [44–46]. Nonetheless, a key 
challenge associated with this delivery is the absence of blood vessels in the epidermis and reliance only on passive 
diffusion via the dermal vascular network [47]. Due to the nature of the epidermis, being composed of lipid-protein 
complexes, fat-soluble nutrients can penetrate easier. Thus, if not formulated appropriately, drug penetration may 
still be limited to the upper skin layers. Being water soluble, penetration capacity of ascorbic acid through the 
upper skin layer and reaching the dermis presents additional challenges. In contrast, B-group vitamins, despite also 
being water-soluble, can readily penetrate the stratum corneum and reach the dermis via passive diffusion, largely 
due to their relatively small molecular size [48–50]. Based on this, L-ascorbic acid, which has a lower molecular 
weight than most essential B vitamins, might be expected to follow a similar transport pathway. However, its 
highly polar nature and predominant existence as a negatively charged ion (ascorbate) at physiological pH limits 
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its ability to diffuse across the hydrophobic lipid bilayer of cell membranes. Consequently, vitamin C uptake in 
skin cells occurs primarily through active transport, mediated by sodium-dependent vitamin C transporters, 
SVCT1 and SVCT2. Unlike B-group vitamins, which are generally more abundant in circulating blood and tissues, 
the concentration of vitamin C in the skin’s extracellular matrix is relatively limited, necessitating active transport 
to achieve sufficient intracellular levels. Moreover, whereas most B vitamins primarily function as enzymatic 
cofactors and do not require substantial tissue accumulation, vitamin C must be actively transported into and 
retained within skin cells to support its structural and protective roles [51–54]. 

At present, there are many research studies related to topical formulations for vitamin C delivery, compared 
to these focused on oral and IV therapies. For instance, a recent study reposted the development of a hydrogel 
system that can be bioprinted into a scaffold suitable for treatment of full-thickness wounds [55]. Other studies 
include formulating vitamin C delivery systems based on electrospun wound dressings composed of different 
polymers [56–59], nanoparticles, liposomes, nanoparticle-in-gel systems [60–62], as well as hydrogels [63–65]. 

3. Homeostasis-Pathogen Interplay of Vitamin C 

3.1. Receptors 

Given the transport of vitamin C relays on protein transporters, SVCT1 are mainly expressed in the intestines 
and kidneys, and in low quantity in the epidermis, while SVCT2 are widely distributed in various tissues, including 
such that require high metabolic activity, such as brain, muscles, and skin, both in the epidermis and dermis [66–
68]. The first type primarily functions to maintain systemic vitamin C homeostasis, whereas the latter serves to 
protect metabolically active cells from oxidative stress while ensuring a consistent intracellular supply [69]. 
Although both transporters are membrane-bound proteins that utilize the sodium electrochemical gradient to drive 
active co-transport, they differ markedly in their uptake kinetics. SVCT1 operates with low affinity but high 
capacity, an adaptation suited to handling the large quantities of vitamin C absorbed and reabsorbed in the 
intestines and kidneys. In contrast, SVCT2 exhibits high affinity but low transport capacity, enabling efficient 
uptake under conditions of low extracellular vitamin C concentrations where cellular demand is high [70,71]. 

Notable is also the role of Na+/K+-ATPase activity as it generates and maintains the sodium electrochemical 
gradient across the plasma membrane, which is the driving force for SVCT1 and SVCT2. By sustaining this 
gradient, Na+/K+-ATPase indirectly enhances SVCT-mediated vitamin C uptake, thus increasing intracellular 
accumulation [72,73]. 

Additionally, a secondary pathway for vitamin C uptake exists via a large family of receptors known as the 
Sugar Porter (GLUT) family. Although these receptors are primary for hexose transport across different organs 
and tissues, they also play a crucial role for the gradual reuptake of its oxidised form, dehydroascorbic acid (DHA), 
following a First order kinetic, which is then metabolized by reduction back to L-ascorbic acid through the 
glutathione-ascorbate cycle [74–76]. Not all members of this transporter family participate in DHA uptake. The 
isoforms involved in this transport include GLUT-1 (in most tissues, including cells as the erythrocytes and 
endothelial cells), GLUT-2 (in the liver, kidneys, and pancreatic β cells), GLUT-3 (in neurons and platelets), 
GLUT-4 (in adipose tissue and striated muscle) and GLUT-8 (mainly in spermatozoa, testes and brain). Amongst 
these five, GLUT-8 is the least studied and characterized, mainly because of its occurrence in the brain [77,78], 
and GLUT-2 was found to have low affinity towards DHA [79]. Furthermore, only GLUT-4 is insulin-sensitive–
its activity is regulated by insulin levels, where high levels of insulin can lead to increased GLUT4 uptake of DHA. 
As with the case of GLUT-2, DHA transport via GLUT-4 was found to be lower compared to GLUT-1 and GLUT-
3 [80]. Only GLUT-1 and GLUT- 3 play a main role in transporting DHA, including to the skin cells. [81–84]. 
GLUT1 receptors function as a key glucose transporter in keratinocytes, fibroblasts, and endothelial cells, whereas 
GLUT3 are also expressed in keratinocytes and fibroblasts, contributing not only to glucose transport but also to 
the signalling pathways of M2 macrophages. This noncanonical role of GLUT3 transporters support wound 
healing and tissue regeneration through immunomodulatory effects. They contribute to M2 macrophage function 
by regulating intracellular glucose availability, which then fuels metabolic pathways, such as oxidative 
phosphorylation and the pentose phosphate pathway, necessary for the anti-inflammatory and reparative 
phenotype. Additionally, GLUT3-mediated glucose uptake can affect signalling cascades (e.g., via AMPK and 
mTOR pathways) that enhance M2 macrophage polarization, cytokine production (IL-10, TGF-β) and growth 
factor secretion, thereby promoting tissue regeneration (Figure 1) [85–89]. 

Collectively, even though DHA directly competes with glucose for uptake, GLUT1 and GLUT3 provide a 
robust, compensatory pathway for vitamin C uptake in ulcerated tissue, particularly under conditions where SVCT 
function is compromised. In contrast to SVCT transporters, both GLUT1 and GLUT3 are strongly upregulated by 
hypoxia and pro-inflammatory signals, largely mediated through hypoxia-inducible factors (e.g., HIF-1α) and 
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cytokines such as TNF-α, IL-6 and IL-1β [90–92]. This makes them particularly relevant in chronic wounds, where 
low oxygen tension and persistent inflammation are defining features. 

Functionally, these transporters are Na+-independent and rely on facilitated diffusion, meaning their activity 
is not directly limited by ATP depletion or disruption of ion gradients, common issues in ischemic or metabolically 
impaired tissue. As a result, GLUT-mediated uptake remains active even when SVCT-driven transport is reduced. 
Overall, this interplay establishes a dynamic uptake balance, where both the reduced and oxidized forms of vitamin 
C contribute to cellular accumulation, ensuring that even under hostile wound conditions, vitamin C can still be 
delivered through complementary transport mechanisms. 

 

Figure 1. Graphical representation of the distribution and cellular localization of transporters involved in the uptake 
of vitamin C and DHA, across the epidermal and dermal layers of the skin. Sodium-dependent vitamin C transporter 
1 (SVCT1; blue) is predominantly restricted to the epidermis, whereas sodium-dependent vitamin C transporter 2 
(SVCT2; green) is expressed in both epidermis and dermis. Facilitative glucose transporters GLUT-1 and GLUT-
3 (yellow) are present in both layers and localized to the plasma membrane of keratinocytes and fibroblasts, 
mediating DHA uptake. Notably, GLUT-3 exhibits prominent intracellular localization within endosomal 
compartments of keratinocytes and fibroblasts, and is additionally expressed in endosomes of M2 macrophages. 
The figure also outlines the regulatory effects of vitamin C on these transport systems, emphasizing its role in 
modulating transporter expression, activity, and intracellular trafficking within the cutaneous microenvironment. 

3.2. Bioavailability 

Tissue and organ concentrations of vitamin C vary according to their physiological roles and the degree of 
plasma saturation [68]. The highest levels are observed in the adrenal glands, followed by the liver, with 
progressively lower concentrations in the brain, kidneys, and cerebrospinal fluid [93–97]. Interestingly, the oral 
application in animal models of low dose vitamin C (100–1500 mg/kg) led to the highest concentration in different 
parts of the brain, compared to the other organs and tissues [98]. In vitro studies by Salazar’s research team, using 
primary rat cortical neuron cultures as well as Neuro2a and HSVT-C3 neuronal cell lines, demonstrated that 
supplementation with 400 µM vitamin C induced SVCT2 overexpression, thereby enhancing ascorbate uptake and 
promoting cortical neuron differentiation via vitamin C recycling between neurons and astrocytes.[99,100]. 
Conversely, a small-scale randomized placebo-controlled clinical study demonstrated that high-dose vitamin C 
supplementation (1000 mg/day) markedly increased skeletal muscle ascorbate levels and SVCT2 expression, 
without significantly affecting redox status in healthy male participants [101]. 

Nonetheless, similar to observations in organs such as the brain and skin, tissue and plasma concentrations 
of vitamin C are tightly regulated and reach a saturation plateau beyond which additional intake does not 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  6 of 39  

meaningfully increase levels. Plasma vitamin C concentrations rise steeply with doses up to 100 mg/day but reach 
a steady-state saturation plateau between 60 and 80 µmol/L, typically observed at oral doses of 200–400 mg/day 
in healthy adults. This saturation reflects the limited capacity of tissues to accumulate ascorbate, which is governed 
by dose-dependent, saturable transport mechanisms and renal reabsorption. Once these systems are engaged to 
their maximum, excess vitamin C is not further taken up by tissues and is instead excreted in the urine, resulting 
in only minimal increases in systemic concentrations despite larger doses. Once this saturation is reached, 
additional intake does not significantly increase plasma or tissue concentrations. Pharmacokinetic studies show 
that oral doses of 1250 mg produce mean peak plasma levels only about two times higher than those achieved with 
a daily intake of 200–300 mg. When vitamin C levels exceed the capacity of renal reabsorption, occurring when 
plasma concentrations reach approximately 60–80 µmol/L, the excess is rapidly eliminated in the urine. [102,103]. 

It is well established that vitamin C concentrations are considerably higher in the epidermis than in the dermis 
[104]. Within the epidermis, the lowest levels are typically observed in the outermost layers, likely reflecting 
continuous exposure to environmental stressors such as UV radiation and oxidative agents [105]. Additionally, 
considerable variability in reported skin vitamin C levels has been documented, which can be attributed in part to 
methodological challenges associated with isolating and handling skin samples. Accurate quantification generally 
requires multiple extraction steps, a process complicated by the inherent instability of vitamin C, which is highly 
susceptible to degradation and irreversible oxidation under extreme pH, elevated temperatures, or in the presence 
of strong oxidizing agents. These technical limitations contribute to the observed discrepancies and variability 
across studies [106]. Another major source of variability in skin vitamin C levels is the anatomical location from 
which samples are obtained. Generally, higher concentrations are observed in regions of the skin that are actively 
involved in collagen synthesis, oxidative protection, and tissue repair [107]. Lifestyle and environmental factors, 
including diet, UV exposure, pollution, and smoking, also exert a significant impact as L-ascorbic acid is 
particularly susceptible to oxidation under these conditions, where generated free radicals can result in decreased 
local concentrations [108]. Age is another critical determinant, with older individuals exhibiting markedly lower 
vitamin C levels in the skin [109,110]. Furthermore, preexisting conditions such as eczema, psoriasis, and diabetes 
have been associated with reduced cutaneous ascorbate content, underscoring the multifactorial influences on 
vitamin C distribution in human skin [111–113]. 

3.3. Pathogens 

The pathogens’ implications on the various stages of ulceration and the wound healing process can differ 
significantly [114–117]. For example, during the first stage of ulcer development S. aureus and C. albicans have 
capability to colonize the surface area. As the skin breaks open and a shallow wound is formed, the moist 
environment stimulates the growth of S. pyogenes and P. aeruginosa. In the third stage, as the ulcer deepens, E. 
faecalis and K. pneumoniae become more prominent, as they are able to invade deeper tissues. The fourth stage is 
often dominated by P. aeruginosa and C. albicans, both of which are capable of forming biofilms that are difficult 
to treat (see Table 1). With respect to the wound healing process, during the haemostasis, inflammation and 
proliferation phases, prominent bacteria species that affect ulcers are Staphylococcus aureus, Streptococcus 
pyogenes, Pseudomonas aeruginosa, Enterococcus faecalis, Klebsiella pneumoniae, Escherichia coli, 
Peptoniphilus asaccharolyticus, Enterobacter cloacae, Stenotrophomonas maltophilia, Finegoldia magna, and 
Serratia marcescens [118]. 

In general, pathogen infection can significantly impair cellular vitamin C uptake through the dysregulation 
of vitamin C transporters, particularly SVCT2 [119,120]. During infection, pro-inflammatory cytokines including 
TNF-α, IL-1β, and IFN-γ activate NF-κB signalling pathways that can suppress SLC23A2 transcription (encoding 
for SVCT2) and alter transporter localization at the plasma membrane, thereby reducing ascorbate import despite 
extracellular availability. Concurrently, infection-induced oxidative stress promotes the extracellular oxidation of 
ascorbate to DHA, shifting cellular uptake toward GLUT-mediated transport rather than SVCT-dependent 
ascorbate uptake. This redox imbalance not only limits the availability of functional intracellular ascorbate but 
may also directly damage the transporter proteins. In addition, metabolic reprogramming in activated immune 
cells, characterized by increased glycolysis (Warburg effect) and upregulation of GLUT-1, further deprioritizes 
SVCT2-mediated uptake [121–123]. In chronic infection or non-resolving inflammatory microenvironments, 
sustained cytokine exposure can induce epigenetic modifications that reinforce transporter downregulation, 
contributing to a persistent “uptake failure” despite local vitamin C presence. Functionally, this results in impaired 
collagen synthesis, reduced antioxidant defence, and dysregulated immune responses, all of which are critical in 
chronic wound pathology [124,125]. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  7 of 39  

A research study by Aburawi et al. has shown that 200 mg/mL vitamin C modulated and increased the effect 
of antibacterial entities like ciprofloxacin at 10 mg/mL concentration against S. aureus and E. coli [126]. Contrary 
to these findings, the same study reveals that combination of the nutrient and ciprofloxacin at concentrations of 20 
and 40 mg/mL was found to decrease its effectiveness. Similarly, pretreatment with even lower vitamin C 
concentrations (10 µM) before applying 100 µg/mL ciprofloxacin upon E. coli resulted in protecting the bacterial 
cells and scavenging the antibiotic generated ROS, thereby limiting ciprofloxacin’s mechanism of action 
[127,128]. 

Another research study has also backed the results where vitamin C successfully reduced P. aeruginosa, S. 
aureus and E. faecalis bacteria in a dose-dependent manner from 0.16 to 10 mg/mL. Notably, antibacterial 
inhibition across all three species did not increase substantially at concentrations exceeding 0.625 mg/mL [129]. 
The positive effect of high-dose vitamin C (12.5–25 mg/mL) was also reported by other study, demonstrating its 
concentration-dependent inhibitory effect on the growth and biofilm formation of Streptococcus mutans, often 
associated with skin infections, oral cavities and cariogenic effects [130,131]. 

In different combinations vitamin C has been shown to enhance antibiotic efficacy against Mycobacterium 
tuberculosis, species with the characteristics of both a Gram-positive and a Gram-negative bacterium, which can 
cause or worsen an existing skin infection. Its co-administration potentiated the bactericidal activity of first-line 
drugs, particularly isoniazid and rifampin, likely through pro-oxidant, ROS-mediated mechanisms [132]. In the 
ofloxacin/kanamycin/ ethionamide treatment group, co-administration with vitamin C resulted in a markedly 
enhanced bactericidal effect, resulting in a more rapid and pronounced reduction in CFU counts compared to 
antibiotics alone. In another study, vitamin C has been reported to enhance rifampin-mediated killing of M. 
tuberculosis, an effect attributed to its pro-oxidant activity that drives Fenton reaction-dependent ROS generation. 
The created oxidative stress was further discussed and found to overwhelm bacterial redox defences, thereby 
improving the efficacy of rifampin, particularly against persistent or latent M. tuberculosis populations [133]. 

Additionally, research has shown that citric and ascorbic acids significantly reduced biofilm formation in 
Acinetobacter baumannii, a Gram-negative bacterium known for causing skin and other connective tissue 
infections and possessing high drug resistance. This effect was proportionally dose-dependent for vitamin C at the 
highest tested sub-MIC concentration (1.5 mg/mL), while citric acid had more limited impact [134]. Another recent 
study demonstrated that even low concentrations of vitamin C (up to 1.25 mg/mL) were effective in inhibiting the 
growth and biofilm formation of P. aeruginosa. Furthermore, a considerable reduction in the minimum inhibitory 
concentration (MIC) was observed when vitamin C was combined with various antibacterial agents 
(piperacillin/tazobactam, piperacillin, ceftazidime, gentamicin, ciprofloxacin). In vivo models also showed a 
reduction in viable bacterial cells and partial improvement of the infection in rats. The study concluded that 
combining vitamin C with these antibiotics resulted in enhanced efficacy compared to treatment with the 
antibiotics alone [135]. 

A research had also shown that vitamin C alone not only reduced an already formed biofilm but can also 
protect against bacterial cell adhesion to plastic surfaces [136]. In this study two serotypes of E. coli, Klebsiella 
sp., Citrobacter sp., Enterobacter sp., Proteus sp., Pseudomonas sp. were examined, where levofloxacin alone and 
in the combination with vitamin C were successfully used at 1- and 2-MIC concentrations. The inhibitory effect 
was even greater in the combination, where almost total elimination of the formed biofilm was achieved. This was 
attributed to reduction of pH by vitamin C itself and by its ability to inhibit the production of autoinducer-2, the 
only not species-specific signalling molecule among bacteria that helps them to form biofilms, thus impairing the 
quorum sensing [137]. In another recent study, the effect of vitamin C was studied for its inhibitory properties 
against several Gram-positive and Gram-negative species, among which K. pneumoniae. Concentration 
dependency was observed and increased ability to inhibit growth when the doses were higher (20 mg/mL). The 
substantially larger zones of inhibition at pH 3 compared to pH 8 suggest that, beyond its intrinsic antimicrobial 
effects, ascorbate may contribute to environmental acidification, thereby enhancing antibacterial activity and 
offering potential as an adjuvant strategy to improve treatment efficacy [138]. In another recent study, vitamin C 
at MIC and 0.5-MIC concentrations (MIC50 and MIC90 were 3.125 mg/mL and 6.25 mg/mL, respectively) was 
confirmed to positive suppress biofilm formation from Stenotrophomonas maltophilia, a multidrug resistant Gram-
negative bacteria [139]. 

In methicillin-resistant Staphylococcus aureus, sub-inhibitory concentration of L-ascorbic acid alone and in 
combination with oxacillin had been found to decrease the expression of icaA gene responsible for biofilm 
formation. In comparison, when oxacillin was used alone, an increase in biofilm formation was observed [140]. 
Low doses of L-ascorbic acid alone were acknowledged to promote colony spreading and led to increased agr 
gene expression in S. aureus, responsible for the bacteria’s acute toxicity, whereas when sub-inhibitory doses of 
L-ascorbic with oxacillin were applied, a minor reduction of agr expression was observed with reduced colony 
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spreading. Regarding this gene, it was previously reported that when S. aureus comes into contact with 
keratinocytes, these epidermal cells detect the toxin phenol-soluble modulin alpha (PSMα) secreted by the bacteria, 
triggering an immune response which causes a cytokine cascade that first engages T-cells and subsequently 
promotes neutrophil recruitment [141]. Once S. aureus reaches the dermis, downregulation of the agr gene (agr⁻) 
results in reduced toxin production, including PSMα, allowing the bacteria to be contained and digested within the 
neutrophil’s phagosome. In contrast, when agr gene is actively expressed (agr+), PSMα facilitates the pathogen’s 
escape from the phagosome, thereby promoting further inflammation [142–144]. 

In immunocompromised patients, the opportunistic pathogen Candida albicans can not only exacerbate 
existing skin ulcers, but may also be an agent causing their development [145,146]. Although C. albicans is 
typically found in the gastrointestinal tract and the oral cavity, in the context of skin ulcers, it can lead to 
candidiasis, a mild condition characterized by itching, redness, and discomfort that is generally treatable with 
antifungal agents. However, if left untreated, candidiasis may progress to infection-induced panniculitis, a more 
severe condition marked by inflammation of the subcutaneous adipose tissue, resulting in painful nodules and 
abscesses [147,148]. Furthermore, there are numerous case studies reporting of C. albicans being engaged in 
commensal, cooperative, and synergistic interactions with bacteria commonly found in skin ulcers [149–151]. C. 
albicans may also co-exist in ulcers (commensalism) with E. coli, E. faecalis, or K. pneumoniae, forming mixed-
species biofilms that enhance microbial survival and increase resistance to both antifungal and antibacterial 
therapies. C. albicans can synergistically coexist with S. aureus leading to an increased secretion of staphylococcal 
α-toxin and enhanced biofilm production, resulting in elevated resistance to antimicrobial agents [152,153]. In 
addition, the cooperation between C. albicans with S. aureus and P. aeruginosa is related with the formation of 
resistant biofilms, regulated through the means of complex cell signalling mechanisms, with C. albicans hyphae 
often serving as a physical scaffold for bacterial attachment [154–157]. 

The relationship between C. albicans and P. aeruginosa can also be antagonistic at certain conditions, due to 
the ability of the bacteria to produce specific antimicrobial compounds, such as phenazines, that inhibit C. albicans 
biofilm formation and growth on nonfermentable carbon sources, as well as suppress their filamentous transition 
[158,159]. C. albicans and S. mutans exhibit both cooperative and antagonistic dynamics. While they can mutually 
reinforce each other’s resistance to treatment through metabolite exchange and enhanced colonization [160,161], 
competition for nutrients and space on the skin surface can lead to antagonism. Notably, S. mutans has been shown 
to secrete tetramic acid (mutanocyclin), which inhibits C. albicans filamentation via the cAMP/PKA signalling 
pathway [162–165]. 

All the abovementioned findings regarding C. albicans are important and should be carefully considered 
when using vitamin C in the light of its demonstrated antifungal effects [166,167]. In that sense, a recent study 
have examined honokiol, a natural polyphenol with antifungal activity, extracted from the leaves and bark of 
Magnolia plants [168,169], alone and separately in combinations with vitamin C and E [170]. The results indicated 
that even at low concentrations (0.3125 mM) vitamin C had the capacity to drastically enhance its innate antifungal 
properties through ROS production, whereas vitamin E protected C. albicans in a dose-dependent manner. Neither 
vitamin C nor vitamin E alone induced detectable ROS-positive cells, however, co-treatment of honokiol and L-
ascorbic did. In addition to its pro-oxidative action, vitamin C also disrupted the glycolytic metabolism of the 
fungus, contributing further to its growth inhibition. 

In conjunction to its antibacterial and antifungal effects, vitamin C demonstrated antiviral activity against a 
range of viral serotypes and species, including those implicated in ulcer formation [171]. In that respect, several 
viral pathogens are known to contribute to skin ulcer development, particularly in immunocompromised 
individuals. Among the most common are herpes simplex virus (HSV), human papillomavirus (HPV), herpes 
zoster virus or shingles (HZV), cytomegalovirus (CMV), and human immunodeficiency virus (HIV), all of which 
can trigger or exacerbate ulcerative skin lesions [172–177]. 

Published studies have found that oral treatment with acyclovir in combination with vitamin C reduced the 
recurrence of ocular herpes simplex keratitis, most commonly caused by HSV-1, confirming earlier in vitro 
findings [178–180], although no research outlined this combination regarding skin ulcers. In contrast, no studies 
have directly addressed the antiviral effect of ascorbic acid upon herpes zoster virus, but indirectly–intravenous 
administration of vitamin C has been reported to provide analgesic effects, significantly reducing pain associated 
with herpetic and postherpetic neuralgia [181,182]. In another recent study, vitamin C was used in combination 
with famciclovir to bring relief of this medical conditions and was reported to improve the recovery from the 
disease and to decreased serum levels of the pro-inflammatory cytokines IL-6 and IL-8 [183]. 

The role of vitamin C in relation to HPV progression remains controversial [184,185]. On one hand, increased 
serum levels of antioxidant nutrients as vitamin A, B2, E and B9 have been associated with a reduced risk of HPV 
infection [186], whereas, on the other hand, a classical antioxidant as vitamin C was found to be related with the 
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lowest risk of infection at a serum concentration of 69.5 µmol/L [187]. In the latter case, it was also found that 
both lower and higher levels of this threshold were associated with an increased infection risk. However, it is 
important to note that all participants in that study were female patients, with varying baseline vitamin levels 
(including hypovitaminosis) and differing lifestyle habits such as tobacco use and alcohol consumption. A third 
study showed that higher daily intake of vitamin C (50 mg) was correlated with a reduced risk of HPV infection 
progressing through all three stages of cervical intraepithelial neoplasia (CIN) and ultimately to cervical cancer, 
suggesting a protective effect of the vitamin throughout this progression [188]. Additionally, a separate study 
reported that vitamin C, when combined with hydrocortisone, stimulated TGF-β1 production and promoted type I 
collagen deposition by HEK001 cells (HPV-induced keratinocytes), suggesting potential benefits for chronic 
wound healing [189]. 

Regarding the effect upon CMV, an analogue of vitamin C with pronounce antiviral properties (L-ascorbic 
acid-2-phosphate or ASC-2P) has been found to have no effect on the number of cells expressing CMV immediate 
early antigen (IEA), but significantly inhibited the expression of CMV late antigen (LA) in human foreskin 
fibroblasts [190]. It has been observed that pretreatment with ASC-2P enhanced its antiviral efficacy, and when 
combined with ganciclovir and foscarnet resulted in a higher reduction of the virus replication, compared to drugs 
used alone, where this reduction was found to be insignificant. 

Related to HIV, the performed research studies have not identified a specific and strong interconnection 
between supplementation with nutrients and in that matter with vitamin C, as well [191,192]. Nevertheless, a prior 
one has found that high concentrations of ascorbic acid were able to inhibit the proliferation and survival of HIV-
infected cells in a dose-dependent manner, with marked effects particularly at 1–3 mM [193]. This research also 
highlighted that the viral infection was found to increase the accumulation of the vitamin in lymphocytic, myeloid, 
and monocytic cell lines, due to an increased expression of the GLUT receptors. Another prior study observed the 
inhibition properties of vitamin C (0.57 mM and 0.85 mM) against the HIV-1 production and reduced cell fusion 
in T-lymphocytes infected by the virus, as well as a significantly reduced extracellular reverse transcriptase activity 
during prolonged exposure to the vitamin [194]. 

Table 1. Effect of vitamin C on a broad spectrum of microorganisms, including bacteria, fungi, and viruses, 
evaluated both as a standalone agent and in combination with selected antimicrobial or antiviral compounds, 
highlighting its potential modulatory, synergistic, or inhibitory roles across different microbial systems. 

Pathogen In Combination or Alone (-) Vitamin C Conc. Effect of Vitamin C Alone Reference 

MRSA 0.25- and 0.125-MIC conc. 
Oxacillin 

1 mg/mL (sub-
inhibitory) 

Reduced biofilm formation; 
increased colony spreading [140] 

S. aureus 10 mg/mL Ciprofloxacin 200 mg/mL Moderate-to-high; dose-
dependent [126] 

S. aureus, E. coli, K. 
pneumoniae, P. mirabilis, 

B. subtilis, B. licheniformis 
- 20 mg/mL Effective at high dosage [138] 

E. coli 10 mg/mL Ciprofloxacin 200 mg/mL Low-to-moderate; dose-
dependent [126] 

E. coli 100 µg/mL Ciprofloxacin 10 µM - [128,129] 

S. aureus, E. faecalis, P. 
aeruginosa - 0.16 to 10 mg/mL 

Substantial reduction, but 
inconsiderable above 0.625 

mg/mL 
[129] 

E. coli, Proteus sp., 
Klebsiella sp., Citrobacter 

sp., Enterobacter sp., 
Pseudomonas sp. 

1- and 2-MIC conc. 
Levofloxacin 80 and 100 mg/mL Dose-dependent effect (80 

and 100 mg/mL) [136] 

P. aeruginosa 
piperacillin/tazobactam, 
piperacillin, ceftazidime, 
gentamicin, ciprofloxacin 

156.2–1250 µg/mL - [135] 

S. mutans - 0.4–25 mg/mL Effective; dose-dependent [130] 

M. tuberculosis 

Rifampin/isoniazid 
1.2 µM/7 µM 

Ofloxacin/kanamycin/ 
ethionamide 

14 µM/41 µM/150 µM 

1 mM - [132] 

M. tuberculosis Rifampin - - [133] 

A. baumannii - 1.5 mg/mL 
Anti-biofilm and anti-

capsular effects in sub-MIC 
conc.; dose -dependent 

[134] 
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Table 1. Cont. 

Pathogen In Combination or Alone (-) Vitamin C Conc. Effect of Vitamin C Alone Reference 

S. maltophilia - 1- and 0.5-MIC conc. Effective against biofilm 
formation [139] 

C. albicans 60 µM Honokiol 10 mM 
Low concentrations 

enhanced its own fungicidal 
activity 

[170] 

HSV 800 mg Acyclovir 1000 mg - [178] 
HZV - 5–10 g/infusion Indirect effect towards pain 

management [181] 
HZV 500 mg/dose Famciclovir 7.5 g/dose - [183] 
HPV - 69.5 µM Reduced risk of infection [186] 

HPV - 11–114 µM 

Reduced risk of infection 
depending on the dose, but 
not related to proportional 

correlation 
[187] 

HPV - 50 mg/day Reduced risk of infection [188] 
HPV 0.6 µg Hydrocortisone 24 µg Increased MMP-2 activity [189] 

HIV - 0.1–3 mM 
Inhibited proliferation and 
survival of HIV-infected 

cells 
[194,195] 

3.4. Microenvironment Stability 

An important affecting factor for vitamin C’s stability and effectiveness is the pH of the wound environment. 
L-ascorbic acid has two pKa values, where at pH above 4.1 (pK1) is at its deprotonated form (AH−)–called 
ascorbate, while at pH higher than 11.8 (pK2) results in the other hydroxyl group deprotonating (A2−), forming a 
dianion of ascorbic acid, referred to as ascorbate ion. As mentioned, due to its strong antioxidant properties, 
vitamin C can undergo reversible oxidation to DHA not only in response to pH but also in the presence of specific 
chemical or physical factors, including free radicals, UV light, radiation, body temperature and metal catalysts, 
primarily Zn2+, Fe3+ and Cu. This occurs via a two-step, one-electron oxidation mechanism in which ascorbate is 
first converted to a transient ascorbate/ascorbyl radical system with different protonation states, followed by a 
second oxidation or disproportionation step that generates DHA. Furthermore, under physiological conditions, the 
reaction is effectively limited to this redox cycle, as formation of the fully deprotonated dianion via spontaneous 
auto-oxidation is not feasible [195]. Similarly, accumulation of irreversible degradation products like 2,3-
diketogulonic acid (DKG) is also not possible as it generally requires conditions that promote extensive electron 
transfer, such as strong oxidizing environments, elevated temperatures, or high concentrations of catalytic metal 
ions in the absence of protective antioxidants. In physiological settings, including highly inflamed, infected 
ulcerated skin, pH may raise up to 8.9, temperatures are moderate (~37 °C), and antioxidant systems (glutathione, 
urate, enzymes) are present. These factors collectively prevent significant accumulation of DHA and its further 
conversion to DKG. Therefore, while DKG formation is chemically plausible under extreme in vitro conditions, 
it is highly unlikely to occur in vivo, even in pathological sites with oxidative stress [196]. 

As DHA is biologically inactive, it can no longer exert its antioxidant or collagen-stabilizing effects. This 
has important implications for both systemic and topical applications, as the oxidative state of vitamin C directly 
determines its efficacy. In the context of topical delivery, skin penetration is strongly influenced by the molecule’s 
ionization state. Vitamin C is more lipophilic and able to diffuse across the stratum corneum when in its protonated 
(non-ionized) form, which predominates at pH values below 4.1 [197]. At higher pH levels, the molecule exists 
mostly as an anion, which is poorly absorbed through the lipid-rich layers of the skin, reducing its bioavailability. 
Therefore, formulation strategies often aim to maintain a low pH to preserve vitamin C in its active form while 
balancing skin tolerability, as excessively acidic preparations may cause irritation. Additionally, the stability of 
vitamin C in a topical preparation is challenged by environmental factors such as light, oxygen, and trace metal 
contamination, which can accelerate its conversion to DHA (Figure 2). Proper stabilization techniques, including 
encapsulation or the use of metal chelators, are often necessary to ensure the compound remains active long enough 
to penetrate the skin and exert its biological effects [198]. 

Under physiological conditions, adult skin typically maintains a slightly acidic pH range (pH 4–6), whereas 
infant skin tends to be neutral to slightly basic [199–201]. This acidic pH is primarily associated with the 
environment conditions of stratum corneum, while deeper layers such as the viable epidermis exhibit progressively 
higher pH values, reaching up to pH 7.4 [202]. The formed acidic environment of the upper skin layers has a 
beneficially protective role by inhibiting bacterial growth and slowing the proliferation of pathogenic species 
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[203]. In cases of skin injury with bleeding, such as acute wounds, the wound site initially exhibits a neutral pH 
(approximately 7.4), which gradually shifts toward acidity as the skin regenerates. On the contrary, skin ulcers 
would impart increased levels of pH, up to 9.25, thus favouring bacterial growth [204,205]. Furthermore, certain 
bacterial species have ureolytic activity, which by itself is a factor in sustaining these high pH conditions, further 
creating a medium for bacterial growth. It has long been recognized that elevated pH would also cause another 
major problem related to the wound healing process relater to reducing oxygen dissociation from oxyhemoglobin 
in the damaged tissues, thereby leading to reduced healing process [206]. By this way, as it was pointed out earlier, 
maintaining a lower pH is critical not only to mitigate bacterial growth and enhance healing, but also to stabilize 
vitamin C when applied topically [207]. 

To address the above issues, the cosmetic and pharmaceutical industries have developed modified forms of 
L-ascorbic acid with improved stability. These include the water-soluble magnesium phosphate (MAP) and sodium 
ascorbyl phosphate (SAP), and the fat-soluble ascorbyl 6-palmitate and tetra-isopalmitoyl ascorbic acid (IPAA) 
[208,209]. Despite their enhanced stability, a major limitation of these derivatives is their relatively low skin 
penetration and slow enzymatic conversion to active vitamin C [210–212]. In addition, a variety of vitamin C 
analogues and derivatives were synthesized over the years, aiming to improve properties such as antiviral, 
antibacterial, and antioxidant activity. However, some of these compounds were found to exhibit significantly 
increased cytotoxicity [213]. 

 

Figure 2. Vitamin C exhibits dynamic redox behaviour that depends on chemical, physical, and physiological 
conditions, as well as factors influencing its microenvironmental stability at the site of a skin ulcer. The biologically 
inactive oxidation product is also indicated (DKG), although impossible to form under physiological conditions. 
While DHA is also an oxidized form, its formation proceeds via a stepwise transformation from the ascorbate 
monoanion. Initially, oxidation leads to a transient intermediate (Transient form 1), the ascorbate radical, generated 
by the loss of one electron from ascorbate monoanion. This is followed by further deprotonation to form a second 
transient species (Transient form 2), the ascorbyl radical, which subsequently converts to DHA, as both transient 
forms transform simultaneously. The two dissociation constants (pK1 and pK2) are also indicated, corresponding 
to deprotonation events occurring at different pH conditions. 
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4. Vitamin C in the Context of Ulceration 

A randomised, double-blind study has already established that 500 mg/day peroral supplementation of 
vitamin C has led to 100% foot ulcer healing after 8 weeks in cases of patients having ascorbate deficiency [214]. 
It should also be noted that some of the patients had preexisting conditions such as neuropathy, vascular disease, 
diabetes, tabaco smoking and high alcohol consumption. In another study, platelet-rich plasma combined with 
fibrin glue was evaluated alongside oral supplementation with vitamins C (500 mg/day) and E (400 U/day) as 
adjunctive therapy to enhance foot ulcer healing in patients [215]. The treatment promoted tissue regeneration, 
likely through sustained growth factor release, increased angiogenesis, and stimulation of extracellular matrix 
formation. However, since vitamin C was administered in combination with vitamin E and alongside an active 
dressing, its independent contribution to the observed effects warrants further targeted investigation. 

Collectively, Vitamin C is critical for wound healing due to its roles in collagen synthesis, immune function, 
and antioxidant defence. Evidence from diabetic foot ulcer studies and broader tissue repair research suggests that 
maintaining adequate vitamin C status can support healing, but clinical data remain limited, heterogeneous, and 
often confounded by co-interventions. Further well-designed trials are needed to determine its independent 
therapeutic efficacy and optimal dosing in tissue regeneration [216,217]. 

Considering these factors, if the underlying causes of a skin ulcer, such as diabetes, pressure injury, venous 
insufficiency, trauma, or infection, are not addressed, progressive skin damage and loss of structural integrity are 
inevitable. In more advanced ulceration (stage 2 and beyond), the lesion extends through the epidermis and 
potentially the dermis, creating an open wound. This structural disruption will most likely compromise local 
vitamin C uptake, with sodium-dependent transporters SVCT1 and SVCT2 being particularly affected, whereas 
some cells may preferentially take up DHA via GLUT transporters [218]. SVCT1, predominantly expressed in the 
epidermis by keratinocytes, is expected to be the most compromised. However, SVCT2, found in keratinocytes, 
fibroblasts, and endothelial cells across both skin layers and at the dermal-epidermal junction, would also be 
adversely impacted [66]. All this can possibly lead to a situation where the damaged skin barrier and altered skin 
physiology in ulcerated areas can impede the absorption of topically applied vitamin C into the cells, thus reducing 
the therapy effectiveness. This is despite the fact that the physical penetration into the skin layers itself would be 
eased because of the ruptured stratum corneum. 

The topical application of vitamin C would be expected to result in saturation of the nutrient at the site of the 
ulceration and take part in all four stages of wound healing (haemostasis, inflammation, proliferation and 
maturation), summarized in Figures 3 and 4. When an ulcer wound is established as such, each of the four phases 
of healing would have different implication on the remaining receptors for vitamin C cellular uptake. In fact, the 
most impacted would be the inflammation and proliferation phases, resonating with the role of GLUT in 
macrophage glucose and DHA uptake during the former, and to the SVCT-mediated vitamin C uptake for collagen 
synthesis during the latter. 

 

Figure 3. Stage-resolved cutaneous wound healing process and modulation by vitamin C (AsA). 
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Figure 4. Graphical overview of vitamin C (ascorbic acid, AsA) and its dose-dependent roles throughout the 
sequential phases of wound healing: haemostasis, inflammation, proliferation, and remodelling. The schematic 
highlights how varying local concentrations of AsA modulate key biological processes, including coagulation 
dynamics, oxidative stress balance, immune cell function, fibroblast proliferation, collagen synthesis, angiogenesis, 
and ECM maturation. Lower to physiological levels are primarily associated with antioxidant protection and 
support of normal cellular activity, whereas higher concentrations may exert pro-oxidant or regulatory effects that 
influence tissue architecture and remodelling outcomes. The corresponding cellular components involved at each 
stage are depicted below and described in the figure legend to provide mechanistic context. 
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4.1. Haemostasis Phase 

To address the initial stage of wound healing, previous research has shown that intravenous (IV) 
supplementation of vitamin C at low doses, or for short durations, does not significantly affect platelet function, 
unlike high-dose administration [219]. Following skin rupture and vascular injury, at first, platelets are rapidly 
recruited to the wound site, initiating a signalling cascade that stimulates megakaryocyte differentiation in the bone 
marrow to generate new thrombocytes [220]. As also noted, platelet counts may also increase in response to 
preexisting inflammation, ongoing infections, or chronic diseases such as diabetes [221]. 

Importantly, platelets express the SVCT2 receptors on their membranes, enabling them to accumulate high 
intracellular concentrations of ascorbic acid, which has been shown to raise to over 15 mmol/L [219,222]. It was 
also reported that these elevated doses did not reduce prothrombin time, presumed to be due to the ability of 
vitamin C to inhibit the expression of CD40L, a transmembrane protein with pro-inflammatory and pro-thrombotic 
functions [223]. Moreover, high doses of vitamin C increased the levels of pro-inflammatory arachidonic acid 
metabolites such as PGE2 and TXB2 [219]. Specifically, thromboxane B2 (TXB2), a stable metabolite of 
thromboxane A2 (TXA2), which is secreted exclusively by platelets, showed more than a threefold increase on the 
8th day of high-dose supplementation in in vitro models. In contrast to the results of high ascorbic acid 
concentration, controlled and low-dose concentration showed comparable TXB2 levels in the performed in vivo 
models. This suggested that high-dose vitamin C may substantially enhance platelet activation and proliferation, 
which could contribute to excessive clot formation and inflammation at wound sites, potentially impairing healing 
and increasing infection risk. 

Nonetheless, other studies suggest a more complex role for vitamin C. For example, an in vitro study reported 
that high concentrations (1–3 mM) exert modest anticoagulant effects by interfering with fibrin crosslinking during 
the late stages of coagulation, thereby reducing network density and yielding looser clot structures [224]. Overall, 
these findings indicate that vitamin C plays a modulatory role in these processes, primarily through its antioxidant 
properties, as reported previously [225]. 

During this phase also vitamin C exerts dose-dependent and context-dependent effects on vascular tone 
during the haemostatic phase of skin ulceration, primarily through its interactions with nitric oxide (NO), 
endothelial function, and oxidative stress. Nonetheless, this vasoconstrictive effect is most prominent and 
physiologically relevant during this phase of wound healing, rather than for the later stages. In general, vitamin C 
plays a role of a vasodilator, but at physiological concentrations, it tends to support vasoconstriction indirectly, 
which aligns with the goals of the haemostatic phase–limiting blood loss. The nutrient achieves this mainly by 
reducing oxidative stress, thereby preserving NO bioavailability in a controlled manner rather than allowing 
excessive or dysregulated NO signalling. Additionally, vitamin C contributes to endothelial stability and supports 
the integrity of the vascular wall, which facilitates efficient platelet adhesion and clot formation. Its role in 
maintaining collagen structure is also critical here, as exposed subendothelial collagen is a key trigger for platelet 
activation [226]. In this context, vitamin C helps maintain a balanced environment where transient vasoconstriction 
can occur effectively without excessive vascular damage. 

In contrast, at higher concentrations, vitamin C may shift toward a pro-oxidant behaviour, particularly in the 
presence of catalytic metal ions (e.g., Fe3+, Cu2+), which are often elevated in damaged or ulcerated tissue. This 
can lead to the generation of reactive oxygen species (ROS), which may impair endothelial function and disrupt 
normal vasoregulatory signalling. Supraphysiological vitamin C doses have also been associated with enhanced 
NO production or stabilization, promoting vasodilation rather than vasoconstriction, which could counteract 
haemostatic efficiency if not tightly regulated. 

Overall, during the haemostatic phase, low to moderate vitamin C levels support appropriate vasoconstriction 
and clot formation, whereas high concentrations may dysregulate vascular tone, potentially shifting the balance 
toward vasodilation or endothelial dysfunction, especially in oxidatively stressed microenvironments such as 
chronic ulcers. In that sense, there are numerous in vivo studies involving various human populations where 
different routes of application, regimes and doses ranging from 500 mg to several grams have been employed 
[227–231]. Thus, defining “low” versus “high” vitamin C doses here is challenging because its vascular effects 
depend more on local tissue concentration, redox state, and wound microenvironment than on the administered 
dose, particularly during the haemostatic phase where its role is limited and indirect. 

Worth mentioning is also that not only SVCTs, but also GLUTs are expressed in platelets, specifically GLUT-
3, which expression is regulated via protein kinase B (PKB/Akt). It has already been demonstrated that the PKB 
activation and signalling pathway (mainly through phosphoinositide 3-kinase–PI3K) is closely relevant to a 
cellular response to tissue damage, leading to overexpression of this transducer [232–234]. This pathway is 
influenced through two distinct mechanisms: PI3K is activated by cytokines and platelet-derived growth factor 
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(PDGF), while PKB is further activated by thrombin secretion at the wound site [235–237]. Once activated, PKB 
will facilitate the glucose uptake into platelets, which in turn will lead to an enhanced intracellular accumulation 
of DHA. 

4.2. Inflammation Phase 

During the initial stage of wound healing, smooth muscle contraction in damaged blood vessels leads to 
vasoconstriction, mediated by endothelin, TXA2 and neural reflexes and followed by platelet aggregation to form 
a haemostatic plug [238]. As the process progresses, the second stage initiates with vasodilation, triggered by 
mediators such as histamine, bradykinin, prostaglandins, and NO, which facilitates the migration of immune cells, 
such as neutrophils and macrophages, to the wound site. Despite their short lifespan, neutrophils are the first 
leukocytes to infiltrate the injured tissue to initiate phagocytosis upon debris, bacteria, and dead tissue. On the 
other hand, macrophages are recruited from the bone marrow and blood. At the wound site they differentiate into 
wound macrophages with highly phagocytic properties. These cells also produce pro-inflammatory cytokines, 
essential for coordinating the inflammatory response [239,240]. Interestingly, both GLUT-1 and GLUT-3 glucose 
transporters are abundantly expressed in macrophages. Notably, GLUT-1 expression is upregulated following M1 
stimulation by microbial pro-inflammatory signals such as IFN-γ, TNF, and TLR ligands, while GLUT-3 
expression increases after M2 stimulation by cytokines including IL-4, IL-6, IL-10, and IL-13 [86]. Importantly, 
the same study reported that GLUT-3 expression is significantly reduced in wounds of patients with diabetic foot 
ulcers that exhibit delayed or impaired healing, in contrast to elevated GLUT-3 levels observed in wounds 
undergoing normal healing. Under normal physiological conditions, similar to thrombocytes, circulating 
lymphocytes, monocytes, and neutrophils have a substantially higher storage capacity for L-ascorbic acid 
compared to plasma, maintaining intracellular concentrations of approximately 3.5 mM, 3 mM, and 1.5 mM, 
respectively [241]. Bone marrow stem cells and hematopoietic progenitor cells were also found to accumulate up 
to 20-fold more ascorbate than the differentiated ones, largely due to elevated expression of SVCT2 transporters 
on their membranes [242]. Vitamin C plays a crucial role as a co-factor in the regulation and reducing the impact 
of the so-called hypoxia-inducible factors (HIFs), a family of transcription factors involved in the cellular response 
to low oxygen levels and inflammatory processes [243,244]. Reduced plasma levels of the nutrient have already 
been proven to increase HIF activation, particularly under mild and moderate hypoxia as a stress factor [245]. In 
this context, sites of inflammation (presumably due to the increased oxidative metabolism of inflammatory cells), 
and at some point, sites of tumour growth (primarily resulting from outstripping the available nutrient supply and 
intense metabolic demands), are commonly associated with hypoxia [246–249]. 

To date, three major isoforms of hypoxia-inducible factors have been identified: HIF-1, involved in the 
cellular response to hypoxia, promoting angiogenesis and metabolic adaptation; HIF-2, related to erythropoietin 
production and to oxygen delivery in lungs, heart, and endothelium; and HIF-3 (involved in fine-tuning of the 
hypoxic response, but so far with limited understanding for its full potential) [250–253]. In neutrocytes, hypoxia 
has been shown to prolong their lifespan and enhance antimicrobial functions such as phagocytosis and the release 
of proteolytic enzymes including cathepsin G, proteinase 3, and elastase, where HIF-1 would also be activated, 
even during normoxia [254–256]. This is so, because hypoxia stabilizes HIF-1α, thus promoting cell survival and 
adaptation to low oxygen levels. Conversely, through an enzymatic pathway ascorbic acid leads to HIF-1 
degradation, thereby reducing its cellular levels [257]. Although this was proven to be more relevant to cancer 
cells, it was also found that ascorbate deficiency led to impaired capacity of neutrophil cells to provide a proper 
immune response [258]. To summarise, as the inflammatory phase begins shortly after haemostasis, local hypoxia 
promotes increased neutrophil activity via HIF-1α stabilisation. As vitamin C becomes available, it facilitates 
prolyl hydroxylase-mediated HIF-1α degradation, contributing to a gradual reduction in neutrophil activity and 
modulation of the inflammatory response. However, because ascorbate will likely oxidise rapidly to DHA under 
physiological conditions, a concurrent severe case of hypoxia will elevate ROS and impair hydroxylase activity, 
thereby further accelerating vitamin C consumption and disrupting effective HIF-1α regulation. Thus, properly 
administered doses and optimised delivery routes of vitamin C (e.g., topical or localised delivery), may overcome 
microenvironment-driven depletion and instability, restoring sufficient bioactive levels to support collagen 
synthesis, redox balance, and effective tissue repair in skin ulcers. 

In that regard also, elevated plasma levels of the nutrient were also found to increase the count of circulating 
granulocytes and monocytes, suggesting a contribution to more rapid and robust immune response against 
infections [259]. Furthermore, vitamin C has been shown to inhibit the production of certain interleukins by 
monocytes stimulated with endotoxins such as lipopolysaccharide (LPS) and lipoteichoic acid (LTA), in a dose-
dependent manner–higher concentrations leading to greater suppression [260,261]. Owing to its intrinsic 
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antioxidant properties, ascorbic acid also inhibits apoptosis signalling pathways in T cells and protects monocytes 
from FAS-induced apoptotic death [262]. Moreover, T cells activation and differentiation were promoted by 
vitamin C, as well as enhancing their antigen-specific response [263,264]. 

Skin ulcers have a prolonged inflammatory phase, thus impairing the healing process by preventing it from 
progressing to the proliferative and maturation phases. If left untreated, this condition may lead to the formation 
of fibrotic tissue, hypertrophic scars, or even development of skin cancers [265,266]. As mentioned above, high 
doses of vitamin C have been associated with oxidative stress in tissues, however, these observations were 
primarily observed in laboratory conditions (especially in the presence of transition metals) and may not translate 
to in vivo effects, where other factors can mitigate this impact. In fact, vitamin C’s role as a potent antioxidant 
often outweighs its potential to induce oxidative stress [263,267–270]. Nonetheless, when ROS are produced from 
high vitamin C concentrations, which is more relevant to IV application, this can lead to damage in cellular 
components, including enzymes involved in glycolysis. This, in turn, may result in reduced production of 
adenosine triphosphate as the main carrier molecule of energy in cells [271]. In addition, high doses of vitamin C 
can influence the formation of neutrophil extracellular traps (NETs), extracellular fibres composed of neutrophil 
DNA that can trap pathogens and release microbicidal proteins [267,268]. During the early stages of sepsis, 
microbial abundance decreases, although many bacteria trapped by NETs remain viable, primarily due to 
neutrophil depletion. As mentioned earlier, vitamin C supplementation can reduce neutrophil apoptosis, thereby 
prolonging their circulation [269,270,272–274]. 

A major issue, however, is the fact that chronic ulcers fail to transition to the proliferative phase. In this 
context, even additional vitamin C supplementation often fails to restore SVCT expression because the limitation 
is driven by microenvironmental dysregulation rather than substrate availability. Persistent inflammation sustains 
NF-κB activation, suppressing transcription and impairing transporter localization, thereby restricting cellular 
uptake despite adequate extracellular levels and also shifting uptake toward less efficient GLUT-mediated 
pathways and thus reducing intracellular ascorbate levels [275]. In parallel, an ongoing and persistent 
inflammatory signalling induces epigenetic and metabolic reprogramming that stabilizes a low-uptake phenotype, 
preventing transporter re-expression even under supplementation. 

4.3. Proliferation Phase 

As previously mentioned, a prolonged inflammatory phase can delay the onset of the proliferative phase, 
leading to delayed tissue formation, deregulated differentiation (primarily due to persistent collagen degradation), 
impaired angiogenesis, and ongoing inflammation [276,277]. The proliferative phase typically begins a few days 
after the ulcer develops and lasts for several weeks, during which time it is characterized by a complex and 
coordinated interplay of multiple cell types [278,279]. Initially, fibroblast migrate to the wound site and begin 
producing collagen, a family of proteins comprising a significant part of the ECM in various tissues and a main 
structural skin component. Among the collagen types, collagen type I and III have most substantial impact on skin 
structure, with type IV also playing a key role. Type I collagen is the most abundant and provides tensile strength 
and structural integrity, while type III collagen works in conjunction with type I to contribute elasticity and 
stability. In addition, Type IV collagen is also having a crucial role, by acting as a component of the basal 
membrane to support the structural framework of the skin and separating the epidermis from the dermis [280,281]. 
Together with collagen, new blood vessels form through angiogenesis and ECM components are secreted by the 
fibroblast (fibronectin, laminin, proteoglycans, glycosaminoglycans, elastin), developing a temporary granulation 
tissue that fill the wound bed [282]. During this phase also, myofibroblasts cause wound edges to contract, and the 
wound size to narrow [283]. Concurrently, epithelial cells start to migrate from the wound edges towards the centre 
to cover the wound surface, thus restoring the barrier function of the skin [284]. 

Vitamin C plays a central role during the proliferative phase too, where it affects collagen synthesis, 
angiogenesis and immune cells modulation. Concerning collagen synthesis, L-ascorbic acid acts as a cofactor 
(together with iron) for the enzymes prolyl and lysyl hydroxylase. During this process, ferrous iron (Fe2+) is 
converted to ferric iron (Fe3+) in the presence of the co-substrate 2-oxoglutarate, which activates these two 
enzymes. Ascorbic acid participates by reducing Fe3+ back to Fe2+ through its own oxidation to 
monodehydroascorbate (MDHA), thereby facilitating the reactivation of the hydrolases. [285,286]. As hydroxyl 
groups are added, the peptide chains are further glycolyzed and through a spontaneous chain regrouping and 
formation, procollagen is formed. Without this prior hydroxylation, the resulting collagen triple helix is weaker, 
leading to conditions such as scurvy and impaired wound healing [287,288]. 

Additionally, prolyl hydroxylases require not only ascorbate, but also Fe2+, oxygen, and α-ketoglutarate for 
catalytic activity. In chronic ulcers, persistent oxidative stress leads to the oxidation of Fe2+ to Fe3+, directly 
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inhibiting enzyme activity even in the presence of vitamin C [289]. Additionally, local hypoxia, an indication for 
poorly vascularized chronic wounds, limits oxygen availability, further restricting hydroxylase function. Although 
vitamin C normally acts to maintain iron in its reduced Fe2+ state within the enzyme active site, excessive reactive 
oxygen species can overwhelm this protective effect, rendering the cofactor function ineffective. 

Moreover, sustained stabilization of HIF-1α in chronic wounds, driven by hypoxia and inflammatory 
signalling, creates a feedback loop in which prolyl hydroxylase activity remains suppressed, impairing proper 
ECM formation and angiogenic balance. This contributes to defective collagen hydroxylation, reduced tensile 
strength of newly formed tissue, and persistence of a non-resolving wound state. Therefore, the failure of vitamin 
C supplementation in chronic ulcers is not due to inefficacy of the molecule itself, but rather to a convergence of 
impaired transport, redox imbalance, cofactor inactivation, and microenvironmental constraints that collectively 
prevent its proper intracellular utilization and enzymatic function. In addition, because collagen type IV is involved 
as a component of the basal membrane, a systemic reduction in vitamin C plasma levels would compromise its 
structural integrity, which in turn, could facilitate the penetration of pathogens deeper into the skin layers 
[290,291]. 

Furthermore, Vitamin C also plays a critical role in the regulation of angiogenesis, a process essential for the 
transition from the inflammatory to the proliferative phase of wound healing, but also not fully understood, as 
evidenced by the many conflicting reports available in the literature. The nutrient facilitates the hydroxylation and 
subsequent degradation of HIF-1α, thereby tightly regulating hypoxia-driven angiogenic signalling. Under 
physiological conditions, this ensures a balanced expression of vascular endothelial growth factor (VEGF) and the 
formation of functional, mature blood vessels. Nonetheless, in ulcers, where oxidative stress and hypoxia persist, 
impaired vitamin C availability and function contribute to reduced enzyme activity, resulting in prolonged 
stabilization of HIF-1α and dysregulated VEGF expression [287,288,292]. This often leads to the formation of 
immature, leaky, and poorly organized vasculature rather than effective neovascularization. In addition, vitamin 
C supports angiogenesis through its role in collagen synthesis, providing the structural scaffold necessary for 
endothelial cell migration and capillary stabilization. It also enhances endothelial cell proliferation and protects 
against oxidative damage, further promoting vascular integrity. Therefore, insufficient or functionally impaired 
vitamin C disrupts both the signalling and structural components of angiogenesis, contributing to inadequate 
perfusion and persistence of a non-healing wound environment [293–298]. 

Vitamin C exerts a dose-dependent effect on wound healing and angiogenesis. At physiological 
concentrations in most cells (0.05–0.5 mM), it promotes collagen synthesis, stabilizes the extracellular matrix, and 
enhances endothelial proliferation and tube formation. However, at higher concentrations (≥1–5 mM), particularly 
in environments with elevated transition metals or oxidative stress, vitamin C can generate hydrogen peroxide, 
acting as a pro-oxidant that induces cytotoxicity and impairs angiogenesis [299,300]. This is typically achieved 
through intravenous infusion, often bypassing the antioxidant role it plays at lower physiological concentrations 
[301]. In chronic wounds, where oxidative stress is already high, this threshold may be even lower, highlighting 
the importance of presumably maintaining controlled, sustained delivery rather than exposing cells to excessive 
local concentrations. 

4.4. Maturation Phase 

The proliferation phase is followed by the final stage of wound healing known as maturation. This phase may 
last for several years, depending on the size and severity of the ulcer. The most aspect of maturation is the 
reorganization of collagen, where collagen type III laid down during the proliferation stage is gradually replaced 
by type I, which is stronger and more stable. This remodelling of the extracellular matrix results in the formation 
of scar tissue [302]. During the inflammatory phase, collagenases, or matrix metalloproteinases (MMPs), released 
from macrophages and neutrophils are also activated. Its concentration increases significantly to aid in the removal 
of debris and prepare the wound bed for new tissue formation [303–306]. As the healing progresses into the 
proliferation phase, collagenases (mainly MMP-2 and MMP-9) activity causes a temporary reduction in collagen 
levels at the wound site. While collagenase levels decrease sharply after the initial phase, it continues to degrade 
damaged collagen and other ECM components [307]. Throughout the maturation phase its concentration remains 
considerably lower, but is still crucial for replacing collagen type III with type I [302]. Moreover, during 
maturation, collagen fibres undergo crosslinking, which involves the formation of covalent bonds between 
collagen chains. This process is catalysed by a family of enzymes called lysyl oxidases, which are copper- and 
lysine tyrosyl-quinone-dependent amine oxidases [308,309]. Three lysyl oxidases are particularly important: lysyl 
oxidase (LOX), being the primary enzyme responsible for initiating the crosslinking of collagen and elastin by 
oxidizing lysine and hydroxylysine residues; lysyl oxidase-like 1 (LOXL1), supporting collagen crosslinking and 
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crucial for elastin maturation; and lysyl oxidase-like 2 (LOXL2)–involved in tissue remodelling, fibrosis, and 
angiogenesis [310–313]. Furthermore, vitamin C plays a vital role as a potent antioxidant by protecting the newly 
formed and existing tissue from damaging factors such as UV light and ROS (Figure 5) [314,315]. 

Vitamin C is an essential cofactor for the hydroxylation of lysyl and proline residues in collagen. The 
hydroxylysine (formed with the help of vitamin C) and lysine residues in collagen, as well as those in tropoelastin 
(the building block of elastin), serve as active targets for lysyl oxidase (LOX) enzymes, as these enzymes introduce 
aldehyde groups to form allysine and hydroxyallysine [316]. These moieties then form covalent bonds (Schiff base 
and aldol condensation products) with other unmodified lysine or hydroxylysine residues on adjacent collagen 
molecules [317,318]. Further maturation leads to the formation of more stable crosslinks, such as pyridinoline and 
deoxypyridinoline, which are associated with the maturation of elastin and collagen molecules, thus enhancing 
their structural integrity [319–321]. Hydroxyproline groups, that form as a product of prolyl hydroxylase’s activity 
with ascorbic acid and iron as cofactors, do not directly participate in this crosslinking process, but are rather 
critical for maintaining the stability of the collagen triple helix structure with the formation of hydrogen bonds 
[322,323]. 

In parallel with collagen crosslinking and matrix stabilization, tissue inhibitors of metalloproteinases (TIMPs) 
play a critical regulatory role during the remodelling phase of ulcer healing [324]. By inhibiting MMPs, TIMPs 
help shift the balance from matrix degradation toward matrix preservation, allowing the newly deposited collagen 
I to accumulate, reorganize, and gain tensile strength. This controlled inhibition is essential to prevent excessive 
extracellular matrix breakdown, ensuring proper scar formation and structural integrity of the healed tissue. 
Vitamin C suppresses the expression and activity of MMP-2 and MMP-9, thereby contributing to a favourable 
proteolytic balance and limiting excessive ECM degradation. Its influence on TIMPs is largely indirect, arising 
from modulation of oxidative stress and cellular signalling rather than consistent direct upregulation. 
Consequently, the nutrient primarily regulates the MMP/TIMP relationship through inhibition of MMP activity, 
with secondary, context-dependent effects on TIMPs [325]. 

 

Figure 5. Direct role and mechanism of vitamin C in collagen type III synthesis during the proliferation stage and 
its involvement (direct and indirect) during the subsequent substitution with the stronger collagen type I during the 
maturation phase. 

 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  19 of 39  

5. Vitamin C Extraction, Detection and Quantification 

Accurate extraction, detection, and quantification of vitamin C are critical for reliably characterizing its 
distribution, bioavailability, and stability within biological tissues. This is particularly important in complex 
environments such as chronic wounds, where spatial heterogeneity, oxidative degradation, and limited transport 
can significantly influence local ascorbate levels and, consequently, its biological activity. 

As mentioned above, there are significant limitations associated with accurate determination of its 
concentration within skin tissue and the broader understanding of the relationship between plasma levels and 
cellular saturation [326]. Among these, the most critical issue is related to the highly reactive nature of L-ascorbic 
acid and its tendency to participate in redox reactions. By this way, while sample collection and homogenization 
methods are important, the choice of analyte extraction techniques and storage conditions may play an even more 
pivotal role. This requires serious scrutinization and optimization of downstream processing, as it involves multi-
step purification and careful solvent selection. Elevated temperatures during the process, high concentration of 
polar organic solvents like acetone, methanol (with potential risk of methylation) and trichloroacetic acid may lead 
to vitamin C oxidation, while cytotoxic solvents like acetonitrile are unsuitable. Instead, ethanol-water mixtures 
would be considered the most favourable extraction media [322,327,328]. 

In addition, the common redox dye 2,6-dichlorophenolindophenol (DCPIP), which is often used to quantify 
ascorbic acid via titration due to its reduction-induced colour change, is not suitable entirely for this purpose [323]. 
The main reason is the lack of specificity of DCPIP towards the nutrient and its nature to readily react with other 
molecules that act as reducing agents present in skin cells including glutathione, nicotinamide adenine dinucleotide 
(NAD), succinate dehydrogenase, cysteine [329–331]. These cause a colour change of DCPIP from blue or pink 
(in acidic pH) to colourless when reduced. Found in various organs and tissues, the iron-sulphur protein ferredoxin 
is present in the human body in two forms–Ferredoxin 1 (FDX1) and Ferredoxin 2 (FDX2) [332]. Both are present 
in the skin and despite their differing biological roles, can also reduce DCPIP [333,334]. It is important to note 
that other cellular systems involved in electron transport like Cytochrome C and P450 will also react with DCPIP 
analogically [335,336]. 

This issue is further compounded by matrix interference from lipids, necessitating extensive and variable 
sample preprocessing that undermines reproducibility [329]. Analytical performance is further hindered by 
relatively low sensitivity, susceptibility to optical interference, and semi-quantitative output, particularly in turbid 
or heterogeneous samples, like tissue and cell cultures. In summary, these drawbacks, along with a lack of 
methodological standardization, render DCPIP unsuitable for clinical deployment, especially when compared to 
more advanced techniques such as high-performance liquid chromatography (HPLC) and liquid chromatography-
mass spectroscopy (LC-MS), which, although more accurate, remain impractical for rapid or point-of-care use 
[337]. This is so, because HPLC-based detection typically requires complex and time-sensitive sample preparation, 
including stabilization, deproteinization, and protection against oxidation, due to the inherent instability of 
ascorbate during handling and storage. These steps introduce variability and increase the risk of analyte 
degradation, particularly in real-world clinical workflows where immediate processing is not always feasible. 
Additionally, the requirement for expensive instrumentation, trained personnel, and controlled laboratory 
environments limits accessibility and scalability. Collectively, these challenges hinder the broader clinical 
adoption of HPLC for vitamin C measurement, despite its analytical advantages. 

In regard to specificity, ascorbate oxidase (AO) as a plant and fungi synthesized enzyme has the ability to 
catalyse the oxidation of vitamin C to DHA [338,339]. It has a complex structure of at least 4 Cu atoms that defines 
its blue colour. When molecular oxygen is present in the system the enzyme catalyses L-ascorbic acid through 
spontaneous oxidation to DHA, a process that can be visually tracked by the enzyme colour change, from blue to 
colourless, upon substrate depletion [340,341]. Particularly curious is the case with ferritin–a cytoprotective 
protein found in the epidermal basal membrane and in other skin appendage as hair follicles, endothelial muscles, 
and sebaceous glands [342]. It stores iron in the form of ferric iron that needs a reducing agent (such as ascorbate) 
to transform into ferrous iron, but in order to do so, an additional free or loosely bound iron as a substrate must be 
available first to interact with ascorbate. In vivo and in vitro models have both shown that in aerobic conditions 
and neutral pH ascorbate induces iron release from this protein with high affinity [343]. When AO was introduced 
into that system, it extensively increased the ascorbate related free radical levels, and after an additional iron 
supplementation, an increased affinity of ferritin to AO was observed [344]. 

While ascorbate oxidase offers improved specificity compared to redox dyes (e.g., DCPIP) by catalysing the 
selective oxidation of ascorbate, its performance is highly dependent on enzyme stability and activity, which can 
be adversely affected by variations in pH, temperature, and the presence of inhibitors or interfering substances, as 
mentioned above [345]. From a translational perspective, reliance on purified enzymes increases cost, limits shelf-
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life and complicates integration into robust platforms. Furthermore, assay standardization across laboratories will 
also be challenging due to differences in enzyme sources, activity units, and detection formats, thus hindering the 
reproducibility, scalability, and regulatory acceptance required for clinical deployment. It is unfortunate, however, 
as a methodology based on AO could have potentially been a powerful and at the same time very accurate and 
relatively cheap technique for L-ascorbic acid quantitative and qualitative analysis. Moreover, this would be 
particularly promising given relative low AO toxicity at physiological concentrations and conditions to 
mammalian cells [346]. 

Moreover, there are several other enzymes that are tightly related to the red-ox transformation of L-ascorbic 
acid. One of them is ascorbate peroxidase (APX), a plant and algae enzyme that uses ascorbate to reduce hydrogen 
peroxide produced by photorespiration and photosynthetic electron transport to water [347]. It is a heme-
containing enzyme that also plays a role in scavenging and neutralizing ROS, by the mechanism of oxidizing 
ascorbic acid in the process [348–352]. Ascorbic acid serves as a substrate for APX, leading to the production of 
MDHA and then spontaneously oxidising to DHA. From there, it can be reduced back to the protonated form of 
L-ascorbic acid by other enzymatic systems [353]. In certain plant species, the APX-mediated ROS detoxification 
process occur in three distinct stages, where the first is characterized by interaction between H2O2 and the enzyme 
with the formation of a transient Compound I (a ferryl heme and a porphyrin pi-cation radical) and water. During 
the second, this Compound I reacts with ascorbate to form Compound II (only the ferryl heme) and one electron 
oxidized radical. The third and final stage involves the reduction of Compound II by another ascorbate molecule, 
regenerating the native form of the enzyme and producing water and an additional radical species [354,355]. 
Excess or fluctuating H2O2 levels can lead to enzyme inactivation or non-specific oxidation reactions, while 
endogenous peroxides and antioxidant systems present in biological samples may interfere with assay kinetics and 
accuracy. In addition, APX activity can decrease in the presence of heavy metals, thus leading to increased toxicity 
[356,357]. Given that the enzyme operates under complex physiological and environmental conditions, and its 
dependence on sensitive redox interactions, the direct application of APX for the determination of vitamin C would 
pose significant practical limitation. Similar to other methods, the intrinsic instability of ascorbate during sample 
handling further contributes to measurement error, and the assay does not readily differentiate between reduced 
and oxidized vitamin C without additional modifications. Variability in enzyme sources, activity, and assay 
configurations also hampers standardization and reproducibility across laboratories. 

Another enzyme directly involved in the body circulation and recycling of ascorbic acid is 
monodehydroascorbate reductase (MDHAR), related to ascorbate-glutathione cycle that helps regenerate vitamin 
C from DHA, as well as neutralizing ROS [358,359]. Thus, this enzyme works together with dehydroascorbate 
reductase (DHAR) and glutathione reductase (GR) to maintain the balance of ascorbic acid and glutathione in cells 
[360,361]. However, measuring MDHAR activity would again not be accurate, as its activity is interdependent 
with other enzymes within the cycle. This dependency introduces variability in signal output and complicates assay 
calibration, particularly in heterogeneous matrices such as plasma or wound exudate. Furthermore, the transient 
nature and rapid disproportionation of MDHAR reduce the reliability of intermediate detection, while competing 
cellular redox systems can further perturb assay kinetics. The enzyme itself is susceptible to degradation, loss of 
activity under non-ideal pH and temperature conditions, and limited shelf stability. Therefore, a comprehensive 
evaluation of all key enzymes involved is necessary to accurately reflect the ascorbic acid content and redox status 
of a biological sample. 

2,4-Dinitrophenylhydrazine or DNPH has long been considered a reliable reagent for the quantification of 
ascorbic acid, offering both direct and indirect detection approaches. The indirect method relies on DNPH 
conjugation with dehydroascorbic acid (DHA), while the direct pathway involves interaction with L-ascorbic acid 
itself, both of which are facilitated by the presence of reactive carbonyl groups in these two compounds [362–
364]. The method is old, yet, proven to be extremely effective towards plant and animal samples, and is based on 
first oxidizing ascorbic acid to DHA, then coupling through nucleophilic attack with 2,4-DNPH that leads to the 
formation of a hydrazone derivative, and finally, prior the spectrophotometric measurement–treatment with 
concentrated sulfuric acid to produce a specific, red-coloured complex. A major drawback, however, would be the 
sensitivity of the method and the high probability of DNPH to react with a broad range of carbonyl-containing 
compounds commonly found in skin samples, which requires additional purification and inactivation of these 
chemicals [365–368]. 

Interestingly, currently, there is only one study proposing a direct conjugation of vitamin C with a fluorescent 
dye for the purpose of determining its distribution in cell lines, while skin derived samples have not been used yet. 
The central concept involves exploiting the specificity of SVCTs, which recognize and mediate cellular uptake of 
ascorbic acid via its functional moieties. In this study, sulforhodamine B was conjugated to vitamin C through a 
linker, and the resulting fluorescent compound was visualized using confocal microscopy using two distinct cell 
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lines–HepG2 (a human liver carcinoma line) and HEK-293T (human embryonic kidney cells transformed by 
adenovirus) [369]. This study concluded that the synthesized chromophore had high affinity towards SVCT 
receptors and exhibited features to be used as a target molecule for the examination of the receptors’ expression. 

Based on the above, the best way of determining and examining the saturation of ascorbic acid in skin may 
need to involve methodologies, non-toxic chemicals and specificity towards the targeting systems that usually 
interact transport proteins and enzymes. As discussed, enzymes have been ruled out as viable options for this task, 
directing attention to transporters responsible for ascorbic acid uptake in skin cells as a more plausible approach. 
For that reason, the analogue and radiotracer 6-deoxy-6-[18F] fluoro-L-ascorbic acid (18F-DFA), first introduced 
in the early 90s, was considered to play this important role [370]. By itself, Fluorine-18 is a positron-emitting 
radioisotope commonly used in positron emission tomography (PET) imaging with half-life of approximately 110 
min and mainly used for oncological radiotracing [371,372]. During its radioactive decay it emits high-speed β+ 
particles (positrons). A recent study reported that when conjugated with L-ascorbic acid and applied intravenously, 
the newly formed compound was found to be well tolerated in humans with no serious adverse events. The results 
showed a typical pattern of distribution and accumulation for L-ascorbic acid in organs and tissues, in accordance 
with the level of expression of SVCT1 and SVCT2 receptors [373]. Another study demonstrated in rat models that 
18F-DFA was highly effective as an imaging agent, specifically targeting SVCT2 receptors in tumour tissues [374]. 

None of these two papers, nor any other related research study so far had mentioned or examined the 
distribution of 18F-DFA in skin. Moreover, the difficulties of synthesizing the compound in a multistep process 
that requires specific equipment and premises were also acknowledged. Furthermore, 18F-DFA is hydrophilic as 
both of its moieties are Fluorine-18 and L-ascorbic acid, and is primarily designed for systemic distribution [375]. 
Being so, its topical application and penetration through the skin has to be evaluated practically, because the extent 
of its absorption is expected to vary depending on the same prerequisites as already mentions for ascorbic acid. 
Next, if the compound was to be directly injected into the dermis, this would create a depo effect even for a 
hydrophilic substance. This is because, on one side, the basal membrane will function as a barrier preventing the 
substance from easily diffusing into the epidermis. On the other side, the subcutaneous fat tissue will be another 
barrier that will lead to a gradual permeation through the blood vessels and subsequent release into the bloodstream 
[376,377]. 

In conclusion, the application of 18F-DFA PET imaging in skin ulcer research presents a promising yet 
technically constrained approach for probing in vivo vitamin C dynamics and redox-related processes. A key 
limitation arises from the short half-life (~110 min), which necessitates rapid tracer synthesis, administration, and 
imaging, thereby restricting experimental flexibility and complicating longitudinal study designs typically required 
for chronic wound assessment. Additionally, the reliance of PET tracers on systemic delivery poses a significant 
challenge in the context of chronic ulcers, where impaired vascularization, ischemia, and the presence of necrotic 
or biofilm-laden tissue can markedly hinder tracer penetration and result in heterogeneous or under-representative 
uptake. 

Interpretation of the PET signal is further complicated by the multifactorial nature of tracer accumulation. 
Although 18F-DFA is designed to mimic ascorbate transport, its uptake is influenced not only by transporter 
expression but also by perfusion, inflammatory activity, and systemic pharmacokinetics, limiting specificity. In 
addition, the relatively low spatial resolution of clinical PET imaging (on the millimetre scale) reduces its ability 
to resolve superficial and structurally heterogeneous wound environments, where critical biochemical gradients 
occur at much finer scales [378,379]. 

From a translational perspective, the suitability of existing preclinical models remains uncertain, as 
commonly used animal wound models often fail to replicate the impaired healing, vascular deficits, and chronic 
inflammation characteristic of human ulcers [380–382]. Practical considerations, including high cost, need for 
specialized radiochemistry infrastructure, and exposure to ionizing radiation, further constrain routine clinical 
implementation. Collectively, while 18F-DFA PET imaging offers valuable mechanistic insights, particularly in 
controlled experimental settings, these limitations currently restrict its broader applicability in clinical skin ulcer 
monitoring and management. 

An important matter would also be the assayed skin material–cells, tissues, or organ. In that very regard, a 
material with abnormal and neoplastic activity would be particularly advantageous, as SVCT receptors (especially 
SVCT2) are known to be overexpressed in such materials [383]. Given that vitamin C uptake is crucial for cancer 
cell metabolism and survival, targeting these overexpressed receptors in tumours like malignant melanoma (MM), 
squamous cell carcinoma (SCC), and basal cell carcinoma (BCC) could offer promising therapeutic opportunities. 
A more thorough consideration reveals that BCC and SCC often remain confined to the epidermis or upper dermis 
for longer periods before potentially invading deeper tissues. In contrast, MM is known for its ability to penetrate 
deeper into the skin, reaching the dermis and even beyond, thus allowing the cancer cells to access blood vessels 
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and lymphatic channels [384–386]. For this reason, YUMM, NRAS and BRAF mouse models would be ideal for 
this examination [387]. If in vivo models were chosen, then the type of administration would be extremely 
important, as previous studies on intravenous administration of 18F-DFA showed accumulation in organs other 
than the skin. Oral administration, while a potential option, may be too slow due to the limited potency of the 
radiotracer, even if the animals are not fasted prior to intake. Thus, the most logical approach would be intradermal 
injection, with the possibility of examining epidermal distribution either in conjunction with or separately from 
topical application. 

In vitro studies could involve several distinct cell lines, or, for greater complexity, engineering human skin 
equivalents using human fibroblasts and keratinocytes, as previously proposed [388]. Although this developed 
skin model demonstrated significant similarities to native human skin, it was concluded (also elsewhere) that so 
far cell-based skin systems lacked proper characterization and have shown variations or inability to fully develop 
a normal skin structure [389–392]. 

In addition, currently there are a few ex vivo studies regarding biopsy extracted skin samples and referred to 
as skin-on-a-chip [393–395]. Nevertheless, they all were insightful in terms of providing crucial information about 
key matters related to skin samples culturing or co-culturing, where two of the these three were even connected to 
long-term culturing. For this reason, it would be interesting to investigate whether a permeable well insert system 
would be suitable for culturing biopsy-derived skin samples for tracking the distribution of supplemented 18F-DFA 
to this system. A major drawback, however, would be the presumed, and to some extent unpredictable, cellular 
activity in response to the disruption of the organ’s integrity [396–398]. These changes could involve mechanically 
induced stress pathways, hypoxia, inflammatory responses, cell apoptosis, and ECM disruptions, all of which may 
influence cell migration and signalling. Therefore, rapid and proper processing, along with appropriate storage, 
would be critical to maintain sample integrity [399]. 

Taken together, robust analytical approaches are essential not only for ensuring data reliability and 
reproducibility but also for enabling meaningful interpretation of vitamin C dynamics across different tissue 
compartments, thereby supporting the development and evaluation of targeted therapeutic strategies (Table 2). 

Table 2. Methods for extraction, detection, and quantification of vitamin C in biological samples: principles, 
advantages, and limitations. 

Category Method Principle Advantages Limitations 

Sample Processing Solvent extraction 
Isolation using 

aqueous/organic 
solvents 

 Fundamental step 
 Adaptable 

 Ascorbate instability 
 Oxidation risk 
 Solvent- and temperature-

sensitive 
 Requires optimization 

Colorimetric DCPIP assay Redox dye reduction 
with colour change 

 Simple 
 Rapid 
 Inexpensive 

 Low specificity 
 Interference from cellular 

reductants 
 Semi-quantitative 
 Poor reproducibility 

Chromatographic HPLC/LC-MS Separation with UV or 
MS detection 

 High sensitivity 
 Accuracy 
 Specificity 

 Complex preparation 
 Costly 
 Requires expertise 
 Limited point-of-care 

applicability 

Enzymatic Ascorbate oxidase 
(AO) 

Selective oxidation of 
ascorbate to DHA 

 Higher specificity 
than dyes 

 Enzyme instability 
 Environmental sensitivity 
 Poor standardization 
 Cost 

 Ascorbate 
peroxidase (APX) 

Ascorbate-dependent 
H2O2 reduction 

 Insight into redox 
activity 

 Complex kinetics 
 Interference 
 Not specific for 

quantification 
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Table 2. Cont. 

Category Method Principle Advantages Limitations 

 MDHAR/DHAR/GR
system 

Enzymatic recycling of 
ascorbate 

 Reflects redox 
cycling 

 Indirect measurement 
 High variability 
 Poor reproducibility 

Chemical 
Derivatization DNPH assay Hydrazone formation 

with DHA 

 Established 
 Applicable across 

matrices 

 Non-specific reactions 
 Requires purification 
 Moderate sensitivity 

Imaging/Tracing Fluorescent 
conjugates 

SVCT-targeted labelled 
ascorbate 

 Enables cellular 
localization 

 Experimental 
 Limited validation in skin 

 ¹⁸F-DFA PET Radiotracer-based 
imaging 

 In vivo tracking 
 Mechanistic insight 

 Short half-life 
 Low spatial resolution 
 High cost 
 Limited skin applicability 

Experimental Models In vitro/ex vivo skin 
Cell cultures, 

engineered skin, 
biopsies 

 Controlled 
conditions 

 Mechanistic insight 

 Poor physiological 
representation 

 Variability 
 Stress artefacts 

 In vivo models Whole-organism 
studies 

 Physiological 
relevance 

 Limited translation to 
human chronic wounds 

6. Summary and Outlook 

Wound healing is a dynamic and highly regulated process which involves coordinated processes involving 
immune activation, cell proliferation, collagen deposition, and tissue remodelling. In chronic wounds such as 
diabetic ulcers, venous leg ulcers, and pressure ulcers, this process is often disrupted and associated with 
uncontrolled inflammation, persistent infection, and impaired re-epithelialization. The rising prevalence of these 
wounds, driven by chronic comorbidities such as diabetes, vascular insufficiency, and systemic lifestyle-related 
factors including smoking, alcohol use, and exposure to environmental pollutants, places an enormous burden on 
healthcare systems globally. 

Conventional therapies such as nonsteroidal anti-inflammatory drugs (NSAIDs), negative pressure wound 
therapy (NPWT), surgical interventions, and advanced dressings remain essential components of chronic wound 
management and regenerative medicine. However, increasing attention is being directed toward bioactive adjuncts 
that can modulate the wound microenvironment. Among these, vitamin C (L-ascorbic acid), a well-known 
essential dietary nutrient, has emerged as a biologically relevant and underutilized therapeutic agent that is 
essential for chronic wound healing outcomes. 

Vitamin C exerts multifaceted regulatory effects across all phases of wound healing. During the inflammatory 
and haemostatic phases, it supports immune modulation by enhancing neutrophil apoptosis, reducing excessive 
oxidative stress, and attenuating pro-inflammatory cytokine expression. In the proliferative phase, vitamin C acts 
as a critical enzymatic co-factor in proline and lysine hydroxylation, essential for collagen synthesis, a key 
structural protein required for development of granulation tissue and dermal matrix integrity. In the final 
maturation phase, vitamin C promotes collagen remodelling and angiogenesis, supporting vascularization and 
wound closure. Cellular uptake of vitamin C occurs via the sodium-dependent vitamin C transporters SVCT1 and 
SVCT2, while the uptake of DHA is facilitated via the GLUTs glucose transporters. 

Notably, plasma and tissue levels of vitamin C are frequently depleted in patients with chronic wounds. This 
is likely due to increased metabolic demand, oxidative degradation, and dietary insufficiencies, leading to a 
physiological deficit that may impair healing capacity. Furthermore, C continues to exhibit antimicrobial 
properties in ulcerated tissue, even in the presence of infection and reduced transporter expression, partly through 
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its pro-oxidant activity under certain conditions and its ability to disrupt bacterial biofilms. The combined 
antibacterial, antioxidant, and immunomodulatory actions of vitamin C indicate that the nutrient is a promising 
candidate for incorporation into advanced wound therapeutics. 

Several emerging delivery strategies such as liposomes, polymeric nanoparticles, hydrogels, microneedle 
patches, and plasma-activated systems are being explored to improve vitamin C bioavailability, enhance its 
retention at the wound site, and overcome its inherent instability. However, the lack of standardized, non-invasive 
tools to monitor local vitamin C concentrations in skin remains a barrier to optimizing dosing regimens. A deeper 
understanding of its pharmacokinetics and tissue distribution, particularly under hypoxic and inflamed wound 
conditions, is essential to guide future therapeutic development. 

In addition to its established roles, vitamin C exerts both antioxidant and pro-oxidant effects, it supports 
immune regulation by enhancing neutrophil function and attenuating excessive cytokine-driven inflammation. Its 
actions are dose-dependent, with suboptimal concentrations limiting collagen synthesis and immune modulation, 
while excessively elevated levels may paradoxically reduce efficacy or interact antagonistically with some pro-
oxidant–based antibacterial therapies. Even when applied topically, vitamin C’s effects can be hindered in chronic 
or damaged skin, due to impaired transporter/receptor engagement, oxidative inactivation in the wound 
microenvironment, or local tissue destruction that limits uptake, reducing its overall therapeutic potential. 
Concurrently, vitamin C drives collagen hydroxylation, extracellular matrix stabilization, and angiogenesis, 
reinforcing granulation tissue formation and dermal integrity essential for effective wound repair. 

Collectively, vitamin C represents a biologically potent, safe, and cost-effective molecule with therapeutic 
relevance across the entire continuum of wound healing. Its combination of antioxidant, pro-oxidant, 
immunomodulatory, antimicrobial, and collagen-stabilizing effects uniquely positions it to complement 
conventional and advanced wound care modalities, particularly in diabetic and other chronic ulcers where impaired 
perfusion, oxidative stress, and tissue instability hinder healing. The integration of vitamin C into multimodal 
therapeutic strategies, including pharmacological, physical, and bioresponsive delivery approaches offers the 
potential to enhance tissue regeneration, prevent infection, and restore functional dermal architecture. Thus, future 
research should focus on precision dosing, innovative delivery systems capable of maintaining effective tissue 
concentrations, and clinically validated biomarkers to guide therapy, monitor outcomes, and maximize efficacy. 
By consolidating these mechanisms and translational approaches, vitamin C has the potential to serve as a central 
pillar of regenerative wound therapies, bridging basic biological insights with clinically effective, patient-centred 
interventions. 

Author Contributions 

Conceptualization and original draft preparation—B.B.S.; validation of information B.B.S., K.A.V., V.K.T., 
C.L.D.; article visualization as figures—B.B.S.; formal analysis— B.B.S., K.A.V., V.K.T., C.L.D.; review and 
final version editing—B.B.S., V.K.T., C.L.D., K.A.V. All authors have read and agreed to the final version of the 
manuscript.  

Funding 

There is no funding in regard to compiling this manuscript. 

Institutional Review Board Statement 

Not applicable 

Informed Consent Statement 

Not applicable 

Data Availability Statement 

Data sharing does not apply to this Review. 

Conflicts of Interest 

Given the role as Associate Editor, Prof. Krasimir Vasilev had no involvement in the peer review of this 
paper and had no access to information regarding its peer-review process. Full responsibility for the editorial 
process of this paper was delegated to another editor of the journal. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  25 of 39  

Use of AI and AI-Assisted Technologies 

No AI tools were utilized for this paper 

Abbreviations 

ROS, reactive oxygen species; NSAIDs, non-steroidal anti-inflammatory drugs; NPWT, negative pressure 
wound therapy; UV, ultraviolet; IV, intravenous application; SVCT, sodium-dependent vitamin C transporters; 
GLUTs, glucose transporters; DHA, dehydroascorbic acid; AsA, L-ascorbic acid; TXB2, Thromboxane B2; 
PDGF, platelet-derived growth factor; NO, nitric oxide; IFN-γ, interferon-γ; TLR, toll-like receptor; TNF, tumour 
necrosis factor; IL, interleukin; mM, millimoles/millimolar; µM, micromoles/micromolar; HIF, hypoxia-inducible 
factors; LPS, lipopolysaccharide; LTA, lipoteichoic acid; NETs, neutrophil extracellular traps; ECM, extracellular 
matrix; VEGF, vascular endothelial growth factor; LOXL, lysyl oxidase-like; LOX, lysyl oxidase; mg, milligram; 
mL, millilitre; HSV, herpes simplex virus; HPV, human papillomavirus; HZV, herpes zoster virus; CMV, 
cytomegalovirus; HIV, human immunodeficiency virus; CIN, cervical intraepithelial neoplasia; IEA, immediate 
early antigen; LA, late antigen; DKG, 2,3-diketogulonic acid; MAP, magnesium ascorbyl phosphate; SAP, sodium 
ascorbyl phosphate; IPAA, tetra-isopalmitoyl ascorbic acid; DCPIP, 2,6-dichlorophenolindophenol; FDX, 
ferredoxin; AO, ascorbate oxidase; APX, ascorbate peroxidase; MDHA, monodehydroascorbate; MDHAR, 
monodehydroascorbate reductase; DHAR, dehydroascorbate reductase; GR, glutathione reductase; PET, positron 
emission tomography; 18F-DFA, radiotracer 6-deoxy-6-[18F] fluoro-L-ascorbic acid; MM, malignant melanoma; 
SCC, squamous cell carcinoma; BCC, basal cell carcinoma; TIMP, inhibitor of matrix metalloproteinase; MIC, 
minimum inhibitory concentration; pKa, the negative log10 of the acid dissociation constant (Ka) of a solution; mg, 
milligram; µg, microgram; mL, millilitre; MMP, metalloproteinase; NAD, nicotinamide adenine dinucleotide; 
HPLC, high-performance liquid chromatography; LC-MS, liquid chromatography-mass spectroscopy 

References 

1. Gröne, A. Keratinocytes and cytokines. Vet. Immunol. Immunopathol. 2002, 88, 1–12. https://doi.org/10.1016/S0165-
2427(02)00136-8. 

2. Patton, K.T.; Bell, F.B.; Thompson, T.; et al. Anatomy & Physiology with Brief Atlas of the Human Body and Quick Guide 
to the Language of Science and Medicine-E-Book; Elsevier Health Sciences: Amsterdam, The Netherlands, 2022. 

3. Marks, R. The stratum corneum barrier: The final frontier. J. Nutr. 2004, 134, 2017S–2021S. 
4. Smith, L.T.; Holbrook, K.A.; Madri, J.A. Collagen types I, III, and V in human embryonic and fetal skin. Am. J. Anat. 

1986, 175, 507–521. 
5. Taherzadeh, O.; Otto, W.R.; Anand, U.; et al. Influence of human skin injury on regeneration of sensory neurons. Cell 

Tissue Res. 2003, 312, 275–280. 
6. Schulze, E.; Witt, M.; Fink, T.; et al. Immunohistochemical detection of human skin nerve fibers. Acta Histochem. 1997, 

99, 301–309. 
7. Breitkreutz, D.; Koxholt, I.; Thiemann, K.; et al. Skin basement membrane: The foundation of epidermal integrity—BM 

functions and diverse roles of bridging molecules nidogen and perlecan. BioMed Res. Int. 2013, 2013, 179784. 
8. Wang, W.; Lu, K.-j.; Yu, C.-h.; et al. Nano-drug delivery systems in wound treatment and skin regeneration. J. 

Nanobiotechnology 2019, 17, 82. 
9. Rezaie, F.; Momeni-Moghaddam, M.; Naderi-Meshkin, H. Regeneration and repair of skin wounds: Various strategies 

for treatment. Int. J. Low. Extrem. Wounds 2019, 18, 247–261. 
10. Whitney, J.D. Overview: Acute and chronic wounds. Nurs. Clin. 2005, 40, 191–205. 
11. Nicks, B.A.; Ayello, E.A.; Woo, K.; et al. Acute wound management: Revisiting the approach to assessment, irrigation, 

and closure considerations. Int. J. Emerg. Med. 2010, 3, 399–407. https://doi.org/10.1007/s12245-010-0217-5. 
12. Järbrink, K.; Ni, G.; Sönnergren, H.; et al. Prevalence and incidence of chronic wounds and related complications: A 

protocol for a systematic review. Syst. Rev. 2016, 5, 1–6. 
13. Nussbaum, S.R.; Carter, M.J.; Fife, C.E.; et al. An economic evaluation of the impact, cost, and medicare policy 

implications of chronic nonhealing wounds. Value Health 2018, 21, 27–32. 
14. Armstrong, D.G.; Boulton, A.J.M.; Bus, S.A. Diabetic foot ulcers and their recurrence. N. Engl. J. Med. 2017, 376, 2367–2375. 
15. White-Chu, E.F.; Conner-Kerr, T.A. Overview of guidelines for the prevention and treatment of venous leg ulcers: A US 

perspective. J. Multidiscip. Healthc. 2014, 7, 111–117. 
16. Posnett, J.; Gottrup, F.; Lundgren, H.; et al. The resource impact of wounds on health-care providers in Europe. J. Wound 

Care 2009, 18, 154. 
17. Frech, T.M.; Frech, M.; Saknite, I.; et al. Novel therapies and innovation for systemic sclerosis skin ulceration. Best. 

Pract. Res. Clin. Rheumatol. 2022, 36, 101813. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  26 of 39  

18. Colenci, R.; Abbade, L.P.F. Fundamental aspects of the local approach to cutaneous ulcers. An. Bras. De Dermatol. 2018, 
93, 859–870. 

19. Ren, S.-Y.; Liu, Y.-S.; Zhu, G.-J.; et al. Strategies and challenges in the treatment of chronic venous leg ulcers. World J. 
Clin. Cases 2020, 8, 5070. 

20. Maduba, C.C.; Nnadozie, U.U.; Modekwe, V.I.; et al. Split Skin Graft Take in Leg Ulcers: Conventional Dressing Versus 
Locally Adapted Negative Pressure Dressing. J. Surg. Res. 2020, 251, 296–302. https://doi.org/10.1016/j.jss.2020.01.029. 

21. Shi, C.; Wang, C.; Liu, H.; et al. Selection of appropriate wound dressing for various wounds. Front. Bioeng. Biotechnol. 
2020, 8, 182. 

22. Richy, F.; Scarpignato, C.; Lanas, A.; et al. Efficacy and safety of piroxicam revisited. A global meta-analysis of 
randomised clinical trials. Pharmacol. Res. 2009, 60, 254–263. https://doi.org/10.1016/j.phrs.2009.03.021. 

23. Bagheri, H.; Lhiaubet, V.; Montastruc, J.L.; et al. Photosensitivity to ketoprofen: Mechanisms and 
pharmacoepidemiological data. Drug Saf. 2000, 22, 339–349. https://doi.org/10.2165/00002018-200022050-00002. 

24. Bryant, A.E.; Bayer, C.R.; Aldape, M.J.; et al. The roles of injury and nonsteroidal anti-inflammatory drugs in the 
development and outcomes of severe group A streptococcal soft tissue infections. Curr. Opin. Infect. Dis. 2015, 28, 231–
239. https://doi.org/10.1097/QCO.0000000000000160. 

25. Ward, K.E.; Archambault, R.; Mersfelder, T.L. Severe adverse skin reactions to nonsteroidal antiinflammatory drugs: A 
review of the literature. Am. J. Health Syst. Pharm. 2010, 67, 206–213. https://doi.org/10.2146/ajhp080603. 

26. Sánchez-Borges, M.; Capriles-Hulett, A.; Caballero-Fonseca, F. Risk of skin reactions when using ibuprofen-based 
medicines. Expert. Opin. Drug Saf. 2005, 4, 837–848. https://doi.org/10.1517/14740338.4.5.837. 

27. Zaver, V.; Kankanalu, P. Negative Pressure Wound Therapy. StatPearls: Treasure Island, FL, USA, 2024. 
28. Kaye, A.D.; Islam, R.K.; Tong, V.T.; et al. Cutaneous Dermatologic Manifestations of Cardiovascular Diseases: A 

Narrative Review. Cureus 2024, 16, e72336. 
29. Grey, J.E.; Harding, K.G.; Enoch, S. Venous and arterial leg ulcers. ABC Wound Heal. 2022, 163, 34. 
30. Bánvölgyi, A.; Görög, A.; Gadó, K.; et al. Chronic wounds in the elderly: Decubitus, leg ulcers, and ulcers of rare 

aetiology. Dev. Health Sci. 2022, 4, 81–85. 
31. Zhang, X.; Zhu, N.; Li, Z.; et al. The global burden of decubitus ulcers from 1990 to 2019. Sci. Rep. 2021, 11, 21750. 
32. Foyer, C.H. Ascorbic acid. In Antioxidants in Higher Plants; CRC Press: Boca Raton, FL, USA, 2017; pp. 31–58. 
33. Fuquay, J.W.; McSweeney, P.L.H.; Fox, P.F. Encyclopedia of Dairy Sciences; Academic Press: Cambridge, MA, USA, 

2011. 
34. Carr, A.C.; Vissers, M.C.M. Synthetic or food-derived vitamin C—Are they equally bioavailable? Nutrients 2013, 5, 

4284–4304. 
35. Robert Li, Y. Vitamin C in Health and Disease: From Redox Biology to Clinical Medicine. In Hydrophilic Vitamins in 

Health and Disease; Springer: Berlin/Heidelberg, Germany, 2024; pp. 341–355. 
36. Gopi, S.; Balakrishnan, P. Evaluation and clinical comparison studies on liposomal and non-liposomal ascorbic acid 

(vitamin C) and their enhanced bioavailability. J. Liposome Res. 2021, 31, 356–364. 
37. Łukawski, M.; Dałek, P.; Borowik, T.; et al. New oral liposomal vitamin C formulation: Properties and bioavailability. J. 

Liposome Res. 2020, 30, 227–234. 
38. Asaikkutti, A.; Vimala, K.; Jha, N.; et al. Effect of dietary supplementation of vitamin C-loaded chitosan nanoparticles 

on growth, immune-physiological parameters, and resistance of white shrimp Litopenaeus vannamei to Vibrio harveyi 
challenge. Anim. Feed. Sci. Technol. 2023, 305, 115764. 

39. Liu, C.; Li, J.; Wang, C.; et al. Fabrication of crosslinked starch microspheres via water-in-water Pickering emulsion and 
their application in controlled release of Vitamin C. J. Dispers. Sci. Technol. 2024, 1–13. 

40. Shabana, S.; Prasansha, R.; Kalinina, I.; et al. Ultrasound assisted acid hydrolyzed structure modification and loading of 
antioxidants on potato starch nanoparticles. Ultrason. Sonochemistry 2019, 51, 444–450. 

41. Zhou, X.-y.; Yu, J.-h.; Yu, H. Effect of gelatin content and oral processing ability on vitamin C release in gummy jelly. J. 
Food Sci. Technol. 2022, 59, 677–685. 

42. Layton, A.T. Mathematical modeling of kidney transport. Wiley Interdiscip. Rev. Syst. Biol. Med. 2013, 5, 557–573. 
43. Chisholm-Burns, M.A.; Schwinghammer, T.L.; Malone, P.M.; et al. Pharmacotherapy Principles & Practice, 5th ed.; 

Mcgraw-Hill Education: Columbus, OH, USA, 2019. 
44. Krautheim, A.; Gollnick, H.P.M. Acne: Topical treatment. Clin. Dermatol. 2004, 22, 398–407. 
45. Cullen, J.K.; Simmons, J.L.; Parsons, P.G.; et al. Topical treatments for skin cancer. Adv. Drug Deliv. Rev. 2020, 153, 54–64. 
46. González-Molina, V.; Martí-Pineda, A.; González, N. Topical treatments for melasma and their mechanism of action. J. 

Clin. Aesthetic Dermatol. 2022, 15, 19. 
47. Tomita, K.; Hosokawa, K.; Yano, K.; et al. Dermal vascularity of the auricle: Implications for novel composite grafts. J. 

Plast. Reconstr. Aesthetic Surg. 2009, 62, 1609–1615. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  27 of 39  

48. Premjit, Y.; Pandey, S.; Mitra, J. Recent trends in folic acid (vitamin B9) encapsulation, controlled release, and 
mathematical modelling. Food Rev. Int. 2023, 39, 5528–5562. 

49. Chand, T.; Savitri, B. Vitamin B3, niacin. Ind. Biotechnol. Vitam. Biopigments Antioxid. 2016, 41–65. 
50. Coerdt, K.M.; Goggins, C.A.; Khachemoune, A. Vitamins A, B, C, and D: A short review for the dermatologist. Altern. 

Ther. Health Med. 2021, 27, 41–48. 
51. Moll, R.; Davis, B. Iron, vitamin B12 and folate. Medicine 2017, 45, 198–203. 
52. Calderón‐Ospina, C.A.; Nava‐Mesa, M.O. B Vitamins in the nervous system: Current knowledge of the biochemical 

modes of action and synergies of thiamine, pyridoxine, and cobalamin. CNS Neurosci. Ther. 2020, 26, 5–13. 
53. Di Salvo, M.L.; Contestabile, R.; Safo, M.K. Vitamin B6 salvage enzymes: Mechanism, structure and regulation. Biochim. 

Et. Biophys. Acta (BBA)-Proteins Proteom. 2011, 1814, 1597–1608. 
54. Khan, N.A.; Auranen, M.; Paetau, I.; et al. Effective treatment of mitochondrial myopathy by nicotinamide riboside, a 

vitamin B 3. EMBO Mol. Med. 2014, 6, 721–731. 
55. Bostancı, N.S.; Büyüksungur, S.; Hasirci, N.; et al. Bioprinted scaffolds assembled as synthetic skin grafts by natural 

hydrogels containing fibroblasts and bioactive agents. Int. J. Polym. Mater. Polym. Biomater. 2024, 73, 927–945. 
56. Fan, L.; Wang, H.; Zhang, K.; et al. Vitamin C-reinforcing silk fibroin nanofibrous matrices for skin care application. Rsc 

Adv. 2012, 2, 4110–4119. 
57. Khaloo Kermani, P.; Zargar Kharazi, A. A promising antibacterial wound dressing made of electrospun poly (glycerol 

sebacate)(PGS)/gelatin with local delivery of ascorbic acid and pantothenic acid. J. Polym. Environ. 2023, 31, 2504–2518. 
58. Esmaeilzadeh, J.; Shabani, F.; Zak, A.K. Electrospun poly (ɛ-caprolactone)/gelatin nanofibrous mats with local delivery 

of vitamin C for wound healing applications. Colloids Surf. A Physicochem. Eng. Asp. 2024, 687, 133546. 
59. Fiorentini, F.; Suarato, G.; Summa, M.; et al. Plant-Based, hydrogel-like microfibers as an antioxidant platform for skin 

burn Healing. ACS Appl. Bio Mater. 2023, 6, 3103–3116. 
60. Zhou, W.; Liu, W.; Zou, L.; et al. Storage stability and skin permeation of vitamin C liposomes improved by pectin 

coating. Colloids Surf. B Biointerfaces 2014, 117, 330–337. 
61. Jain, A.; Garg, N.K.; Jain, A.; et al. A synergistic approach of adapalene-loaded nanostructured lipid carriers, and vitamin 

C co-administration for treating acne. Drug Dev. Ind. Pharm. 2016, 42, 897–905. 
62. Duarah, S.; Durai, R.D.; Narayanan, V.B. Nanoparticle-in-gel system for delivery of vitamin C for topical application. 

Drug Deliv. Transl. Res. 2017, 7, 750–760. 
63. Rozman, B.; Zvonar, A.; Falson, F.; et al. Temperature-sensitive microemulsion gel: An effective topical delivery system 

for simultaneous delivery of vitamins C and E. AAPS PharmSciTech 2009, 10, 54–61. 
64. Kenawy, E.-R.; El-Meligy, M.A.; Ghaly, Z.S.; et al. Novel Physically-Crosslinked Caffeine and Vitamin C-Loaded 

PVA/Aloe Vera Hydrogel Membranes for Topical Wound Healing: Synthesis, Characterization and In-Vivo Wound 
Healing Tests. J. Polym. Environ. 2024, 32, 2140–2157. 

65. Starr, N.J.; Hamid, K.A.; Wibawa, J.; et al. Enhanced vitamin C skin permeation from supramolecular hydrogels, 
illustrated using in situ ToF-SIMS 3D chemical profiling. Int. J. Pharm. 2019, 563, 21–29. 

66. Steiling, H.; Longet, K.; Moodycliffe, A.; et al. Sodium-dependent vitamin C transporter isoforms in skin: Distribution, 
kinetics, and effect of UVB-induced oxidative stress. Free Radic. Biol. Med. 2007, 43, 752–762. 

67. Hong, C.-K.; Choe, S.-W.; Chun, B.-H.; et al. Expression of Sodium-dependent Vitamin C Transporter in Rat Dermal 
Fibroblasts. Korean J. Dermatol. 2004, 435–442. 

68. Lauer, A.-C.; Groth, N.; Haag, S.F.; et al. Dose-dependent vitamin C uptake and radical scavenging activity in human 
skin measured with in vivo electron paramagnetic resonance spectroscopy. Ski. Pharmacol. Physiol. 2013, 26, 147–154. 

69. Savini, I.; Rossi, A.; Pierro, C.; et al. SVCT1 and SVCT2: Key proteins for vitamin C uptake. Amino Acids 2008, 34, 
347–355. 

70. Kobayashi, T.A.; Shimada, H.; Sano, F.K.; et al. Dimeric transport mechanism of human vitamin C transporter SVCT1. 
Nat. Commun. 2024, 15, 5569. 

71. Malik, A.; Bagchi, A.K.; Vinayak, K.; et al. Vitamin C: Historical perspectives and heart failure. Heart Fail. Rev. 2021, 
26, 699–709. 

72. Luo, S.; Wang, Z.; Kansara, V.; et al. Activity of a sodium-dependent vitamin C transporter (SVCT) in MDCK-MDR1 
cells and mechanism of ascorbate uptake. Int. J. Pharm. 2008, 358, 168–176. 

73. Gao, Y.; Xu, Y.; Bai, F.; et al. Factors that influence the Na/K-ATPase signaling and function. Front. Pharmacol. 2025, 
16, 1639859. 

74. Foyer, C.H.; Noctor, G. Ascorbate and glutathione: The heart of the redox hub. Plant Physiol. 2011, 155, 2–18. 
75. Chadt, A.; Al-Hasani, H. Glucose transporters in adipose tissue, liver, and skeletal muscle in metabolic health and disease. 

Pflügers Arch. -Eur. J. Physiol. 2020, 472, 1273–1298. 
76. Custódio, T.F.; Paulsen, P.A.; Frain, K.M.; et al. Structural comparison of GLUT1 to GLUT3 reveal transport regulation 

mechanism in sugar porter family. Life Sci. Alliance 2021, 4. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  28 of 39  

77. Stanirowski, P.J.; Szukiewicz, D.; Majewska, A.; et al. Differential expression of glucose transporter proteins GLUT-1, 
GLUT-3, GLUT-8 and GLUT-12 in the placenta of macrosomic, small-for-gestational-age and growth-restricted foetuses. 
J. Clin. Med. 2021, 10, 5833. 

78. Schmidt, S.; Joost, H.-G.; Schurmann, A. GLUT8, the enigmatic intracellular hexose transporter. Am. J. Physiol. -
Endocrinol. Metab. 2009, 296, E614–E618. 

79. Mardones, L.; Ormazabal, V.; Romo, X.; et al. The glucose transporter-2 (GLUT2) is a low affinity dehydroascorbic acid 
transporter. Biochem. Biophys. Res. Commun. 2011, 410, 7–12. 

80. van Gerwen, J.; Shun-Shion, A.S.; Fazakerley, D.J. Insulin signalling and GLUT4 trafficking in insulin resistance. 
Biochem. Soc. Trans. 2023, 51, 1057–1069. 

81. Rumsey, S.C.; Kwon, O.; Xu, G.W.; et al. Glucose transporter isoforms GLUT1 and GLUT3 transport dehydroascorbic 
acid. J. Biol. Chem. 1997, 272, 18982–18989. 

82. Corpe, C.P.; Eck, P.; Wang, J.; et al. Intestinal dehydroascorbic acid (DHA) transport mediated by the facilitative sugar 
transporters, GLUT2 and GLUT8. J. Biol. Chem. 2013, 288, 9092–9101. 

83. Peng, W.; Tan, C.; Mo, L.; et al. Glucose transporter 3 in neuronal glucose metabolism: Health and diseases. Metabolism 
2021, 123, 154869. 

84. Montel-Hagen, A.; Kinet, S.; Manel, N.; et al. Erythrocyte Glut1 triggers dehydroascorbic acid uptake in mammals unable 
to synthesize vitamin C. Cell 2008, 132, 1039–1048. 

85. Zhang, Z.; Zi, Z.; Lee, E.E.; et al. Differential glucose requirement in skin homeostasis and injury identifies a therapeutic 
target for psoriasis. Nat. Med. 2018, 24, 617–627. 

86. Yu, D.-M.; Zhao, J.; Lee, E.E.; et al. GLUT3 promotes macrophage signaling and function via RAS-mediated endocytosis 
in atopic dermatitis and wound healing. J. Clin. Investig. 2023, 133. 

87. Cibrian, D.; de la Fuente, H.; Sánchez-Madrid, F. Metabolic pathways that control skin homeostasis and inflammation. 
Trends Mol. Med. 2020, 26, 975–986. 

88. Shen, S.; Sampson, S.R.; Tennenbaum, T.; et al. Characterization of glucose transport system in keratinocytes: Insulin 
and IGF-1 differentially affect specific transporters. J. Investig. Dermatol. 2000, 115, 949–954. 

89. Masin, M.; Vazquez, J.; Rossi, S.; et al. GLUT3 is induced during epithelial-mesenchymal transition and promotes tumor 
cell proliferation in non-small cell lung cancer. Cancer Metab. 2014, 2, 1–14. 

90. Cornwell, A.; Ziółkowski, H.; Badiei, A. Glucose transporter glut1-dependent metabolic reprogramming regulates 
lipopolysaccharide-induced inflammation in RAW264. 7 macrophages. Biomolecules 2023, 13, 770. 

91. Wood, I.S.; Wang, B.; Lorente-Cebrián, S.; et al. Hypoxia increases expression of selective facilitative glucose 
transporters (GLUT) and 2-deoxy-D-glucose uptake in human adipocytes. Biochem. Biophys. Res. Commun. 2007, 361, 
468–473. 

92. Mamun, A.A.; Hayashi, H.; Yamamura, A.; et al. Hypoxia induces the translocation of glucose transporter 1 to the plasma 
membrane in vascular endothelial cells. J. Physiol. Sci. 2020, 70, 44. 

93. Ballaz, S.J.; Rebec, G.V. Neurobiology of vitamin C: Expanding the focus from antioxidant to endogenous 
neuromodulator. Pharmacol. Res. 2019, 146, 104321. 

94. Travica, N.; Ried, K.; Sali, A.; et al. Vitamin C status and cognitive function: A systematic review. Nutrients 2017, 9, 960. 
95. Patak, P.; Willenberg, H.S.; Bornstein, S.R. Vitamin C is an important cofactor for both adrenal cortex and adrenal 

medulla. Endocr. Res. 2004, 30, 871–875. 
96. Awadalla, E.A. Efficacy of vitamin C against liver and kidney damage induced by paraquat toxicity. Exp. Toxicol. Pathol. 

2012, 64, 431–434. 
97. Lykkesfeldt, J.; Tveden-Nyborg, P. The pharmacokinetics of vitamin C. Nutrients 2019, 11, 2412. 
98. Hasselholt, S.; Tveden-Nyborg, P.; Lykkesfeldt, J. Distribution of vitamin C is tissue specific with early saturation of the 

brain and adrenal glands following differential oral dose regimens in guinea pigs. Br. J. Nutr. 2015, 113, 1539–1549. 
99. Salazar, K.; Espinoza, F.; Cerda-Gallardo, G.; et al. SVCT2 overexpression and ascorbic acid uptake increase cortical neuron 

differentiation, which is dependent on vitamin c recycling between neurons and astrocytes. Antioxidants 2021, 10, 1413. 
100. Salazar, K.; Jara, N.; Ramírez, E.; et al. Role of vitamin C and SVCT2 in neurogenesis. Front. Neurosci. 2023, 17, 1155758. 
101. Mason, S.A.; Baptista, R.; Della Gatta, P.A.; et al. High-dose vitamin C supplementation increases skeletal muscle 

vitamin C concentration and SVCT2 transporter expression but does not alter redox status in healthy males. Free Radic. 
Biol. Med. 2014, 77, 130–138. 

102. Chen, P.; Reed, G.; Jiang, J.; et al. Pharmacokinetic Evaluation of Intravenous Vitamin C: A Classic Pharmacokinetic 
Study: P. Chen et al. Clin. Pharmacokinet. 2022, 61, 1237–1249. 

103. Tveden-Nyborg, P. Vitamin C deficiency in the young brain—Findings from experimental animal models. Nutrients 2021, 
13, 1685. 

104. Wang, K.; Jiang, H.; Li, W.; et al. Role of vitamin C in skin diseases. Front. Physiol. 2018, 9, 378515. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  29 of 39  

105. Weber, S.U.; Thiele, J.J.; Packer, L.; et al. Vitamin C, uric acid, and glutathione gradients in murine stratum corneum and 
their susceptibility to ozone exposure. J. Investig. Dermatol. 1999, 113, 1128–1132. 

106. Susa, F.; Pisano, R. Advances in ascorbic Acid (vitamin C) manufacturing: Green extraction techniques from natural 
sources. Processes 2023, 11, 3167. 

107. Pullar, J.M.; Carr, A.C.; Vissers, M. The roles of vitamin C in skin health. Nutrients 2017, 9, 866. 
108. Carr, A.C.; Rowe, S. Factors affecting vitamin C status and prevalence of deficiency: A global health perspective. 

Nutrients 2020, 12, 1963. 
109. Rhie, G.-e.; Shin, M.H.; Seo, J.Y.; et al. Aging-and photoaging-dependent changes of enzymic and nonenzymic 

antioxidants in the epidermis and dermis of human skin in vivo. J. Investig. Dermatol. 2001, 117, 1212–1217. 
110. Sauermann, K.; Jaspers, S.; Koop, U.; et al. Topically applied vitamin C increases the density of dermal papillae in aged 

human skin. BMC Dermatol. 2004, 4, 1–6. 
111. Schmitt, J.; Apfelbacher, C.J.; Flohr, C. Eczema. BMJ Clin. Evid. 2011, 2011. 
112. Kanda, N.; Hoashi, T.; Saeki, H. Nutrition and psoriasis. Int. J. Mol. Sci. 2020, 21, 5405. 
113. Will, J.C.; Byers, T. Does diabetes mellitus increase the requirement for vitamin C? Nutr. Rev. 1996, 54, 193–202. 
114. Short, B.; Bakri, A.; Baz, A.; et al. There is more to wounds than bacteria: Fungal biofilms in chronic wounds. Curr. Clin. 

Microbiol. Rep. 2023, 10, 9–16. 
115. Radzieta, M.; Sadeghpour-Heravi, F.; Peters, T.J.; et al. A multiomics approach to identify host-microbe alterations 

associated with infection severity in diabetic foot infections: A pilot study. NPJ Biofilms Microbiomes 2021, 7, 29. 
116. Durand, B.A.R.N.; Pouget, C.; Magnan, C.; et al. Bacterial interactions in the context of chronic wound biofilm: A review. 

Microorganisms 2022, 10, 1500. 
117. Percival, S.L.; McCarty, S.M.; Lipsky, B. Biofilms and wounds: An overview of the evidence. Adv. Wound Care 2015, 4, 

373–381. 
118. Rahim, K.; Saleha, S.; Zhu, X.; et al. Bacterial contribution in chronicity of wounds. Microb. Ecol. 2017, 73, 710–721. 
119. Portugal, C.C. Ascorbate and its transporter SVCT2: The dynamic duo's integrated roles in CNS neurobiology and 

pathophysiology. Free Radic. Biol. Med. 2024, 212, 448–462. 
120. Subramanian, V.S.; Teafatiller, T.; Agrawal, A.; et al. Effect of lipopolysaccharide and TNFα on neuronal ascorbic acid 

uptake. Mediat. Inflamm. 2021, 2021, 4157132. 
121. Sun, L.; Yang, X.; Yuan, Z.; et al. Metabolic reprogramming in immune response and tissue inflammation. Arterioscler.  

Thromb.  Vasc. Biol. 2020, 40, 1990–2001. 
122. Darweesh, M.; Mohammadi, S.; Rahmati, M.; et al. Metabolic reprogramming in viral infections: The interplay of glucose 

metabolism and immune responses. Front. Immunol. 2025, 16, 1578202. 
123. Marino, A.L.; Rex, T.S.; Harrison, F.E. Modulation of microglia activation by the ascorbic acid transporter SVCT2. Brain 

Behav. Immun. 2024, 120, 557–570. 
124. Wilson, J.X. Mechanism of action of vitamin C in sepsis: Ascorbate modulates redox signaling in endothelium. Biofactors 

2009, 35, 5–13. 
125. Roy, S.; Santra, S.; Das, A.; et al. Staphylococcus aureus biofilm infection compromises wound healing by causing 

deficiencies in granulation tissue collagen. Ann. Surg. 2020, 271, 1174–1185. 
126. Aburawi, S.M.; Doro, B.M.; Awad, E.A. Effect of ciprofloxacin on S. aureus and E. coli growth in presence of vitamin 

C using cup cut diffusion method. J. Pharm. Pharmacol. 2019, 7, 473–484. 
127. Masadeh, M.M.; Mhaidat, N.M.; Alzoubi, K.H.; et al. Ciprofloxacin-induced antibacterial activity is reversed by vitamin 

E and vitamin C. Curr. Microbiol. 2012, 64, 457–462. 
128. Masadeh, M.M.; Alzoubi, K.H.; Al-Azzam, S.I.; et al. Ciprofloxacin-induced antibacterial activity is atteneuated by 

pretreatment with antioxidant agents. Pathogens 2016, 5, 28. 
129. Golonka, I.; Oleksy, M.; Junka, A.; et al. Selected physicochemical and biological properties of ethyl ascorbic acid 

compared to ascorbic acid. Biol. Pharm. Bull. 2017, 40, 1199–1206. 
130. Eydou, Z.; Jad, B.N.; Elsayed, Z.; et al. Investigation on the effect of vitamin C on growth & biofilm-forming potential 

of Streptococcus mutans isolated from patients with dental caries. BMC Microbiol. 2020, 20, 1–11. 
131. Forssten, S.D.; Björklund, M.; Ouwehand, A.C. Streptococcus mutans, caries and simulation models. Nutrients 2010, 2, 

290–298. 
132. Vilchèze, C.; Kim, J.; Jacobs Jr, W.R. Vitamin C potentiates the killing of Mycobacterium tuberculosis by the first-line 

tuberculosis drugs isoniazid and rifampin in mice. Antimicrob. Agents Chemother. 2018, 62, 10–1128. 
133. Gaglani, P.; Dwivedi, M.; Upadhyay, T.K.; et al. A pro-oxidant property of vitamin C to overcome the burden of latent 

Mycobacterium tuberculosis infection: A cross-talk review with Fenton reaction. Front. Cell. Infect. Microbiol. 2023, 13, 
1152269. 

134. El-Soudany, I.; Attia, N.; Emad, R.; et al. The Effect of Citric and Ascorbic Acids as Anti-Biofilm and Anti-Capsular 
Agents on Multidrug-Resistant Acinetobacter baumannii. Med. Princ. Pract. 2024, 33, 281–290. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  30 of 39  

135. Abdelraheem, W.M.; Refaie, M.M.M.; Yousef, R.K.M.; et al. Assessment of antibacterial and anti-biofilm effects of 
vitamin C against Pseudomonas aeruginosa clinical isolates. Front. Microbiol. 2022, 13, 847449. 

136. El-Gebaly, E.; Essam, T.; Hashem, S.; et al. Effect of levofloxacin and vitamin C on bacterial adherence and preformed 
biofilm on urethral catheter surfaces. J. Microb. Biochem. Technol. 2012, 4, 131–136. 

137. Shivaprasad, D.P.; Taneja, N.K.; Lakra, A.; et al. In vitro and in situ abrogation of biofilm formation in E. coli by vitamin 
C through ROS generation, disruption of quorum sensing and exopolysaccharide production. Food Chem. 2021, 341, 
128171. 

138. Mumtaz, S.; Mumtaz, S.; Ali, S.; et al. Evaluation of antibacterial activity of vitamin C against human bacterial pathogens. 
Braz. J. Biol. 2021, 83, e247165. 

139. ElBaradei, A.; Yakout, M.A. Stenotrophomonas maltophilia: Genotypic characterization of virulence genes and the effect 
of ascorbic acid on biofilm formation. Curr. Microbiol. 2022, 79, 180. 

140. Mirani, Z.A.; Khan, M.N.; Siddiqui, A.; et al. Ascorbic acid augments colony spreading by reducing biofilm formation 
of methicillin-resistant Staphylococcus aureus. Iran. J. Basic. Med. Sci. 2018, 21, 175. 

141. Mills, K.H.G. IL-17 and IL-17-producing cells in protection versus pathology. Nat. Rev. Immunol. 2023, 23, 38–54. 
142. Yamazaki, Y.; Ito, T.; Tamai, M.; et al. The role of Staphylococcus aureus quorum sensing in cutaneous and systemic 

infections. Inflamm. Regen. 2024, 44, 9. 
143. Matsumoto, M.; Nakagawa, S.; Zhang, L.; et al. Interaction between Staphylococcus Agr virulence and neutrophils 

regulates pathogen expansion in the skin. Cell Host Microbe 2021, 29, 930–940. 
144. Matias, C.; Serrano, I.; Van-Harten, S.; et al. Polymicrobial interactions influence the agr copy number in Staphylococcus 

aureus isolates from diabetic foot ulcers. Antonie Van Leeuwenhoek 2018, 111, 2225–2232. 
145. Ge, Y.; Wang, Q. Current research on fungi in chronic wounds. Front. Mol. Biosci. 2023, 9, 1057766. 
146. Galimberti, R.L.; Flores, V.; Gonzalez Ramos, M.C.; et al. Cutaneous ulcers due to Candida albicans in an 

immunocompromised patient—Response to therapy with itraconazole. Clin. Exp. Dermatol. 1989, 14, 295–297. 
147. Figueroa-Ramos, G.; Bermúdez-Rodríguez, S.P.; Gatica-Torres, M.; et al. Non-superficial Cutaneous Manifestations by 

Candida Species. Curr. Fungal Infect. Rep. 2024, 18, 51–59. 
148. Ginter, G.; Rieger, E.; Soyer, H.P.; et al. Granulomatous panniculitis caused by Candida albicans: A case presenting with 

multiple leg ulcers. J. Am. Acad. Dermatol. 1993, 28, 315–317. 
149. Morales, D.K.; Hogan, D.A. Candida albicans interactions with bacteria in the context of human health and disease. PLoS 

Pathog. 2010, 6, e1000886. 
150. Förster, T.M.; Mogavero, S.; Dräger, A.; et al. Enemies and brothers in arms: Candida albicans and Gram‐positive bacteria. 

Cell. Microbiol. 2016, 18, 1709–1715. 
151. Shirtliff, M.E.; Peters, B.M.; Jabra-Rizk, M.A. Cross-kingdom interactions: Candida albicans and bacteria. FEMS 

Microbiol. Lett. 2009, 299, 1–8. 
152. Todd, O.A.; Fidel Jr, P.L.; Harro, J.M.; et al. Candida albicans augments Staphylococcus aureus virulence by engaging 

the Staphylococcal agr quorum sensing system. MBio 2019, 10, 10–1128. 
153. Hu, Y.; Niu, Y.; Ye, X.; et al. Staphylococcus aureus synergized with Candida albicans to increase the pathogenesis and 

drug resistance in cutaneous abscess and peritonitis murine models. Pathogens 2021, 10, 1036. 
154. Grainha, T.; Jorge, P.; Alves, D.; et al. Unraveling Pseudomonas aeruginosa and Candida albicans communication in 

coinfection scenarios: Insights through network analysis. Front. Cell. Infect. Microbiol. 2020, 10, 550505. 
155. Fourie, R.; Ells, R.; Swart, C.W.; et al. Candida albicans and Pseudomonas aeruginosa interaction, with focus on the role 

of eicosanoids. Front. Physiol. 2016, 7, 64. 
156. Schlecht, L.M.; Peters, B.M.; Krom, B.P.; et al. Systemic Staphylococcus aureus infection mediated by Candida albicans 

hyphal invasion of mucosal tissue. Microbiology 2015, 161, 168–181. 
157. Kalan, L.; Grice, E.A. Fungi in the wound microbiome. Adv. Wound Care 2018, 7, 247–255. 
158. Morales, D.K.; Grahl, N.; Okegbe, C.; et al. Control of Candida albicans metabolism and biofilm formation by 

Pseudomonas aeruginosa phenazines. MBio 2013, 4, 10–1128. 
159. Gibson, J.; Sood, A.; Hogan, D.A. Pseudomonas aeruginosa-Candida albicans interactions: Localization and fungal 

toxicity of a phenazine derivative. Appl. Environ. Microbiol. 2009, 75, 504–513. 
160. Li, Y.; Huang, S.; Du, J.; et al. Current and prospective therapeutic strategies: Tackling Candida albicans and 

Streptococcus mutans cross-kingdom biofilm. Front. Cell. Infect. Microbiol. 2023, 13, 1106231. 
161. Kim, D.; Sengupta, A.; Niepa, T.H.R.; et al. Candida albicans stimulates Streptococcus mutans microcolony development 

via cross-kingdom biofilm-derived metabolites. Sci. Rep. 2017, 7, 41332. 
162. Tao, L.; Wang, M.; Guan, G.; et al. Streptococcus mutans suppresses filamentous growth of Candida albicans through 

secreting mutanocyclin, an unacylated tetramic acid. Virulence 2022, 13, 542–557. 
163. Lu, Y.; Lin, Y.; Li, M.; et al. Roles of Streptococcus mutans-Candida albicans interaction in early childhood caries: A 

literature review. Front. Cell. Infect. Microbiol. 2023, 13, 1151532. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  31 of 39  

164. Uranga, C.; Nelson, K.E.; Edlund, A.; et al. Tetramic acids mutanocyclin and reutericyclin A, produced by Streptococcus 
mutans strain B04Sm5 modulate the ecology of an in vitro oral biofilm. Front. Oral Health 2022, 2, 796140. 

165. Jiang, M.; Chen, S.; Li, J.; et al. The biological and chemical diversity of tetramic acid compounds from marine-derived 
microorganisms. Mar. Drugs 2020, 18, 114. 

166. Mousavi, S.; Bereswill, S.; Heimesaat, M.M. Immunomodulatory and antimicrobial effects of vitamin C. Eur. J. 
Microbiol. Immunol. 2019, 9, 73–79. 

167. Ganeshkumar, A.; Suvaithenamudhan, S.; Rajaram, R. In vitro and in silico analysis of ascorbic acid towards lanosterol 
14-α-demethylase enzyme of fluconazole-resistant Candida albicans. Curr. Microbiol. 2021, 78, 292–302. 

168. Zhang, W.; Li, B.; Lv, Y.; et al. Transcriptomic analysis shows the antifungal mechanism of honokiol against Aspergillus 
flavus. Int. J. Food Microbiol. 2023, 384, 109972. 

169. Fried, L.E.; Arbiser, J.L. Honokiol, a multifunctional antiangiogenic and antitumor agent. Antioxid. Redox Signal. 2009, 
11, 1139–1148. 

170. Sun, L.; Ye, X.; Ding, D.; et al. Opposite effects of vitamin C and vitamin E on the antifungal activity of honokiol. J. 
Microbiol. Biotechnol. 2019, 29, 538–547. 

171. Biancatelli, R.; Berrill, M.; Marik, P.E. The antiviral properties of Vitamin C. Expert Rev. Anti-Infect. Ther. 2020, 18, 99–
101. 

172. Rocha, M.P.; Amorim, J.M.; Lima, W.G.; et al. Effect of honey and propolis, compared to acyclovir, against Herpes 
Simplex Virus (HSV)-induced lesions: A systematic review and meta-analysis. J. Ethnopharmacol. 2022, 287, 114939. 

173. Naik, P.P.; Mossialos, D.; Wijk, B.V.; et al. Medical-grade honey outperforms conventional treatments for healing cold 
sores—A clinical study. Pharmaceuticals 2021, 14, 1264. 

174. Nabzdyk, C.S.; Bittner, E.A. Vitamin C in the critically ill-indications and controversies. World J. Crit. Care Med. 2018, 
7, 52. 

175. Ito, K.; Okuno, T.; Sawada, A.; et al. Recurrent Aphthous Stomatitis Caused by Cytomegalovirus, Herpes Simplex Virus, 
and Candida Species in a Kidney Transplant Recipient: A Case Report. Transplant. Proc. 2019, 51, 993–997. 
https://doi.org/10.1016/j.transproceed.2019.01.058. 

176. Das, S.; Das, S. Human papillomavirus infection: Management and treatment. Hum. Papillomavirus 2020, 31. 
177. Chelidze, K.; Thomas, C.; Chang, A.Y.; et al. HIV-related skin disease in the era of antiretroviral therapy: Recognition 

and management. Am. J. Clin. Dermatol. 2019, 20, 423–442. 
178. Kim, G.-N.; Yoo, W.-S.; Park, M.-H.; et al. Clinical features of herpes simplex keratitis in a Korean tertiary referral center: 

Efficacy of oral antiviral and ascorbic acid on recurrence. Korean J. Ophthalmol. 2018, 32, 353–360. 
179. Barker, N.H. Ocular herpes simplex. BMJ Clin. Evid. 2008, 2008, 707. 
180. Furuya, A.; Uozaki, M.; Yamasaki, H.; et al. Antiviral effects of ascorbic and dehydroascorbic acids in vitro. Int. J. Mol. 

Med. 2008, 22, 541–545. 
181. Liu, Y.; Wang, M.; Xiong, M.-M.; et al. Intravenous Administration of Vitamin C in the Treatment of Herpes Zoster‐

Associated Pain: Two Case Reports and Literature Review. Pain. Res. Manag. 2020, 2020, 8857287. 
182. Barrett, A.P. Herpes zoster virus infection: A clinicopathologic review and case reports. Aust. Dent. J. 1990, 35, 328–332. 
183. Niu, X.; Ni, H.; Dai, S. Efficacy of Vitamin C Combined with Famciclovir in the Treatment of Post-Herpetic Neuralgia. 

Curr. Top. Nutraceutical Res. 2022, 20. 
184. Wierzbowska, N.; Olszowski, T.; Chlubek, D.; et al. Vitamins in Gynecologic Malignancies. Nutrients 2024, 16, 1392. 
185. Ferrari, F.A.; Magni, F.; Bosco, M.; et al. The Role of Micronutrients in Human Papillomavirus Infection, Cervical 

Dysplasia, and Neoplasm. Healthcare 2023, 11, 1652. https://doi.org/10.3390/healthcare11111652. 
186. Lin, H.-Y.; Fu, Q.; Kao, Y.-H.; et al. Antioxidants associated with oncogenic human papillomavirus infection in women. 

J. Infect. Dis. 2021, 224, 1520–1528. 
187. Zheng, C.; Zheng, Z.; Chen, W. Association between serum vitamin C and HPV infection in American women: A cross-

sectional study. BMC Women's Health 2022, 22, 404. 
188. Ono, A.; Koshiyama, M.; Nakagawa, M.; et al. The preventive effect of dietary antioxidants on cervical cancer 

development. Medicina 2020, 56, 604. 
189. Wojcik, M.; Kazimierczak, P.; Vivcharenko, V.; et al. Effect of vitamin C/hydrocortisone immobilization within curdlan-

based wound dressings on in vitro cellular response in context of the management of chronic and burn wounds. Int. J. 
Mol. Sci. 2021, 22, 11474. 

190. Cinatl, J.; Cinatl, J.; Weber, B.; et al. In vitro inhibition of human cytomegalovirus replication in human foreskin 
fibroblasts and endothelial cells by ascorbic acid 2-phosphate. Antivir. Res. 1995, 27, 405–418. 

191. Visser, M.E.; Durao, S.; Sinclair, D.; et al. Micronutrient supplementation in adults with HIV infection. Cochrane 
Database Syst. Rev. 2017, 2017, CD003650. 

192. Allard, J.P.; Aghdassi, E.; Chau, J.; et al. Effects of vitamin E and C supplementation on oxidative stress and viral load 
in HIV-infected subjects. Aids 1998, 12, 1653–1659. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  32 of 39  

193. Rivas, C.I.; Vera, J.C.; Guaiquil, V.H.; et al. Increased uptake and accumulation of vitamin C in human immunodeficiency 
virus 1-infected hematopoietic cell lines. J. Biol. Chem. 1997, 272, 5814–5820. 

194. Harakeh, S.; Jariwalla, R.J.; Pauling, L. Suppression of human immunodeficiency virus replication by ascorbate in 
chronically and acutely infected cells. Proc. Natl. Acad. Sci. USA 1990, 87, 7245–7249. 

195. Williams, N.H.; Yandell, J.K. Outer-sphere electron-transfer reactions of ascorbate anions. Aust. J. Chem. 1982, 35, 1133–1144. 
196. Moldoveanu, S.C. Comparison of several HPLC methods for the analysis of vitamin C. Biomed. Chromatogr. 2024, 38, e5753. 
197. Pinnell, S.R.; Yang, H.; Omar, M.; et al. Topical L-ascorbic acid: Percutaneous absorption studies. Dermatol. Surg. 2001, 

27, 137–142. 
198. Pinnell, S.R. Cutaneous photodamage, oxidative stress, and topical antioxidant protection. J. Am. Acad. Dermatol. 2003, 

48, 1–22. 
199. Lambers, H.; Piessens, S.; Bloem, A.; et al. Natural skin surface pH is on average below 5, which is beneficial for its 

resident flora. Int. J. Cosmet. Sci. 2006, 28, 359–370. 
200. Brooks, S.G.; Mahmoud, R.H.; Lin, R.R.; et al. The skin acid mantle: An update on skin pH. J. Investig. Dermatol. 2025, 

145, 509–521. 
201. Choi, E.H. Skin barrier function in neonates and infants. Allergy Asthma Immunol. Res. 2025, 17, 32. 
202. Schreml, S.; Szeimies, R.M.; Karrer, S.; et al. The impact of the pH value on skin integrity and cutaneous wound healing. 

J. Eur. Acad. Dermatol. Venereol. 2010, 24, 373–378. 
203. Jones, E.M.; Cochrane, C.A.; Percival, S.L. The effect of pH on the extracellular matrix and biofilms. Adv. Wound Care 

2015, 4, 431–439. 
204. Strohal, R.; Mittlböck, M.; Hämmerle, G. The management of critically colonized and locally infected leg ulcers with an 

acid-oxidizing solution: A pilot study. Adv. Ski. Wound Care 2018, 31, 163–171. 
205. Schreml, S.; Meier, R.J.; Wolfbeis, O.S.; et al. 2D luminescence imaging of pH in vivo. Proc. Natl. Acad. Sci. USA 2011, 

108, 2432–2437. 
206. Leveen, H.H.; Falk, G.; Borek, B.; et al. Chemical acidification of wounds. An adjuvant to healing and the unfavorable 

action of alkalinity and ammonia. Ann. Surg. 1973, 178, 745. 
207. Wallace, L.A.; Gwynne, L.; Jenkins, T. Challenges and opportunities of pH in chronic wounds. Ther. Deliv. 2019, 10, 

719–735. 
208. Saftić Martinović, L.; Birkic, N.; Miletić, V.; et al. Antioxidant Activity, Stability in Aqueous Medium and Molecular 

Docking/Dynamics Study of 6-Amino-and N-Methyl-6-amino-L-ascorbic Acid. Int. J. Mol. Sci. 2023, 24, 1410. 
209. Campos, P.M.B.G.M.; Gianeti, M.D.; Camargo Jr, F.B.; et al. Application of tetra-isopalmitoyl ascorbic acid in cosmetic 

formulations: Stability studies and in vivo efficacy. Eur. J. Pharm. Biopharm. 2012, 82, 580–586. 
210. Kobayashi, S.; Takehana, M.; Itoh, S.; et al. Protective effect of magnesium‐l‐ascorbyl‐2 phosphate against skin damage 

induced by UVB irradiation. Photochem. Photobiol. 1996, 64, 224–228. 
211. Xu, X.; Woźniczka, M.; Van Hecke, K.; et al. Structural study of L-ascorbic acid 2-phosphate magnesium, a raw material 

in cell and tissue therapy. JBIC J. Biol. Inorg. Chem. 2020, 25, 875–885. 
212. Pinnell, S.R.; Madey, D.L. Topical vitamin C in skin care. Aesthetic Surg. J. 1998, 18, 468–470. 
213. Meščić Macan, A.; Gazivoda Kraljević, T.; Raić-Malić, S. Therapeutic perspective of vitamin C and its derivatives. 

Antioxidants 2019, 8, 247. 
214. Gunton, J.E.; Girgis, C.M.; Lau, T.; et al. Vitamin C improves healing of foot ulcers: A randomised, double-blind, placebo-

controlled trial. Br. J. Nutr. 2021, 126, 1451–1458. 
215. Yarahmadi, A.; Saeed Modaghegh, M.-H.; Mostafavi-Pour, Z.; et al. The effect of platelet-rich plasma-fibrin glue dressing 

in combination with oral vitamin E and C for treatment of non-healing diabetic foot ulcers: A randomized, double-blind, 
parallel-group, clinical trial. Expert. Opin. Biol. Ther. 2021, 21, 687–696. 

216. Tong, K.P.; Intine, R.; Wu, S. Vitamin C and the management of diabetic foot ulcers: A literature review. J. Wound Care 
2022, 31, S33–S44. 

217. Bechara, N.; Flood, V.M.; Gunton, J.E. A systematic review on the role of vitamin C in tissue healing. Antioxidants 2022, 
11, 1605. 

218. Laggner, H.; Besau, V.; Goldenberg, H. Preferential uptake and accumulation of oxidized vitamin C by THP‐1 monocytic 
cells. Eur. J. Biochem. 1999, 262, 659–665. 

219. Mohammed, B.M.; Sanford, K.W.; Fisher, B.J.; et al. Impact of high dose vitamin C on platelet function. World J. Crit. 
Care Med. 2017, 6, 37. 

220. Machlus, K.R.; Italiano Jr, J.E. Megakaryocyte development and platelet formation. In Platelets; Elsevier: Amsterdam, 
The Netherlands, 2019; pp. 25–46. 

221. Le, T.N.; Bright, R.; Truong, V.K.; et al. Key biomarkers in type 2 diabetes patients: A systematic review. Diabetes Obes. 
Metab. 2025, 27, 7–22. 

222. Padayatty, S.J.; Levine, M. Vitamin C: The known and the unknown and Goldilocks. Oral. Dis. 2016, 22, 463–493. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  33 of 39  

223. Pignatelli, P.; Sanguigni, V.; Paola, S.G.; et al. Vitamin C inhibits platelet expression of CD40 ligand. Free Radic. Biol. 
Med. 2005, 38, 1662–1666. 

224. Sathler, P.C.; Lourenço, A.L.; Saito, M.S.; et al. The antihemostatic profile of vitamin C: Mechanisms that underlie the 
technical application of a physiological molecule. Arch. Biol. Sci. 2016, 68, 325–331. 

225. Njus, D.; Kelley, P.M.; Tu, Y.-J.; et al. Ascorbic acid: The chemistry underlying its antioxidant properties. Free Radic. 
Biol. Med. 2020, 159, 37–43. 

226. Lemmens, T.P.; Luo, Q.; Wielders, S.J.H.; et al. Platelet collagen receptors and their role in modulating platelet adhesion 
patterns and activation on alternatively processed collagen substrates. Thromb. Res. 2024, 244, 109201. 

227. Yamazaki, F. Oral vitamin C enhances the adrenergic vasoconstrictor response to local cooling in human skin. J. Appl. 
Physiol. 2012, 112, 1689–1697. 

228. Aschauer, S.; Gouya, G.; Klickovic, U.; et al. Effect of systemic high dose vitamin C therapy on forearm blood flow 
reactivity during endotoxemia in healthy human subjects. Vasc. Pharmacol. 2014, 61, 25–29. 

229. Taddei, S.; Virdis, A.; Ghiadoni, L.; et al. Vitamin C improves endothelium-dependent vasodilation by restoring nitric 
oxide activity in essential hypertension. Circulation 1998, 97, 2222–2229. 

230. Gao, Z.; Spilk, S.; Momen, A.; et al. Vitamin C prevents hyperoxia-mediated coronary vasoconstriction and impairment 
of myocardial function in healthy subjects. Eur. J. Appl. Physiol. 2012, 112, 483–492. 

231. Jablonski, K.L.; Seals, D.R.; Eskurza, I.; et al. High-dose ascorbic acid infusion abolishes chronic vasoconstriction and 
restores resting leg blood flow in healthy older men. J. Appl. Physiol. 2007, 103, 1715–1721. 

232. Zhang, X.; Zhang, F.; Li, Y.; et al. Blockade of PI3K/AKT signaling pathway by Astragaloside IV attenuates ulcerative 
colitis via improving the intestinal epithelial barrier. J. Transl. Med. 2024, 22, 406. 

233. Downward, J. Mechanisms and consequences of activation of protein kinase B/Akt. Curr. Opin. Cell Biol. 1998, 10, 262–
267. 

234. Stephens, L.; Anderson, K.; Stokoe, D.; et al. Protein kinase B kinases that mediate phosphatidylinositol 3, 4, 5-
trisphosphate-dependent activation of protein kinase B. Science 1998, 279, 710–714. 

235. Teng, Y.; Fan, Y.; Ma, J.; et al. The PI3K/Akt pathway: Emerging roles in skin homeostasis and a group of non-malignant 
skin disorders. Cells 2021, 10, 1219. 

236. Saravanan, R.; Adav, S.S.; Choong, Y.K.; et al. Proteolytic signatures define unique thrombin-derived peptides present in 
human wound fluid in vivo. Sci. Rep. 2017, 7, 13136. 

237. Ferreira, I.A.; Mocking, A.I.M.; Urbanus, R.T.; et al. Glucose uptake via glucose transporter 3 by human platelets is 
regulated by protein kinase B. J. Biol. Chem. 2005, 280, 32625–32633. 

238. Mussbacher, M.; Kral-Pointner, J.B.; Salzmann, M.; et al. Mechanisms of hemostasis: Contributions of platelets, 
coagulation factors, and the vessel wall. In Fundamentals of Vascular Biology; Springer: Berlin/Heidelberg, Germany, 
2024; pp. 167–203. 

239. Sindrilaru, A.; Scharffetter-Kochanek, K. Disclosure of the culprits: Macrophages—Versatile regulators of wound healing. 
Adv. Wound Care 2013, 2, 357–368. 

240. Linnerz, T.; Hall, C.J. The diverse roles of phagocytes during bacterial and fungal infections and sterile inflammation: 
Lessons from zebrafish. Front. Immunol. 2020, 11, 1094. 

241. Ang, A.; Pullar, J.M.; Currie, M.J.; et al. Vitamin C and immune cell function in inflammation and cancer. Biochem. Soc. 
Trans. 2018, 46, 1147–1159. 

242. Agathocleous, M.; Meacham, C.E.; Burgess, R.J.; et al. Ascorbate regulates haematopoietic stem cell function and 
leukaemogenesis. Nature 2017, 549, 476–481. 

243. Semenza, G.L. Hypoxia-inducible factors in physiology and medicine. Cell 2012, 148, 399–408. 
244. Flashman, E.; Davies, S.L.; Yeoh, K.K.; et al. Investigating the dependence of the hypoxia-inducible factor hydroxylases 

(factor inhibiting HIF and prolyl hydroxylase domain 2) on ascorbate and other reducing agents. Biochem. J. 2010, 427, 
135–142. 

245. Campbell, E.J.; Vissers, M.C.M.; Dachs, G.U. Ascorbate availability affects tumor implantation-take rate and increases 
tumor rejection in Gulo–/–mice. Hypoxia 2016, 4, 41–52. 

246. Whyte, M.K.B.; Walmsley, S.R. The regulation of pulmonary inflammation by the hypoxia-inducible factor–hydroxylase 
oxygen-sensing pathway. Ann. Am. Thorac. Soc. 2014, 11, S271–S276. 

247. Chen, Z.; Han, F.; Du, Y.; et al. Hypoxic microenvironment in cancer: Molecular mechanisms and therapeutic 
interventions. Signal Transduct. Target. Ther. 2023, 8, 70. 

248. Bigos, K.J.A.; Quiles, C.G.; Lunj, S.; et al. Tumour response to hypoxia: Understanding the hypoxic tumour 
microenvironment to improve treatment outcome in solid tumours. Front. Oncol. 2024, 14, 1331355. 

249. Mirchandani, A.S.; Walmsley, S.R. Systemic hypoxia drives inflammation persistence via suppression of monocytes. 
2022, 23, 830–831. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  34 of 39  

250. Albadari, N.; Deng, S.; Li, W. The transcriptional factors HIF-1 and HIF-2 and their novel inhibitors in cancer therapy. 
Expert. Opin. Drug Discov. 2019, 14, 667–682. 

251. Yang, S.-L.; Wu, C.; Xiong, Z.-F.; et al. Progress on hypoxia-inducible factor-3: Its structure, gene regulation and 
biological function. Mol. Med. Rep. 2015, 12, 2411–2416. 

252. Watts, E.R.; Walmsley, S.R. Inflammation and hypoxia: HIF and PHD isoform selectivity. Trends Mol. Med. 2019, 25, 
33–46. 

253. Packer, M. Mutual antagonism of hypoxia-inducible factor isoforms in cardiac, vascular, and renal disorders. Basic. 
Transl. Sci. 2020, 5, 961–968. 

254. Walmsley, S.R.; Cowburn, A.S.; Clatworthy, M.R.; et al. Neutrophils from patients with heterozygous germline mutations 
in the von Hippel Lindau protein (pVHL) display delayed apoptosis and enhanced bacterial phagocytosis. Blood 2006, 
108, 3176–3178. 

255. Mecklenburgh, K.I.; Walmsley, S.R.; Cowburn, A.S.; et al. Involvement of a ferroprotein sensor in hypoxia-mediated 
inhibition of neutrophil apoptosis. Blood J. Am. Soc. Hematol. 2002, 100, 3008–3016. 

256. Lodge, K.M.; Cowburn, A.S.; Li, W.; et al. The impact of hypoxia on neutrophil degranulation and consequences for the 
host. Int. J. Mol. Sci. 2020, 21, 1183. 

257. Jóźwiak, P.; Ciesielski, P.; Zaczek, A.; et al. Expression of hypoxia inducible factor 1α and 2α and its association with 
vitamin C level in thyroid lesions. J. Biomed. Sci. 2017, 24, 1–10. 

258. Liugan, M.; Carr, A.C. Vitamin C and neutrophil function: Findings from randomized controlled trials. Nutrients 2019, 
11, 2102. 

259. Uchio, R.; Hirose, Y.; Murosaki, S.; et al. High dietary intake of vitamin C suppresses age-related thymic atrophy and 
contributes to the maintenance of immune cells in vitamin C-deficient senescence marker protein-30 knockout mice. Br. 
J. Nutr. 2015, 113, 603–609. 

260. Härtel, C.; Strunk, T.; Bucsky, P.; et al. Effects of vitamin C on intracytoplasmic cytokine production in human whole 
blood monocytes and lymphocytes. Cytokine 2004, 27, 101–106. 

261. Schmidt, T.; Kahn, R.; Kahn, F. Ascorbic acid attenuates activation and cytokine production in sepsis-like monocytes. J. 
Leukoc. Biol. 2022, 112, 491–498. 

262. Pawlowska, E.; Szczepanska, J.; Blasiak, J. Pro‐and antioxidant effects of vitamin C in cancer in correspondence to its 
dietary and pharmacological concentrations. Oxidative Med. Cell. Longev. 2019, 2019, 7286737. 

263. Sasidharan Nair, V.; Huehn, J. Impact of vitamin C on the development, differentiation and functional properties of T 
cells. Eur. J. Microbiol. Immunol. 2024, 14, 67–74. 

264. Kabelitz, D.; Cierna, L.; Juraske, C.; et al. Empowering γδ T‐cell functionality with vitamin C. Eur. J. Immunol. 2024, 
54, 2451028. 

265. Tartaglia, G.; Cao, Q.; Padron, Z.M.; et al. Impaired Wound Healing, Fibrosis, and Cancer: The Paradigm of Recessive 
Dystrophic Epidermolysis Bullosa. Int. J. Mol. Sci. 2021, 22, 5104. https://doi.org/10.3390/ijms22105104. 

266. Toussaint, F.; Erdmann, M.; Berking, C.; et al. Malignant Tumours Presenting as Chronic Leg or Foot Ulcers. J. Clin. 
Med. 2021, 10, 2251. https://doi.org/10.3390/jcm10112251. 

267. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2018, 18, 134–147. 
268. Qiao, X.; Kashiouris, M.G.; L’Heureux, M.; et al. Biological effects of intravenous vitamin C on neutrophil extracellular 

traps and the endothelial glycocalyx in patients with sepsis-induced ARDS. Nutrients 2022, 14, 4415. 
269. Lefrançais, E.; Mallavia, B.; Zhuo, H.; et al. Maladaptive role of neutrophil extracellular traps in pathogen-induced lung 

injury. JCI Insight 2018, 3, e98178. 
270. Azzouz, L.; Cherry, A.; Riedl, M.; et al. Relative antibacterial functions of complement and NETs: NETs trap and 

complement effectively kills bacteria. Mol. Immunol. 2018, 97, 71–81. 
271. Wang, X.; He, J.; Sun, M.; et al. High-dose vitamin C as a metabolic treatment of cancer: A new dimension in the era of 

adjuvant and intensive therapy. Clin. Transl. Oncol. 2025, 27, 1366–1382. 
272. Meng, W.; Paunel-Görgülü, A.; Flohé, S.; et al. Depletion of neutrophil extracellular traps in vivo results in 

hypersusceptibility to polymicrobial sepsis in mice. Crit. Care 2012, 16, 1–13. 
273. McDonald, B.; Urrutia, R.; Yipp, B.G.; et al. Intravascular neutrophil extracellular traps capture bacteria from the 

bloodstream during sepsis. Cell Host Microbe 2012, 12, 324–333. 
274. Arumugam, P.; Kielian, T. Metabolism shapes immune responses to Staphylococcus aureus. J. Innate Immun. 2023, 16, 

12–30. 
275. Yin, B.; Xu, Y.C.; Lu, Y. Oxidative stress-mediated apoptosis via the SLC23A2-ascorbic acid interaction contributes to 

cleft lip development. Front. Pediatr. 2025, 13, 1632778. 
276. Qian, L.W.; Fourcaudot, A.B.; Yamane, K.; et al. Exacerbated and prolonged inflammation impairs wound healing and 

increases scarring. Wound Repair. Regen. 2016, 24, 26–34. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  35 of 39  

277. Holzer-Geissler, J.C.J.; Schwingenschuh, S.; Zacharias, M.; et al. The impact of prolonged inflammation on wound 
healing. Biomedicines 2022, 10, 856. 

278. Hofmann, E.; Fink, J.; Pignet, A.-L.; et al. Human in vitro skin models for wound healing and wound healing disorders. 
Biomedicines 2023, 11, 1056. 

279. Holl, J.; Kowalewski, C.; Zimek, Z.; et al. Chronic diabetic wounds and their treatment with skin substitutes. Cells 2021, 
10, 655. 

280. Gao, J.; Guo, Z.; Zhang, Y.; et al. Age-related changes in the ratio of Type I/III collagen and fibril diameter in mouse skin. 
Regen. Biomater. 2023, 10, rbac110. 

281. Abreu-Velez, A.M.; Howard, M.S. Collagen IV in normal skin and in pathological processes. N. Am. J. Med. Sci. 2012, 4, 1. 
282. Wilkinson, H.N.; Hardman, M.J. Wound healing: Cellular mechanisms and pathological outcomes. Open Biol. 2020, 10, 200223. 
283. Chitturi, R.T.; Balasubramaniam, A.M.; Parameswar, R.A.; et al. The role of myofibroblasts in wound healing, 

contraction and its clinical implications in cleft palate repair. J. Int. Oral. Health: JIOH 2015, 7, 75–80. 
284. Pastar, I.; Stojadinovic, O.; Yin, N.C.; et al. Epithelialization in wound healing: A comprehensive review. Adv. Wound 

Care 2014, 3, 445–464. 
285. Myllylä, R.; Kuutti-Savolainen, E.-R.; Kivirikko, K.I. The role of ascorbate in the prolyl hydroxylase reaction. Biochem. 

Biophys. Res. Commun. 1978, 83, 441–448. 
286. Vasta, J.D.; Raines, R.T. Human collagen prolyl 4-hydroxylase is activated by ligands for its iron center. Biochemistry 

2016, 55, 3224–3233. 
287. Lin, C.; McGough, R.; Aswad, B.; et al. Hypoxia induces HIF‐1α and VEGF expression in chondrosarcoma cells and 

chondrocytes. J. Orthop. Res. 2004, 22, 1175–1181. 
288. Ferrara, N.; Adamis, A.P. Ten years of anti-vascular endothelial growth factor therapy. Nat. Rev. Drug Discov. 2016, 15, 

385–403. 
289. Wlaschek, M.; Singh, K.; Sindrilaru, A.; et al. Iron and iron-dependent reactive oxygen species in the regulation of 

macrophages and fibroblasts in non-healing chronic wounds. Free Radic. Biol. Med. 2019, 133, 262–275. 
290. Hussain, A.; Tabrez, E.; Peela, J.; et al. Vitamin C: A preventative, therapeutic agent against Helicobacter pylori. Cureus 

2018, 10. 
291. Gross, S.J.; Webb, A.M.; Peterlin, A.D.; et al. Notch regulates vascular collagen IV basement membrane through 

modulation of lysyl hydroxylase 3 trafficking. Angiogenesis 2021, 24, 789–805. 
292. Pérez-Gutiérrez, L.; Ferrara, N. Biology and therapeutic targeting of vascular endothelial growth factor A. Nat. Rev. Mol. 

Cell Biol. 2023, 24, 816–834. 
293. Ashino, H.; Shimamura, M.; Nakajima, H.; et al. Novel function of ascorbic acid as an angiostatic factor. Angiogenesis 

2003, 6, 259–269. 
294. DePhillipo, N.N.; Aman, Z.S.; Kennedy, M.I.; et al. Efficacy of vitamin C supplementation on collagen synthesis and 

oxidative stress after musculoskeletal injuries: A systematic review. Orthop. J. Sports Med. 2018, 6, 2325967118804544. 
295. Bai, J.; Li, L.; Kou, N.; et al. Low level laser therapy promotes bone regeneration by coupling angiogenesis and 

osteogenesis. Stem Cell Res. Ther. 2021, 12, 1–18. 
296. Telang, S.; Clem, A.L.; Eaton, J.W.; et al. Depletion of ascorbic acid restricts angiogenesis and retards tumor growth in 

a mouse model. Neoplasia 2007, 9, 47–56. 
297. Saghiri, M.A.; Asatourian, A.; Ershadifar, S.; et al. Vitamins and regulation of angiogenesis:[A, B1, B2, b3, B6, B9, B12, 

C, D, E, k]. J. Funct. Foods 2017, 38, 180–196. 
298. As, M.N.; Deshpande, R.; Kale, V.P.; et al. Establishment of an in ovo chick embryo yolk sac membrane (YSM) assay 

for pilot screening of potential angiogenic and anti‐angiogenic agents. Cell Biol. Int. 2018, 42, 1474–1483. 
299. Tronci, L.; Serreli, G.; Piras, C.; et al. Vitamin C cytotoxicity and its effects in redox homeostasis and energetic 

metabolism in papillary thyroid carcinoma cell lines. Antioxidants 2021, 10, 809. 
300. Timoshnikov, V.A.; Kobzeva, T.V.; Polyakov, N.E.; et al. Redox interactions of vitamin C and iron: Inhibition of the pro-

oxidant activity by deferiprone. Int. J. Mol. Sci. 2020, 21, 3967. 
301. Hüsunet, M.T.; Yilmaz, M.B.; İla, H.B. Cell‐Type‐Dependent Differential Cytotoxic and Genotoxic Effects: 

Comprehensive Mechanistic Insights of l‐Ascorbic Acid on Healthy Lymphocytes and HL‐60 Cancer Cells. Arch. Der 
Pharm. 2025, 358, e70093. 

302. Singh, D.; Rai, V.; Agrawal, D.K. Regulation of collagen I and collagen III in tissue injury and regeneration. Cardiol. 
Cardiovasc. Med. 2023, 7, 5. 

303. Hatz, R.A.; von Jan, N.C.S.; Schildberg, F.W. Mechanisms of action of collagenase in wound repair. In Wound healing 
and skin physiology; Springer: Berlin/Heidelberg, Germany, 1995; pp. 227–237. 

304. Mathew-Steiner, S.S.; Roy, S.; Sen, C.K. Collagen in wound healing. Bioengineering 2021, 8, 63. 
305. Sudbeck, B.D.; Pilcher, B.K.; Welgus, H.G.; et al. Induction and repression of collagenase-1 by keratinocytes is controlled 

by distinct components of different extracellular matrix compartments. J. Biol. Chem. 1997, 272, 22103–22110. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  36 of 39  

306. Sandor, M.; Leamy, P.; Assan, P.; et al. Relevant in vitro predictors of human acellular dermal matrix-associated 
inflammation and capsule formation in a nonhuman primate subcutaneous tissue expander model. Eplasty 2017, 17, e1. 

307. Ågren, M.S.; Taplin, C.J.; Woessner Jr, J.F.; et al. Collagenase in wound healing: Effect of wound age and type. J. Investig. 
Dermatol. 1992, 99, 709–714. 

308. Rodriguez-Pascual, F.; Slatter, D.A. Collagen cross-linking: Insights on the evolution of metazoan extracellular matrix. 
Sci. Rep. 2016, 6, 37374. 

309. Gaar, J.; Naffa, R.; Brimble, M. Enzymatic and non-enzymatic crosslinks found in collagen and elastin and their chemical 
synthesis. Org. Chem. Front. 2020, 7, 2789–2814. 

310. Rodríguez, C.; Martínez-González, J. The role of lysyl oxidase enzymes in cardiac function and remodeling. Cells 2019, 
8, 1483. 

311. Trackman, P.C. Lysyl oxidase isoforms and potential therapeutic opportunities for fibrosis and cancer. Expert. Opin. Ther. 
Targets 2016, 20, 935–945. 

312. Añazco, C.; Riedelsberger, J.; Vega-Montoto, L.; et al. Exploring the Interplay between Polyphenols and Lysyl Oxidase 
Enzymes for Maintaining Extracellular Matrix Homeostasis. Int. J. Mol. Sci. 2023, 24. 
https://doi.org/10.3390/ijms241310985. 

313. Cai, L.; Xiong, X.; Kong, X.; et al. The role of the lysyl oxidases in tissue repair and remodeling: A concise review. Tissue 
Eng. Regen. Med. 2017, 14, 15–30. 

314. Boo, Y.C. Ascorbic acid (vitamin C) as a cosmeceutical to increase dermal collagen for skin antiaging purposes: Emerging 
combination therapies. Antioxidants 2022, 11, 1663. 

315. Gref, R.; Deloménie, C.; Maksimenko, A.; et al. Vitamin C–squalene bioconjugate promotes epidermal thickening and 
collagen production in human skin. Sci. Rep. 2020, 10, 16883. 

316. Kozel, B.A.; Wachi, H.; Davis, E.C.; et al. Domains in tropoelastin that mediate elastin depositionin vitro and in vivo. J. 
Biol. Chem. 2003, 278, 18491–18498. 

317. Zhong, Y.; Mahoney, R.C.; Khatun, Z.; et al. Lysyl oxidase regulation and protein aldehydes in the injured newborn lung. 
Am. J. Physiol. -Lung Cell. Mol. Physiol. 2022, 322, L204–L223. 

318. Yamauchi, M.; Shiiba, M. Lysine hydroxylation and cross-linking of collagen. Post-Transl. Modif. Proteins: Tools Funct. 
Proteom. 2008, 95–108. 

319. Takahashi, M.; Hoshino, H.; Kushida, K.; et al. Direct measurement of crosslinks, pyridinoline, deoxypyridinoline, and 
pentosidine, in the hydrolysate of tissues using high-performance liquid chromatography. Anal. Biochem. 1995, 232, 158–162. 

320. Bailey, A.J.; Paul, R.G.; Knott, L. Mechanisms of maturation and ageing of collagen. Mech. Ageing Dev. 1998, 106, 1–56. 
321. Onursal, C.; Dick, E.; Angelidis, I.; et al. Collagen biosynthesis, processing, and maturation in lung ageing. Front. Med. 

2021, 8, 593874. 
322. Nowak, D.; Gośliński, M.; Wojtowicz, E.; et al. Antioxidant properties and phenolic compounds of vitamin C‐rich juices. 

J. Food Sci. 2018, 83, 2237–2246. 
323. Andayani, U.; Sari, M.I.; Sabarudin, A. Printed Low-Cost Microfluidic Paper-based Analytical Devices for Quantitative 

Detection of Vitamin C in Fruits. IOP Publ. 2019, 546, 032002. 
324. Cabral-Pacheco, G.A.; Garza-Veloz, I.; Castruita-De la Rosa, C.; et al. The roles of matrix metalloproteinases and their 

inhibitors in human diseases. Int. J. Mol. Sci. 2020, 21, 9739. 
325. Lubis, B.; Lelo, A.; Amelia, P.; et al. The effect of thiamine, ascorbic acid, and the combination of them on the levels of 

matrix metalloproteinase-9 (MMP-9) and tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) in sepsis patients. 
Infect. Drug Resist. 2022, 5741–5751. 

326. Roseboom, I.C.; Rosing, H.; Beijnen, J.H.; et al. Skin tissue sample collection, sample homogenization, and analyte 
extraction strategies for liquid chromatographic mass spectrometry quantification of pharmaceutical compounds. J. 
Pharm. Biomed. Anal. 2020, 191, 113590. 

327. Galvão, A.C.; Robazza, W.S.; Bianchi, A.D.; et al. Solubility and thermodynamics of vitamin C in binary liquid mixtures 
involving water, methanol, ethanol and isopropanol at different temperatures. J. Chem. Thermodyn. 2018, 121, 8–16. 

328. Cendrowski, A.; Studnicki, M.; Kalisz, S. Impact of different solvents and temperatures on the extraction of bioactive 
compounds from rose fruits (Rosa rugosa) pomace. Appl. Sci. 2024, 14, 691. 

329. Elbehery, N.H.A.; Amr, A.E.-G.E.; Kamel, A.H.; et al. Novel potentiometric 2, 6-dichlorophenolindo-phenolate (dcpip) 
membrane-based sensors: Assessment of their input in the determination of total phenolics and ascorbic acid in beverages. 
Sensors 2019, 19, 2058. 

330. Fedotcheva, T.A.; Sheichenko, O.P.; Fedotcheva, N.I. New properties and mitochondrial targets of polyphenol agrimoniin 
as a natural anticancer and preventive agent. Pharmaceutics 2021, 13, 2089. 

331. Ravasz, D.; Kacso, G.; Fodor, V.; et al. Reduction of 2-methoxy-1, 4-naphtoquinone by mitochondrially-localized Nqo1 
yielding NAD+ supports substrate-level phosphorylation during respiratory inhibition. Biochim. Et. Biophys. Acta (BBA)-
Bioenerg. 2018, 1859, 909–924. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  37 of 39  

332. Syed, K. Ferredoxins: Functions, Evolution, Potential Applications, and Challenges of Subtype Classification. Curr. 
Issues Mol. Biol. 2024, 46, 9659–9673. 

333. Mohibi, S.; Zhang, Y.; Perng, V.; et al. Ferredoxin 1 is essential for embryonic development and lipid homeostasis. Elife 
2024, 13, e91656. 

334. Gervason, S.; Larkem, D.; Mansour, A.B.; et al. Physiologically relevant reconstitution of iron-sulfur cluster biosynthesis 
uncovers persulfide-processing functions of ferredoxin-2 and frataxin. Nat. Commun. 2019, 10, 3566. 

335. Yamamura, Y.; Mabuchi, A. Functional characterization of NADPH-cytochrome P450 reductase and cinnamic acid 4-
hydroxylase encoding genes from Scoparia dulcis L. Bot. Stud. 2020, 61, 1–11. 

336. Kapucu, S. Characterization of the mitochondrial respiratory chain of Leishmania tarentolae promastigotes. 2023. 
337. Kelly, D.S.; van der Ley, C.P.; Booij, R.; et al. Development and validation of an LC-MS/MS method for the analysis of 

total ascorbic acid capacity in plasma. J. Chromatogr. B 2026, 125023. 
338. Cakmak, I.; Brown, P.; Colmenero-Flores, J.M.; et al. Micronutrients. In Marschner's Mineral Nutrition of Plants; 

Elsevier: Amsterdam, The Netherlands, 2023; pp. 283–385. 
339. Mondovì, B.; Avigliano, L. Ascorbate oxidase. In Copper Proteins and Copper Enzymes; CRC Press: Boca Raton, FL, 

USA, 2018; pp. 101–118. 
340. Dell’Aglio, E.; Mhamdi, A. What are the roles for dehydroascorbate reductases and glutathione in sustaining ascorbate 

accumulation? Plant Physiol. 2020, 183, 11–12. 
341. Foyer, C.H.; Kyndt, T.; Hancock, R.D. Vitamin C in plants: Novel concepts, new perspectives, and outstanding issues. 

Antioxid. Redox Signal. 2020, 32, 463–485. 
342. Balla, G.; Jacob, H.S.; Balla, J.; et al. Ferritin: A cytoprotective antioxidant strategem of endothelium. J. Biol. Chem. 

1992, 267, 18148–18153. 
343. Roginsky, V.A.; Barsukova, T.K.; Stegmann, H.B. Kinetics of redox interaction between substituted quinones and 

ascorbate under aerobic conditions. Chem. -Biol. Interact. 1999, 121, 177–197. 
344. Badu-Boateng, C.; Naftalin, R.J. Ascorbate and ferritin interactions: Consequences for iron release in vitro and in vivo 

and implications for inflammation. Free Radic. Biol. Med. 2019, 133, 75–87. 
345. Al-Soufi, M.A. Quantitative and qualitative detection of vitamin C in some foods by immobilized ascorbate oxidase. Int. 

J. Sci. Basic. Appl. Res. 2016, 26, 235–245. 
346. Zhitkovich, A. Ascorbate: Antioxidant and biochemical activities and their importance for in vitro models. Arch. Toxicol. 

2021, 95, 3623–3631. 
347. Kumar, P. Measurement of ascorbate peroxidase activity in sorghum. Bio-Protoc. 2022, 12, e4531. 
348. Saxena, A.; Lakshmi, J.; Bhattacharjya, R.; et al. The role of antioxidant enzymes in diatoms and their therapeutic role. 

In Marine Antioxidants; Elsevier: Amsterdam, The Netherlands, 2023; pp. 89–118. 
349. Dąbrowska, G.; Kata, A.; Goc, A.; et al. Characteristics of the plant ascorbate peroxidase family. Acta Biol. Cracoviensia 

Ser. Bot. 2007, 49, 7–17. 
350. Feijão, E.; Cruz de Carvalho, R.; Duarte, I.A.; et al. Fluoxetine arrests growth of the model diatom Phaeodactylum 

tricornutum by increasing oxidative stress and altering energetic and lipid metabolism. Front. Microbiol. 2020, 11, 1803. 
351. Yang, M.S.; Chan, H.W.; Yu, L.C. Glutathione peroxidase and glutathione reductase activities are partially responsible 

for determining the susceptibility of cells to oxidative stress. Toxicology 2006, 226, 126–130. 
352. Liu, F.; Huang, N.; Wang, L.; et al. A novel L-ascorbate peroxidase 6 gene, ScAPX6, plays an important role in the 

regulation of response to biotic and abiotic stresses in sugarcane. Front. Plant Sci. 2018, 8, 2262. 
353. Mohammadian, M.A.; Largani, Z.K.; Sajedi, R.H. Quantitative and qualitative comparison of antioxidant activity in the 

flavedo tissue of three cultivars of citrus fruit under cold stress. Aust. J. Crop Sci. 2012, 6, 402–406. 
354. Jones, D.K.; Dalton, D.A.; Rosell, F.I.; et al. Class I heme peroxidases: Characterization of soybean ascorbate peroxidase. 

Arch. Biochem. Biophys. 1998, 360, 173–178. 
355. Patterson, W.R.; Poulos, T.L.; Goodin, D.B. Identification of a porphyrin. pi. Cation radical in ascorbate peroxidase 

compound I. Biochemistry 1995, 34, 4342–4345. 
356. Ranjan, A.; Sinha, R.; Sharma, T.R.; et al. Alleviating aluminum toxicity in plants: Implications of reactive oxygen species 

signaling and crosstalk with other signaling pathways. Physiol. Plant. 2021, 173, 1765–1784. 
357. Singh, S.; Singh, A.; Srivastava, P.K.; et al. Cadmium toxicity and its amelioration by kinetin in tomato seedlings vis-à-

vis ascorbate-glutathione cycle. J. Photochem. Photobiol. B Biol. 2018, 178, 76–84. 
358. Park, A.K.; Kim, I.-S.; Do, H.; et al. Structure and catalytic mechanism of monodehydroascorbate reductase, MDHAR, 

from Oryza sativa L. japonica. Sci. Rep. 2016, 6, 33903. 
359. Sano, S. Molecular and functional characterization of monodehydro-ascorbate and dehydroascorbate reductases. 

Ascorbic Acid. Plant Growth Dev. Stress. Toler. 2017, 129-156. 
360. Bánhegyi, G.; Szarka, A.; Mandl, J. Role of Ascorbate and Dehydroascorbic Acid in Metabolic Integration of the Cell. 

In Vitamin C; CRC Press: Boca Raton, FL, USA, 2020; pp. 99–112. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  38 of 39  

361. Das, B.K.; Kumar, A.; Sreekumar, S.N.; et al. Comparative kinetic analysis of ascorbate (Vitamin-C) recycling 
dehydroascorbate reductases from plants and humans. Biochem. Biophys. Res. Commun. 2022, 591, 110–117. 

362. Yenduri, S.; Navya, S.; Meghana, T.; et al. Estimation of Ascorbic acid and Total Vitamin C contents in some 
Vegetables/Fruits available at BG Nagar area-South Karnataka region/India. NeuroQuantology 2022, 20, 5033. 

363. Roe, J.H.; Kuether, C.A. The Determination of Ascorbic Acid in Whole Blood and Urine through the 2,4-
Dinitrophenylhydrazine Derivavative of Dehydroascorbic Acid; CABI: Oxfordshire, UK, 1943. 

364. Roe, J.H. Comparative analyses for ascorbic acid by the 2, 4-dinitrophenylhydrazine method with the coupling reaction 
at different temperatures a procedure for determining specificity. J. Biol. Chem. 1961, 236, 1611–1613. 

365. Williams, J.; Li, H.; Ross, A.B.; et al. Quantification of the influence of NO2, NO and CO gases on the determination of 
formaldehyde and acetaldehyde using the DNPH method as applied to polluted environments. Atmos. Environ. 2019, 218, 
117019. 

366. Pötter, W.; Karst, U. Identification of chemical interferences in aldehyde and ketone determination using dual-wavelength 
detection. Anal. Chem. 1996, 68, 3354–3358. 

367. Kehm, R.; Baldensperger, T.; Raupbach, J.; et al. Protein oxidation-Formation mechanisms, detection and relevance as 
biomarkers in human diseases. Redox Biol. 2021, 42, 101901. 

368. Sun, Y.; Tang, H.; Wang, Y. Progress and challenges in quantifying carbonyl-metabolomic phenomes with LC-MS/MS. 
Molecules 2021, 26, 6147. 

369. Yin, J.; Song, Y.; Zhang, N.; et al. A fluorophore-conjugated ascorbic acid functions for the visualization of sodium 
vitamin C transporters in living cells. Anal. Methods 2015, 7, 9663–9672. 

370. Yamamoto, F.; Sasaki, S.; Maeda, M. Positron labeled antioxidants: Synthesis and tissue biodistribution of 6-deoxy-6-
[18F] fluoro-L-ascorbic acid. Int. J. Radiat. Appl. Instrum. Part A Appl. Radiat. Isot. 1992, 43, 633–639. 

371. Ashraf, M.A.; Goyal, A. Fludeoxyglucose (18F). In StatPearls [Internet]; StatPearls Publishing: St. Petersburg, FL, USA, 2023. 
372. Miele, E.; Spinelli, G.P.; Tomao, F.; et al. Positron Emission Tomography (PET) radiotracers in oncology–utility of 18F-

Fluoro-deoxy-glucose (FDG)-PET in the management of patients with non-small-cell lung cancer (NSCLC). J. Exp. Clin. 
Cancer Res. 2008, 27, 1–10. 

373. Long, Y.; Yi, C.; Wu, R.; et al. Biodistribution and radiation dosimetry in cancer patients of the ascorbic acid analogue 6-
Deoxy-6-[18F] fluoro-L-ascorbic acid PET imaging: First-in-human study. Eur. J. Nucl. Med. Mol. Imaging 2023, 50, 
3072–3083. 

374. He, P.; Zhang, B.; Zou, Y.; et al. Ascorbic acid analogue 6-Deoxy-6-[18F] fluoro-L-ascorbic acid as a tracer for identifying 
human colorectal cancer with SVCT2 overexpression. Transl. Oncol. 2021, 14, 101055. 

375. Yamamoto, F.; Kaneshiro, T.; Kato, H.; et al. Decreased tissue accumulation of 6-deoxy-6-[F] fluoro-L-ascorbic acid in 
glutathione-deficient rats induced by administration of diethyl maleate. Biol. Pharm. Bull. 2005, 28, 1943–1947. 

376. Shimizu, S. Routes of administration. Lab. Mouse 2004, 1. 
377. Morgan, C.J.; Renwick, A.G.; Friedmann, P.S. The role of stratum corneum and dermal microvascular perfusion in 

penetration and tissue levels of water‐soluble drugs investigated by microdialysis. Br. J. Dermatol. 2003, 148, 434–443. 
378. Moses, W.W. Fundamental limits of spatial resolution in PET. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. 

Spectrometers Detect. Assoc. Equip. 2011, 648, S236–S240. 
379. Chin, M.; Ullah, M.N.; Innes, D.; et al. Ultra-High Spatial Resolution Clinical Positron Emission Tomography (PET) 

Systems. Appl. Sci. 2025, 15, 5207. 
380. Saeed, S.; Martins-Green, M. Assessing animal models to study impaired and chronic wounds. Int. J. Mol. Sci. 2024, 25, 3837. 
381. Grada, A.; Mervis, J.; Falanga, V. Research techniques made simple: Animal models of wound healing. J. Investig. 

Dermatol. 2018, 138, 2095–2105. 
382. Tan, M.L.L.; Chin, J.S.; Madden, L.; et al. Challenges faced in developing an ideal chronic wound model. Expert. Opin. 

Drug Discov. 2023, 18, 99–114. 
383. Lee, J.H.; Pyon, J.-K.; Kim, D.W.; et al. Elevated c-Src and c-Yes expression in malignant skin cancers. J. Exp. Clin. 

Cancer Res. 2010, 29, 1–7. 
384. Combalia, A.; Carrera, C. Squamous cell carcinoma: An update on diagnosis and treatment. Dermatol. Pract. Concept. 

2020, 10, e2020066. 
385. Kasumagic-Halilovic, E.; Hasic, M.; Ovcina-Kurtovic, N. A clinical study of basal cell carcinoma. Med. Arch. 2019, 73, 394. 
386. Okabe, T.; Fujimura, T.; Okajima, J.; et al. First-in-human clinical study of novel technique to diagnose malignant 

melanoma via thermal conductivity measurements. Sci. Rep. 2019, 9, 3853. 
387. Gregg, R.K. Model systems for the study of malignant melanoma. Melanoma Methods Protoc. 2021, 1–21. 
388. Roger, M.; Fullard, N.; Costello, L.; et al. Bioengineering the microanatomy of human skin. J. Anat. 2019, 234, 438–455. 
389. Dearman, B.L.; Boyce, S.T.; Greenwood, J.E. Advances in skin tissue bioengineering and the challenges of clinical 

translation. Front. Surg. 2021, 8, 640879. 



Stoilov et al.   Regen. Med. Dent. 2026, 3(3), 10 

https://doi.org/10.53941/rmd.2026.100010  39 of 39  

390. Hong, Z.-X.; Zhu, S.-T.; Li, H.; et al. Bioengineered skin organoids: From development to applications. Mil. Med. Res. 
2023, 10, 40. 

391. Lee, W.; Debasitis, J.C.; Lee, V.K.; et al. Multi-layered culture of human skin fibroblasts and keratinocytes through three-
dimensional freeform fabrication. Biomaterials 2009, 30, 1587–1595. 

392. Meuli, M.; Hartmann-Fritsch, F.; Hüging, M.; et al. A cultured autologous dermo-epidermal skin substitute for full-
thickness skin defects: A phase I, open, prospective clinical trial in children. Plast. Reconstr. Surg. 2019, 144, 188–198. 

393. Maschmeyer, I.; Lorenz, A.K.; Schimek, K.; et al. A four-organ-chip for interconnected long-term co-culture of human 
intestine, liver, skin and kidney equivalents. Lab. A Chip 2015, 15, 2688–2699. 

394. Kim, J.J.; Ellett, F.; Thomas, C.N.; et al. A microscale, full-thickness, human skin on a chip assay simulating neutrophil 
responses to skin infection and antibiotic treatments. Lab. A Chip 2019, 19, 3094–3103. 

395. Wagner, I.; Materne, E.-M.; Brincker, S.; et al. A dynamic multi-organ-chip for long-term cultivation and substance 
testing proven by 3D human liver and skin tissue co-culture. Lab. A Chip 2013, 13, 3538–3547. 

396. Kameyama, H.; Dondapati, P.; Simmons, R.; et al. Needle biopsy accelerates pro-metastatic changes and systemic 
dissemination in breast cancer: Implications for mortality by surgery delay. Cell Rep. Med. 2023, 4, 101330. 

397. Lennard, S.; Carter, J.E.; Kopari, N.M.; et al. 813 Histologic Changes of Skin Biopsies After Autologous Skin Cell 
Suspension. J. Burn. Care Res. Off. Publ. Am. Burn. Assoc. 2022, 43, S212. 

398. Nolano, M.; Tozza, S.; Caporaso, G.; et al. Contribution of skin biopsy in peripheral neuropathies. Brain Sci. 2020, 10, 989. 
399. Risueño, I.; Valencia, L.; Jorcano, J.L.; et al. Skin-on-a-chip models: General overview and future perspectives. APL 

Bioeng. 2021, 5, 030901. 


