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ABSTRACT
Impaired wound healing particularly in diabetics creates a significant 
healthcare burden. The study aimed to evaluate the effect of keratin- 
butyrate fibers (FKDP +0.1%NaBu) in a full-thickness skin wound model 
in 30 diabetic rats. Physicochemical examination showed that the 
obtained dressing possesses a heterogeneous structure and butyrate 
was slowly released into the wound. Moreover, the obtained dressing 
is nontoxic and supports cell growth. In vivo results showed that keratin- 
butyrate dressing accelerated wound healing on days 4 and 7 post-injury 
(p < .05). Histopathological and immunofluorescence examination 
revealed that applied dressing stimulated macrophage infiltration, 
which favors tissue remodeling and regeneration. The dressing was 
naturally incorporated into regenerating tissue. The highest mRNA 
expression level of interleukin 1β (IL-1β) was observed during the first 
2 weeks in the control wounds compared to FKDP +0.1%NaBu treated 
wounds, in which IL-1β was significantly decreased. In FKDP +0.1%NaBu 
dressed wounds, mRNA expression of IL-10 and VEGF increased signifi-
cantly (p < .05) from day 14. Keratin-butyrate treated wounds enhanced 
mRNA expression of keratin 16 and 17 and zonula occludens protein-1 
and junctional adhesion molecules (p < .05) on days 14, 21, and 28 post- 
injuries. Our study showed that keratin butyrate dressing is safe and can 
efficiently accelerate skin wound healing in diabetic rats.
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摘要

伤口愈合受损, 尤其是糖尿病患者, 造成了巨大的医疗负担. 本研究旨在评估 
角蛋白丁酸纤维 (FKDP +0.1%NaBu) 在30只糖尿病大鼠全层皮肤创伤模型中 
的作用. 理化检查表明, 获得的敷料具有异质结构, 丁酸盐缓慢释放到伤口 
中. 此外, 所得敷料无毒, 并支持细胞生长。体内实验结果显示, 丁酸角蛋白 
敷料可在损伤后第4天和第7天加速伤口愈合 (p < .05) . 组织病理学和免疫荧 
光检查显示, 敷料刺激巨噬细胞浸润, 有利于组织重塑和再生. 敷料自然融入 
再生组织中. 与FKDP +0.1%NaBu处理的伤口相比, 前两周对照伤口的白细胞 
介素1β (IL-1β) mRNA表达水平最高, 其中IL-1β显著降低. 在FKDP +0.1%NaBu 
包扎伤口中, IL-10和VEGF的mRNA表达从第14天开始显著增加 (p < .05) . 在 
损伤后14天、21天和28天, 丁酸角蛋白治疗的伤口中, 角蛋白16和17的 
mRNA表达增强, 小带阻断蛋白-1和连接粘附分子 (p < .05) . 我们的研究表 
明, 丁酸角蛋白敷料安全有效地促进糖尿病大鼠皮肤伤口愈合.

Introduction

Diabetes is a common chronic metabolic disorder that is characterized by hyperglycemia and loss of 
glucose homeostasis. Patients with diabetes suffer from chronic nonhealing wounds, which remain 
a global medical problem creating high burden for health care system (Spampinato et al. 2020; Wan 
et al. 2021). The main goal of tissue engineering and regenerative medicine is to search for a new 
type of biomaterials that would accelerate the healing process. Several biomaterials including 
keratin, gelatin, or collagen were examined as potential bandages, which can promote tissue 
recovery.

Keratin biomaterials (soluble or insoluble) gain much attention since they are biocompatible, 
biodegradable and support cell migration and proliferation (Bochynska-Czyz et al. 2020; Konop 
et al. 2017; Konop, Rybka, and Drapała 2021; Moay et al. 2021; Park et al. 2015; Tachibana et al.  
2002; Verma et al. 2008). Keratin fibers can release keratin peptides into the wound bed. These 
peptides activate keratinocytes and stimulate their proliferation to provide epithelialization of the 
open wound (Feroz et al. 2020; Konop, Rybka, and Drapała 2021). Cells at the migrating wound front 
showed up-regulation of genes for keratin 6, keratin 16, and keratin 17 (KRT) in a sequence consistent 
with keratinocyte activation occurring earlier in the keratin-treated wound and can accelerate skin 
regeneration (Pechter et al. 2012; Zhang, Yin, and Juan Zhang 2019). The KRT16-KRT6 keratin pair 
functions to maintain collective cell migration and integrity by increasing cell–cell and cell–matrix 
contact, decreasing cell migration and directionality while maintaining mechanical integrity. KRT17 
can pair with either KRT6 or KRT5 to drive keratinocyte hyperproliferation by increasing cell size and 
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increasing protein synthesis. KRT17 can also induce Th1/Th17 cytokine production from keratino-
cytes (Mazzalupo et al. 2003; Zhang, Yin, and Juan Zhang 2019).

The obtained keratin dressing fulfills criteria of ideal wound dressing proposed by Turner. The 
main advantage is that this dressing can be compared to allogeneic transplantation, since rat fur was 
used as a substrate for final dressing production. Moreover, the dressing is biocompatible and 
biodegradable, and it is naturally incorporated into regenerated tissue without any signs of inflam-
matory reaction (Konop et al. 2017; Konop, Rybka, and Drapała 2021). What distinguishes it from 
other biomaterials (natural or synthetic), it can be used directly as a wound dressing (Lahiri et al. 2021; 
Zhong et al. 2021).

Moreover, due to the expanded surface of the keratin biomaterial, it is possible to incorporate 
substances with analgesic or anti-inflammatory effects into it. In this context, sodium salt of n-butyric 
acid (Na-Bu) gains attention due to its anti-inflammatory properties. Butyrate is produced by 
fermentation of dietary fiber by anaerobic bacteria in the colon. Na-Bu induces cell differentiation 
and is also an inhibitor of histone deacetylase (HDAC). It is a nontoxic, naturally occurring compound 
that relieves epithelial inflammation (Keshava and Gope 2015).

To our knowledge, there are no reports on the biological functions of keratin-butyrate scaffolds in 
the healing of diabetic skin wounds. In this study, we evaluated keratin scaffolds containing butyrate as 
a wound dressing in a full-thickness skin wound model in diabetic rats. The results suggest that Na-Bu 
supports cutaneous wound healing in diabetic rats. Our data also show that FKDP +0.1%NaBu might 
be crucial for the expression of KRT16, KRT17, tight junction protein – ZO1, JAM-A, and down- 
regulation of IL-1 during wound healing in diabetic conditions.

Materials and methods

Reagents were described in supplementary materials.

Scanning electron microscopy (SEM) and water absorbance test

Samples were prepared according to the method described previously (Konop et al. 2017). The surface 
structure of the sample was analyzed using a Hitachi S-3400N Scanning Electron Microscope with 
a variable vacuum using the high vacuum mode (SE secondary electron detector). Fiber diameter was 
measured for raw fur, FKDP, and FKDP +0.1%NaBu. All technical details are described in supple-
mentary materials.

Preparation of keratin butyrate dressing and in vitro drug release from the wound dressing

The preparation of the keratin-derived wound dressing from rat fur was performed as published 
previously (Konop, Rybka, and Drapała 2021) and supplemented with 0.1% sodium butyrate (NaBu). 
The release of butyrate from keratin dressing (FKDP +0.1%NaBu) was examined according to the 
method described previously (Onyszkiewicz et al. 2019). All technical details are described in supple-
mentary materials.

Evaluation of the antibacterial activity of the dressing

The obtained dressing was tested for antibacterial properties utilizing the agar well diffusion minimal 
inhibitory concentration method. Technical details are described in supplementary materials.

Microwave plasma – atomic emission spectrometer measurements

The mineralization process was performed with the use of the microwave mineralization system 
Magnum II, Ertec. Technical details are described in supplementary materials.
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Hemolysis assay

Compound-induced hemolysis was measured following a modified Mazzarino procedure (Mazzarino 
et al. 2015) with a modification described in supplementary materials.

Cells viability assay

Cell viability was determined with Cell Proliferation Kit I MTT (Sigma Aldrich, St. Louis, MO, USA). 
All experiments were performed according to the manufacturer’s protocol and described in the 
supplementary materials.

Animals

In this study 13–15-week-old male (N = 30), Sprague Dawley rats were obtained from the Central 
Laboratory for Experimental Animals, Medical University of Warsaw (Poland). Procedures adhered to 
guidelines published in European Directive 2010/63/EU on the protection of animals used for 
scientific purposes and the study was approved by the National Ethical Committee for Animal 
Experiments in Warsaw, Poland (Certificate of approval no. 13/2021).

Iatrogenically induced diabetes

Diabetes in rats was induced with an intraperitoneal injection of streptozotocin (STZ) at a dose of 65  
mg/kg. Rats were considered diabetic if three consecutive measurements of a blood glucose level taken 
from the lateral saphenous vein were higher than 250 mg/dL. Technical details are described in 
supplementary materials.

Surgical procedure

Skin wounds were performed according to the protocol described previously (Konop et al. 2020). Skin 
biopsies were taken from control and FKPDP +0.1%NaBu treated wounds at the relevant time points for 
histological and molecular biology examination. Technical details are described in supplementary 
materials.

Histopathological and immunofluorescence examination

Preparation of histological specimens was identical for all examined tissue samples according to the 
standard procedure at Histology Laboratory at the Department of Dermatology, Warsaw, Poland, as 
described previously (Konop et al. 2018, 2020). Immunofluorescence staining for macrophages, 
Nuclear Factor kappa B (NF-κβ; subunits: p65 and p50), Tumor protein P53, VEGF, Flk-1 receptors, 
pancytokeratin, and neutrophils were performed with the appropriate primary and secondary anti-
bodies. Results were examined using an Optiphot-2 Nikon fluorescent microscope (Nicon 
Instruments Inc., Toki, Japan) equipped with the appropriate filters and recorded with a Model DS- 
L1 Nikon camera. All technical details are described in supplementary materials.

Protein extraction and immunoblotting analysis

For the protein analysis, the total protein extract was prepared from the control and FKDP +0.1% 
NaBu treated wound area (central part). Technical details are described in supplementary materials.
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RNA isolation and RT-qPCR

Total cellular RNA was extracted from the wound area (central part), (approx. 15 mg of wet tissue) 
using Trizol reagent (Invitrogen, Carlsbad, USA) according to the manufacturer’s protocol. Technical 
details are described in supplementary materials.

Statistical analyses

All the data are presented as means ± SEM. Determination of statistical significance was made using 
either t-tests (two-tailed), one-way ANOVA (with Bonferroni post hoc test), or two-way ANOVA 
(with Bonferroni multiple comparisons), depending on the data structure. The minimal level of 
significance was P ≤ .05. All comparisons were calculated using GraphPad Prism 5.0 software for 
Windows (GraphPad Software, San Diego, CA, USA).

Results and discussion

In the present study, we investigated a novel therapeutic approach to wound healing – a wound 
dressing based on keratin-derived powder loaded with butyrate. A novel finding of our study is that 
such dressing supported skin wound healing, increased macrophage infiltrate into treated wounds, 
decreased inflammatory reaction by reduction of mRNA expression of IL-1β, enhanced level of IL-10 
and bicellular tight junction protein (ZO1 and JAM-A).

SEM analysis showed that the treatment of rat fur with sodium hydroxide and pepsin generated 
a distinct decrease in hair shaft thickness, by partial degradation of the hair cuticle and cortical cells. 
Physicochemical examination showed that obtained keratin-butyrate scaffolds possess heterogeneous 
structure (Figures 1 a–), and butyrate was slowly released into the wound during the following 5 days 
(Table 1, Fig S1 in supplementary materials).

Figure 1. SEM images of untreated rat fur (a), FKDP before grinding (b), and FKDP +0.1%NaBu (c), (d) fiber diameter e) water 
absorption test. The data were only tested by the t-test for dependent samples (mean ± standard error of the mean). Original 
magnification of SEM images: 300 × .
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Our earlier studies showed that the heterogeneous structure of keratin allows the slow release of 
compounds with anti-inflammatory or antibacterial properties. The obtained dressing possesses weak 
antimicrobial properties (Fig. S2, Table S1 in supplementary materials). Moreover, the obtained 
dressing possesses the ability for fluid absorption (Figure 1e) and can create a moist environment, 
which fits the characteristics of an ideal dressing according to Turner’s criteria (Konop et al. 2017,  
2020; Konop, Rybka, and Drapała 2021; Ma et al. 2012).

In vitro experiment showed that FKDP +0.1%NaBu scaffolds were nontoxic and increased cell 
viability compared with cells treated with FKDP alone. In our earlier studies, we showed that three 
main fractions of fur keratin protein: 0.05–0.15 mm; 0.15–0.5 mm; 0.5–1.0 mm in length, and an 
average diameter of 50 µm can be obtained (Bochynska-Czyz et al. 2020).

Hemolytic activity of tested dressings was evaluated according to Mazzarino et al. (2015). It was 
observed that up to the concentration of 1% (v/w), FKDP and FKDP-0.1%NaBu dressings do not 
induce hemolytic process (Figure 2a) and could be safely used as a potential wound dressing.

Fibroblasts exposed to FKDP and FKDP +0.1%NaBu at concentrations of 0.1%, 0.5%, and 1% 
presented decreased cell viability after 24 h incubation period (Figure 2b). At those concentrations, 
FKDP +0.1%NaBu caused a significantly lower decrease in cell viability when compared to cells 
exposed to FKDP alone. It is well known that Na-Bu can maintain the stability of the gut environment 
by regulating various cellular functions, including proliferation, differentiation, apoptosis, and intest-
inal epithelial permeability (Qiu et al. 2017; Yang et al. 2021).

Histological evaluation showed that the healing process of the wounded tissue in FKDP +0.1%NaBu 
treated wound was significantly faster (p < .05) compared with untreated side on days 4 and 7 post-injury 
(Figure 3b,c). From day 14 onwards, the rate of wound healing was similar, but statistical significance 
was lost. On the 28th day of observation, the regenerated skin in the butyrate keratin-treated wound 
showed full-thickness epidermis and condensed collagen (Fig. S4 in supplementary materials) fibrils in 
the dermis with a scant keratin remnants present in the macrophages with appearing hair follicle 
epithelia. These processes were delayed at the untreated wounds for several days. Moreover, it was 
observed that the number of microhemorrhages (extravasated erythrocytes) significantly decreased in 
keratin-butyrate treated wounds during the recovery period compared with untreated side (Figure 3a). 
Similar results were observed in our earlier studies (Konop et al. 2018, 2020).

Table 1. Semi-quantitative results of the LC-MS study: detected concentration of butyrate released from keratin dressing into PBS 
measured during 120 h.

Examined dressing

The concentration of released butyrate from wound dressing into PBS [µmol/L]

0.5 h 1 h 3 h 4 h 24 h 48 h 72 h 96 h 120 h

FKDP +0.1%NaBu 218.15 427.89 330.29 380.01 355.71 323.78 305.09 189.51 106.38

Figure 2. Effect of FKDP and FKDP +0.1%NaBu on: a) rat red blood cells hemolysis, b) cell viability. The data are statistically significant 
when p < .05, *- p < .05, *** p < .001, 2-way ANOVA followed by Bonferroni post hoc tests, mean ± standard error of the mean.
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It can be concluded that the addition of 0.1% sodium butyrate as a surface modifier of keratin 
particles significantly accelerated the healing process in diabetic rats in the early stage of healing. This 
is most likely an example of the synergistic effect of both FKDP and sodium butyrate on wound 
healing process. Keshava and Gope (2015) examined the effect of topical application of sodium 
butyrate (Na-Bu), EGF, and PDGF-BB on the acute cutaneous wound healing in a streptozotocin- 
induced diabetic mouse model. They showed that the topical application of a combination of EGF plus 
PDGF-BB along with a differentiation-inducing agent as Na-Bu may eventually be considered for 
clinical treatment and management of various human wounds and burns. Butyrate can modulate cell 
growth, and the effect is concentration- and cell line type-dependent (Dyson, Daniel, and Surrey 1992; 
Guilloteau et al. 2010).

In the next step, we evaluated the impact of Na-Bu on mRNA expression of pro- and anti- 
inflammatory cytokines, growth factors, cytokeratins, and bicellular tight junction proteins (Lee 
et al. 2017; Liu et al. 2018; Mowat and Agace 2014; Park et al. 2007). Butyrate treatment diminished 
mRNA expression of the proinflammatory interleukin-1β in the keratin-butyrate treated wound 
during the first 2 weeks after injury, which suggested the promotion of wound healing by butyrate 
(Figure 4a). Moreover, immunofluorescence studies showed that strong labeling for macrophages was 
observed in keratin-butyrate treated wounds, whereas neutrophils predominated in the control 
wounds (Figure 5a, Fig S4 in supplementary materials). This confirmed the anti-inflammatory 
properties of butyrate (Chen et al. 2018) released from FKDP +0.1%NaBu dressing. On the other 
hand, some studies showed that butyrate enhances interleukin-1β production by activating caspase-1 
(Ohira et al. 2012).

In keratin-butyrate treated wounds, we observed enhanced mRNA expression of the IL-10 on the 
days 14, 21, and 28 post-injury, which proves the anti-inflammatory properties of the tested dressing 

Figure 3. The effect of FKDP-0.1%nabu dressing on: a) changes in the number of microhemorrhages, b) on skin wound healing. Rat 
numbers at Day 4, N = 30; Day 7, N = 24; Day 14, N = 18; Day 21, N = 12; Day 28, N = 6. c) Hematoxylin-eosin staining of harvested 
tissues from control and FKDP +0.1%NaBu treated wounds, magnification 100x. The data were only tested by the t-test for 
dependent samples (for each post-wounding day separately).
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(Figure 4b). There is deficient information about the impact of butyrate on skin wound healing; 
however, it is well known that butyrate stimulates anti-inflammatory mechanisms that may also 
promote the restoration of mucosal barrier function through decreased inflammatory cytokines 
production (Chang et al. 2014; Plöger et al. 2012; Zheng et al. 2017). Moreover, enhanced expression 
of IL-10 can be associated with the presence of macrophages, which are known to be major producers 
of the anti-inflammatory cytokine IL-10 (e.g. in the intestine) (Morhardt et al. 2019). Studies in which 

Figure 4. The expression of IL-1β, IL-10, TNF-α, VEGF, KRT1, KRT10, KRT16, and KRT17 mRNA levels in skin biopsies. The data were 
only tested by the t-test for dependent samples (for each post-wounding day separately, mean ± standard error of the mean) and 
were statistically significant when p-value <.05, were: * - p < .05,**-p < .01, *** - p < 0,001.
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the inflammatory process was monitored by measuring the mRNA and protein level of IL-10 in serum 
show that an increased IL-10 mRNA level corresponds to an increased protein level of IL-10 (Amoras 
et al. 2020; Ndishimye et al. 2015; Sapan et al. 2017).

This study confirmed our previously published data that increased expression of IL-10 can correlate 
with enhanced infiltration with macrophages during healing, which was also confirmed by immuno-
fluorescence examination (Konop et al. 2021; Konop, Rybka, and Drapała 2021). The effect of sodium 
butyrate on piroxicam-induced gastric ulceration in cholestatic rats was evaluated, demonstrating that 
Na-Bu effectively protected gastric and hepatic tissues from cholestasis-induced damage and increased 
production of IL-10 (Elnozahi et al. 2020).

Tumor necrosis factor (TNF)-α is a quickly released cytokine that initiates inflammation in 
wounds. We showed that keratin-butyrate treatment enhanced mRNA expression of the TNF-α in 
the dressed part at the beginning and slowly decreased during recovery (Figure 4c). Its precise role in 
wound healing is not yet fully understood, however, TNF-α is closely related to the very early process 
of skin wound healing with upregulation of TNF-α synthesis within a few hours after injury, and then 
successive decrease (Ashcroft et al. 2013; Ritsu et al. 2017; Rodero and Khosrotehrani 2010).

The main angiogenic factor in the wound is Vascular Endothelial Growth Factor (VEGF) and 
its reduced expression results in impaired wound healing. The increased production of VEGF in 
the wound is described in migratory keratinocytes and macrophages infiltrating the granulation 
tissue (Brown et al. 1992; Frank et al. 1995; Rodero and Khosrotehrani 2010). Our study showed 
that keratin-butyrate treated wounds increased mRNA expression of VEGF was detected. These 
findings were also confirmed with immunofluorescence staining for VEGF, Flk-1 receptors, and 
macrophages (Figure 5a,b, Fig. S6 in supplementary materials). Such findings suggest a beneficial 
effect of examined dressing in angiogenic activity and are in agreement with the previous reports 
(Kim and Chuang 2014), which documented the up-regulation of VEGF expression in brain 
tissues following Na-Bu treatment. It was previously demonstrated that local treatment with 

Figure 5. Tissue biopsy taken from FKDP +0.1%NaBu (upper panels) treated wound and control wound (lower panel) immunola-
beled for a) macrophages (red), p53 (green), and cell nuclei (blue), b) Flk-1 (red), pancytokeratin (green), and cell nuclei (blue). Note 
the changes in immunoreactive cell numbers during the healing course.
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a low dose (0.2 mM) of Na-Bu induced angiogenesis, matrix remodeling, and maturation during 
granulation tissue formation in an experimental model of sponge-induced subcutaneous fibro-
vascular tissue in mice (Castro et al. 2021).

Furthermore, we examined the impact of keratin butyrate scaffolds on the expression of selected 
cytokeratins (KRT1, KRT10, KRT16, and KRT17) and tight junction proteins at the mRNA level. All 
of them are involved in tissue regeneration and wound healing divided as KRT16/KRT17 and KRT10/ 
KRT1 (Hobbs, Lessard, and Coulombe 2012; Konop et al. 2017; Konop, Rybka, and Drapała 2021). 
Keratin-butyrate treatment enhanced mRNA expression of KRT16 and KRT17 starting on the day 14 
until the end of the experiment (Figures 4 e–). This suggests that the tested dressing promoted wound 
healing. Epidermal injury leads to KRT16 and KRT17 induction, which occurs at the expense of 
KRT1/10 (Pauline and Coulombe 2003). Studies have shown that KRT17 affects protein growth and 
synthesis (Seyun, Wong, and Coulombe 2006). The epithelial cells at the edge of the wound rapidly 
induce KRT17, which is mediated at least in part via the modulation of tumor necrosis factor-α 
secretion (Pechter et al. 2012; Seyun, Wong, and Coulombe 2006). Expression of KRT16 and KRT17 
persists through the epithelial remodeling phases until the barrier function is restored, suggesting that 
these keratins play an important physiological role during repair (Zhang, Yin, and Juan Zhang 2019). 
KRT1 is co-expressed with KRT10 in the suprabasal layer of the epidermis, and elevated expression of 
the KRT1/KRT10 complex indicates increased terminal differentiation of keratinocytes (Haake and 
Cooklis 1997). In our study, we did not observe increased expression of KRT1/KRT10, which may 
suggest that the process of keratinocyte differentiation was not fully activated. However, there are 
reports that KRT10 is up-regulated at post-wounding phase (Gangnuss et al. 2004). Since KRT10 is 
a marker for keratin differentiation, it suggests that wound re-epithelialization in both groups of our 
study had not been yet completed (Adamskaya et al. 2011).

Tight junction proteins (TJs) are intercellular connections composed of various transmembrane 
proteins including occludins, claudins, and junctional adhesion molecules (JAMs), as well as intra-
cellular scaffolding proteins such as zonula occludens (ZOs) (Leonardo et al. 2020; Shi et al. 2018), 
which are important for the formation of an intercellular part of the skin (Volksdorf et al. 2017). 
Sodium butyrate was found to protect the intestinal barrier by regulating the expression of tight 
junction proteins (Ma et al. 2012; Wang and Wang 2012); however, there is a gap in the impact of 
butyrate on tight junction proteins during skin wound healing. Our study showed that wounds treated 
with keratin-butyrate dressing enhanced mRNA expression of Tjp1 (ZO1) and F11 r (JAM-A) 
proteins, which may suggest that promotion of wound healing and neovascularization may occur 
through the released butyrate from the applied dressing. These findings suggest that ZO proteins 
appear to participate in the regulation of cell growth and proliferation and support wound healing 
(Figures 6a,b). It was shown that butyrate treatment enhanced mRNA expression of the intestinal 
mucosal tight junction proteins occludin and zonula occludin protein-1 (P < .05), suggesting the 
promotion of wound healing by butyrate (Ma et al. 2012).

In addition, JAM-A up-regulation promoted both mesenchymal stem cells (MSC) homing to full- 
thickness skin wounds and wound healing-related cytokine secretion by MSCs (Feng et al. 2018). 
These effects promote angiogenesis at the wound surface and accelerated epithelialization, as repre-
sented by the increased thickness of the neoepidermis after wound healing and the formation of more 
skin appendage-like structures, thus improving the quality of wound healing. Moreover, JAM-A 
participates in angiogenesis by mediating the movement and migration of CD34+ hematopoietic 
progenitor cells to damaged vascular walls (Peddibhotla et al. 2013).

Western blot analysis was performed to detect the levels of phosphorylated transcription factors 
(p-AKT) and protein kinases (mTOR, AKT, RPS6) involved in intracellular signaling pathways in 
the wounded tissue to identify the signaling pathway involved in sodium butyrate action. In general, 
it has been reported that activation of the AKT/mTOR pathway can promote cell proliferation and 
migration, collagen synthesis, and angiogenesis. Butyrate might increase the levels of tight junction 
proteins by involving the activation of AKT/mTOR-mediated protein synthesis (Hui and Ajuwon  
2017). In our study in keratin-butyrate treated wounds, ZO1 and JAM-A expression were increased. 
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This finding provided solid evidence that AKT phosphorylation is essential for the sodium butyrate- 
mediated up-regulation of ZO1 and JAM-A expression in the wounded skin. It was shown that 
sodium butyrate promotes tight junction protein expression e.g. ZO1 in colon and Caco-2 cells in 
a GPR109A-dependent manner (Feng et al. 2018). A subsequent study showed that AKT/mTOR 
signaling pathway is activated in the wounded skin of both nondiabetic and diabetic rats, but in the 
wounded skin of diabetic rats, the activation is remarkably attenuated (Huang et al. 2015).

Ribosomal protein S6 (RPS6) is a key component of the translational machinery in eukaryotic 
cells and is essential for ribosome biogenesis. It plays an important role in ribosome biogenesis, 
protein translation, cell proliferation, cell growth, DNA repair, apoptosis, and cell differentiation 
(Ruvinsky and Meyuhas 2006; Salmond et al. 2009). In this study, we showed that in keratin- 

Figure 6. The expression of Tjp1 (a), and F11 r (b) mRNA levels in skin biopsies. c) the protein expression levels of AKT, p- AKT, RPS6, 
and mTOR were examined by Western blot analysis. The protein expression levels are displayed as the mean ± sem (n = 5). The data 
were only tested by the t-test for dependent samples (p-value <.05 was considered significant; *-p < .05, **-p < .01, ***-p < .001, 
mean ± standard error of the mean).
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butyrate treated wounds RPS6 expression was elevated during recovery. RPS6 regulates pro- 
survival ribosomal mTORC2 signaling, which serves as a positive feedback loop in AKT activation 
(Yano et al. 2014). It is well known that RPS6 is rapidly phosphorylated in cells stimulated for 
growing or division. Furthermore, numerous studies have documented a strong correlation 
between increased S6 phosphorylation and protein synthesis, leading to the idea that S6 phosphor-
ylation is involved in translation up-regulation. Therefore, it seems that RPS6 phosphorylation is 
a critical effector of mTOR activation of cell growth regulation (Baffi et al. 2021; Yang et al. 2015; 
Yano et al. 2014).

Conclusion

In summary, our study demonstrates that keratin butyrate dressing is safe and efficient in skin wound healing 
promotion in diabetic rat model. We have proven that butyrate was gradually released from the dressing and 
presented anti-inflammatory properties. RT-qPCR analysis showed that keratin-butyrate treated wounds 
decreased mRNA expression of inflammatory IL-1 and increased mRNA expression of VEGF, TNF-α, and 
anti-inflammatory IL-10. Moreover, we found that keratin-butyrate treated wounds increased mRNA 
expression of KRT16, KRT17, which are involved in tissue regeneration. Additionally, keratin-butyrate 
wound dressing increased the levels of tight junction proteins: ZO1 and JAM-A through the activation of 
AKT/mTOR-mediated protein synthesis. Furthermore, applied dressing stimulated macrophage infiltration, 
which favors tissue remodeling and regeneration without signs of aggravated inflammatory response. 
However, future studies with insoluble keratin scaffolds are needed to explore the molecular mechanism of 
the AKT/mTOR pathway involved in skin regeneration induced by keratin-based dressings.
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