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Abstract

:

At the level of skin wounds, an electrical potential difference develops between the edges of the wound and the center of the wound, which favors the migration of cells in the process of their healing. Cells migrate in an electric field because they have a certain electrical membrane potential. This potential is due to differences in the transmembrane electrochemical gradient. The transmembrane electrochemical gradient is due to the migration of sodium, potassium, and calcium ions into the corresponding ion channels. If this is the case, the modification of the functionality of these ion channels should influence the membrane potential and, as a consequence, the wound healing process. In this experiment, we set out to investigate whether the chemical manipulation of ion channels by amiodarone influences the wound healing process. Amiodarone blocks several types of ion channels, but at different concentrations: at low concentrations, it blocks only potassium channels; at medium concentrations, potassium and calcium channels; and at high concentrations, it blocks potassium, calcium, and sodium channels. We worked on rats that were given experimental skin lesions and evaluated the influence of the healing of these lesions upon the topical administration of amiodarone in three concentrations, 200 nM, 2000 nM and 200,000 nM, compared to an untreated group and a group treated with benzyl alcohol, the amiodarone solvent. In our experimental conditions, low concentration amiodarone promoted wound healing both in terms of duration of healing and also in terms of speed of healing. This means that blocking some ions, possibly potassium channels, might promote wound healing.
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1. Introduction


The definition of a wound is that it ruptures the cellular, anatomical, and functional continuity of a living tissue and can be caused by any of the following: physical, chemical, thermal, microbial, or immunological injury. To put it simply, a wound is a break in the epithelial integrity that can also result in the rupture of the structure and function of the underlying normal tissue. To repair the structure of the wounded tissue, a complex process involving migration, proliferation, interaction, and differentiation of multiple cell types (e.g., epidermal, dermal, and infiltrating inflammatory cells), biomolecular interactions, the synthesis of matrix components, and a complex signaling network must occur. The healing process of wounds involves electrical cues as well [1]. Skin is considered a kind of natural battery, and injury is a disruption? of solid cell junctions that alters tissue homeostasis and elemental electricity. The wound gap can be closed by guiding cell migration with the use of the injury potential generated in the form of electrical current and field; in contrast, when the electrical signal is suppressed, wound healing is harmed. A diverse group of cell types, including fibroblasts, endothelial cells, inflammatory cells, and keratinocytes that cause skin damage, are vulnerable to the altered electrical signals [2,3,4]. Consequently, by balancing biological electricity, the wound healing process can be accelerated. After injury to the human epidermis, the transepithelial potential (TEP) present in non-lesional epidermis decreases and induces an endogenous direct current, which generates an epithelial electric field (EEF). This could be involved in wound reepithelization. Sodium transport through the epidermis leads to TEP in epithelial tissues [5,6,7]. This transport is accomplished by both the action of the sodium channels located on the apical of the cells and also by the Na+/K+ ATPase pumps located at the bottom of the cell. Cellularly, Na+ ions enter the cells through sodium channels and are then extruded by Na+/pumps/K+ ATPaze to help maintain a low level of Na+ inside the cell [6,8,9]. The basal layer of the epidermis has a higher ion concentration than the upper layers, which is a favorable effect of differential transport on an ionic gradient. In the epidermis surrounding the wound, the TEP decreases after injury. When skin regeneration is completed, TEP is restored [6,9,10,11]. The mechanism that restores it is yet to be identified.



According to the Vaughan Williams classification, amiodarone is categorized as a class III antiarrhythmic drug. Amiodarone has the same mechanism of action as other drugs in this class, which is the inhibition of potassium rectifier currents that repolarize the heart during phase 3 of the cardiac action potential. This blocking effect of potassium channels results in an increased duration of action potential and a prolonged effective refractory period in cardiac myocytes. Unlike other class III agents, amiodarone has a wider range of action, comprising beta-adrenergic receptor blockage, such as beta 1 adrenergic receptors and calcium and sodium channels [12]. Amiodarone at different concentrations blocks several types of ion channels, but at low concentrations it blocks only potassium channels, at medium concentrations potassium and calcium channels, and at high concentrations it blocks potassium, calcium, and sodium channels [13,14,15,16,17].



Potassium channels allow the passage of potassium ions through the membrane, as well as blocking the flow of other ions—particularly sodium ions. They are composed of two parts: a part that makes the selection and allows the passage of potassium ions, and the gate, which opens and closes the channel based on environmental signals [6,18]. Voltage-gated potassium channels are involved in various physiological processes, from repolarization of neuronal or cardiac action potentials, upregulation of calcium signaling and cell volume, to stimulation of cell proliferation and migration [19,20,21]. It also provides opportunities for the development of new drugs for various diseases and physiological processes, such as scarring [1,5,6]. The family of voltage-gated potassium channels is extensive and diverse and has been preserved by evolution. The number of genes for human voltage-gated potassium channels is 40, and they are divided into 12 subfamilies [22,23,24]. The nervous system and other tissues are home to large concentrations of these voltage-gated potassium channels [6,11,19,20,22]. Voltage-gated potassium channels are responsible for regulating the waveform and firing pattern of action potentials in excitable cells such as neurons, cardiomyocytes, and muscles. Cell volume, proliferation, and migration of a wide range of cell types can also be regulated by voltage-gated potassium channels [20,25,26,27].



Calcium channel blockers (CCBs) are considered vital treatments for cardiovascular conditions such as hypertension, angina pectoris, and cardiac arrhythmias [5]. CCBs are proven to have beneficial effects in other conditions, including wound healing, as evidenced by some studies. In animal model studies, it has been suggested that verapamil, diltiazem, nifedipine, and azelnidipine play a potential role in wound healing [28,29,30]. In a previous study, amlodipine, which is classified as a dihydropyridine CCB, was observed to enhance wound healing and shorten the healing period [31]. Evidence has demonstrated that CCBs possess antioxidant properties and enhance collagen storage and fibroblast proliferation by stimulating the production of nitric oxide (NO) [32]. NO has a significant effect on angiogenesis and the development of fibroblasts, epithelial cells, and keratinocytes in wound healing. Tissue collagenases, such as matrix metalloproteinases, are more abundantly expressed at sites of tissue injury; the associated inflammatory cytokines and intracellular calcium levels determine their response [33].



Additionally, CCBs are recognized for their vasodilatory properties, which increase blood flow to the wound area and encourage the production of growth factors [34]. Gingival hyperplasia is one of the side effects of CCBs. It is possible for both inflammatory and non-inflammatory pathways to cause gingival hyperplasia. Healing is beneficial in the inflammatory pathway due to the probable upregulation of certain cytokines (e.g., transforming growth factor-β). Folic acid uptake causes collagenase activity to decrease in the non-inflammatory pathway [35].



In the present experiment, we set out to investigate whether the chemical manipulation of the ion channels by amiodarone influences the wound healing process [13]. To our knowledge, this is the first research made in order to show a possible effect of amiodarone on wound healing.



In biological research, the most widely used animal model is, by far, the laboratory mouse. Mice are preferred for research due to their ease of housing and maintenance, as well as the availability of a vast array of reagents specific to mice [36]. We worked on rats that were given experimental skin lesions and evaluated the influence of the healing of these lesions upon the topical administration of amiodarone in three concentrations, respectively, 200 nM blocks only potassium channels, 2000 nM blocks both calcium and potassium channels, and 200,000 nM blocks potassium channels, calcium channels, and sodium channels, compared to an untreated group and a group treated with benzyl alcohol, the amiodarone solvent [15,37,38,39].




2. Materials and Methods


All experiments were conducted in accordance with the protocols approved by the Carol Davila University of Medicine Bucharest institutional animal care and use committee.



A total of 40 albino male Wistar rats were worked on [3,36]. In each animal, under general anesthesia with Ketamine and Xylazine, a square lesion with a side of 1 cm was performed by skin excision after depilation (Figure 1).



The animals were divided into 5 batches (each batch had 8 rats): batch number 1 was untreated, batch number 2 was treated with benzyl alcohol and amiodarone solvent, batch number 3 was treated with amiodarone at a concentration of 200 nM (AM1), batch number 4 a was treated with amiodarone at a concentration of 2000 nM (AM2), and batch number 5 was treated with amiodarone at a concentration of 200,000 nM (AM3). Each rat was treated twice daily by topical administration of the substance corresponding to each batch until the lesions were healed.



Each lesion was photographed from the same distance and with the same degree of image magnification, every other day for the first nine days and then every three days, respectively, at time t1—day 1 from the practice of the injury, t2—day 3 (Figure 1a and Figure 2a), t3—day 5, t4—day 7 (Figure 1b and Figure 2b), t5—day 9, t6—day 12, t7—day 15 (Figure 1c and Figure 2c) [40]. Using an Image J program, the area of each lesion measured in pixels was calculated at each time of the recording.



The main parameter analyzed was the mean duration of wound healing in each group.



In addition to this, secondary parameters were also analyzed, namely the percentage decrease of the lesional surfaces and the average speed percentage per day of the lesional surfaces.



The following parameters were calculated for each rat and time of measurement:




	(a)

	
The main parameter—the duration of wound healing measured in days




	(b)

	
Secondary parameters




	1.

	
The percentage decrease of the area relative to the value of the initial area, according to the formula


  S =     S   t 1   −   S   t       S   t 1     × 100  











where S is the percentage decrease in area, St1 is the initial area measured in pixels, and St is the area at the time of measurement in pixels.




	2.

	
The percentage speed decrease of the lesion surface according to the formula


  V =         S   t     −   S   t + 1       S   t     × 100   : [   t + 1   − t ]  











where V represents the percentage decrease rate per day of the surface, St represents the surface of the lesion at time t, measured in pixels, St+1 represents the surface of the lesion at time t+1, measured in pixels, and t represents the time of surface measurement expressed in days from the beginning of the experiment.















For each batch, the averages and standard deviations of the 3 parameters were calculated at each moment of the measurement, and the statistical significance was investigated by the Student’s t-test. The control batch was considered, in the hypothesis of the research, the natural evolution batch. It was considered that the differences between the groups for each moment of the measurement are statistically significant if p < 0.05 for the main parameter and p < 0.02 for the secondary parameters, because the Bonferroni method was applied in order not to produce an alpha-risk inflation.




3. Results


3.1. Main Parameter: Average Duration of Wound Healing


Average Duration of Wound Healing


The average duration of wound healing was: in the untreated group 27.17 ± 5.19 days; in the group treated with benzyl alcohol 21.83 ± 2.71 days; in the group treated with low concentration amiodarone 19.57 ± 3.05 days; in the group treated with amiodarone in medium concentration 22.13 ± 5.17 days; and in the group treated with amiodarone in high concentration 22.25 ± 4.53 days. There was only one statistically significant difference compared to the natural batch, namely for the group treated with low concentrations of amiodarone (p = 0.03).



The results are presented in Table 1 and Figure 3.





3.2. Secondary Parameters


	
The percentage decrease of the lesion surfaces compared to the initial surface






The percentage decrease of the lesion surfaces compared to the initial surface recorded the following values:




	–

	
In the untreated batch at time t1—5.33% ± 3.63, t2—10.40% ± 8.09, t3—43.92% ± 15.81, t4—58.08% ± 14.20, t5—76.36% ± 8.20, and t6—88.48% ± 5.92.




	–

	
In the batch treated with benzyl alcohol at time t1—7.49% ± 11.09, t2—22.41% ± 13.00, t3—44.35% ± 18.38, t4—65.85% ± 14.13, t5—81.06% ± 4.34, and t6—92.05% ± 4.33.




	–

	
In the batch treated with amiodarone in a concentration of 200 nM at time t1—17.03% ± 7.38, t2—26.65% ± 6.20, t3—57.23% ± 11.82, t4—71.13% ± 7.75, t5—84.22% ± 4.18, and t6—93.50% ± 4.46.




	–

	
In the batch treated with amiodarone in a concentration of 2000 nM at time t1—9.68% ± 7.57, t2—20.78% ± 10.74, t3—45.39% ± 11.48, t4—64.90% ± 14.69, t5—79.55% ± 6.09, and t6—90.51% ± 5.83.




	–

	
In the batch treated with amiodarone in a concentration of 200,000 nM at time t1—7.05% ± 6.98, t2—18.91% ± 6.96, t3—43.59% ± 5.59, t4—61.56% ± 10.35, t5—76.27% and t6—86.63% ± 7.23.









Statistical analysis showed that:




	
At time t2 compared to t1: the greatest decrease in surface area was in the batch treated with low concentrations of amiodarone, the difference compared to the untreated batch being statistically significant for a p < 0.001.



	
At time t3 compared to t1: the biggest decrease was in the batch treated with low dose amiodarone, the difference compared to the untreated batch being statistically significant for p < 0.0003, but also the group treated with high concentration amiodarone recorded the difference of the untreated batch statistically significant although lower for p < 0.02.



	
At time t4 compared to t1, amiodarone in low concentration also registered the greatest decrease in surfaces, but the differences compared to the untreated batch are not statistically significant.



	
At times t5 and t6 compared to t1, the only statistically significant difference from the untreated batch was recorded for the low dose of amiodarone (p < 0.02 at time t5, respectively, p < 0.01 at time t6).








The results are presented in Table 2 and Figure 4.



	5

	
The rate of daily percentage decrease of the lesion surface







At time t2, the velocities were: in the untreated batch 2.66 ± 1.81/day, in the batch treated with benzyl alcohol 5.80% ± 3.71/day, in the batch treated with low concentration amiodarone 8.51% ± 3.69/day, in the batch treated with amiodarone in medium concentration 4.79% ± 3.97/day, and in the batch treated with amiodarone in high concentration 4.96% ± 3.31/day.



At time t3, the velocities were: in the untreated batch 2.72 ± 3.16/day, in the batch treated with benzyl alcohol 8.23% ± 2.52/day, in the batch treated with low concentration amiodarone 5.70% ± 2.89/day, in the batch treated with amiodarone in medium concentration 6.32% ± 3.08/day, and in the batch treated with amiodarone in high concentration 6.24% ± 3.93/day.



At time t4, the velocities were: in the untreated batch 19.06 ± 6.84/day, in the batch treated with benzyl alcohol 15.25% ± 5.76/day, in the batch treated with low concentration amiodarone 20.94% ± 7.11/day, in the batch treated with amiodarone in medium concentration 16.42% ± 3.66/day, and in the batch treated with amiodarone in high concentration 16.49% ± 4.33/day.



At time t5, the velocities were: in the untreated batch 12.61 ± 5.83/day, in the batch treated with benzyl alcohol 18.99% ± 8.98/day, in the batch treated with low concentration amiodarone 15.68% ± 5.87/day, in the batch treated with amiodarone in medium concentration 18.91% ± 8.31/day, and in the batch treated with amiodarone in high concentration 15.37% ± 11.41/day.



At time t6, the velocities were: in the untreated batch 13.41 ± 6.02/day, in the batch treated with benzyl alcohol 13.22% ± 6.12/day, in the batch treated with low concentration amiodarone 15.04% ± 2.52/day, in the batch treated with amiodarone in medium concentration 12.82% ± 4.18/day, and in the batch treated with amiodarone in high concentration 11.98% ± 6.10/day.



At time t7, the velocities were: in the untreated batch 17.60 ± 4.88/day, in the batch treated with benzyl alcohol 18.69% ± 7.10/day, in the batch treated with low concentration amiodarone 20.73% ± 6.74/day, in the batch treated with amiodarone in medium concentration 18.98% ± 7.46/day, and in the batch treated with amiodarone in high concentration 15.72% ± 5.30/day.



There were statistically significant differences compared to the untreated batch at time t2 only in the batch treated with low concentration amiodarone (p < 0.001), and at time t2 the statistically significant difference compared to the untreated batch was for the average dose of amiodarone (p < 0.02). The results are presented in Table 3 and Figure 5.





4. Discussion


As it can be seen, the batch treated with amiodarone generated significant differences from the natural batch, which led us to state that there was a favorable effect of amiodarone. In the evaluation of the duration of wound healing, only low-dose amiodarone showed a statistically significant decrease compared to the untreated batch, i.e., 19.57 days for low-dose amiodarone compared to 27.17 days for the untreated batch.



In principle, low-dose amiodarone decreased the time required for wound healing by approximately 8 days, representing 27.97% of the time required for wound healing in the untreated batch. The batch treated with benzyl alcohol did not generate statistically significant differences from the natural batch, which allowed us to say that benzyl alcohol did not influence the wound healing.



Considering the working hypothesis, we can assume that blocking potassium channels accelerates wound healing under our experimental conditions, as represented by the decrease in the time required for wound healing. This effect was maintained throughout the entire period of wound healing.



This implies that blocking potassium channels favors wound healing, considering that the medium dose, which in addition to potassium channels also blocks calcium channels, and the high dose, which in addition to potassium channels also blocks calcium and sodium channels, had no statistically significant effect. Furthermore, taking into consideration that medium and high doses of amiodarone had no effect on wound healing, we can presume that both the blocking of calcium and sodium channels antagonize the effect of blocking potassium channels.



The hypothesis seems logical because the potassium current is a repolarizing current, while the calcium and sodium currents are depolarizing currents. It is very likely that blocking the repolarizing potassium current increased the membrane potential and thereby accelerated cell migration in the electric field. Under these conditions, blocking depolarizing currents decreased the membrane potential raised by potassium channel blockade and thus antagonized the favorable effect of potassium channel blockade. Indeed, this seems to have been the case in our experiment, because the effect of amiodarone in high concentrations on wound healing was less intense than the effect of amiodarone in medium concentrations.



The secondary parameters used, respectively, the percentage decrease of the lesional surfaces compared to the initial surface and the daily percentage speed decrease of the lesional surfaces, tried to evaluate by which mechanisms the blocking of the ion channels influenced wound healing.



Amiodarone in high concentration reduced progressively, from one determination to another, the differences between the decrease in lesional surfaces compared to the control group, but only at time t3 were these differences statistically significant.



Regarding the daily rate of decrease in lesional area, it generally increased during the first 3 days, after which it remained relatively constant. The highest speed of daily decrease in surface area was found in the batch treated with amiodarone in low concentration, the differences being statistically significant compared to the untreated batch at time t2.



Both the batches treated with medium and high concentrations of amiodarone recorded higher rates of daily percentage decrease of the lesion surfaces compared to the untreated batch, but only the average dose of amiodarone was statistically significant at time t3.



These results show that the shortening of wound healing time is produced by an acceleration of the rate of decrease of the lesional surfaces.



The fact that the differences were statistically significant only at certain times of the measurement but not at all times suggests that different mechanisms are involved during healing from one stage to another and that it is likely that blocking potassium channels promotes wound healing only at certain stages of the healing process, depending on the mechanism involved in the respective stages. The fact that in the analysis of these secondary parameters, amiodarone in medium concentration had statistically significant effects at certain times of the measurement, but amiodarone in high concentration never had statistically significant effects, suggests that blocking calcium channels only partially antagonizes the effect of blocking potassium channels. The effect of blocking potassium channels appears to be completely antagonized only by simultaneously blocking both calcium and sodium channels.



From a statistical point of view, there is of course the possibility that the small number of lesions per group of animals did not confer enough statistical power to detect differences between the batches treated with different doses of amiodarone, but management of nonhealing wounds represents a major challenge. Since we did not know from the beginning what ion channels were involved, we did not perform histological analyses, but we suggest continuing research on this issue.




5. Conclusions


	
Low concentration amiodarone promoted wound healing under our experimental conditions, both in terms of duration of healing and speed of healing.



	
Blocking potassium channels promotes wound healing.



	
Neither medium-dose amiodarone nor high-dose amiodarone had statistically significant effects on wound healing time.



	
Given that a potassium current is a depolarizing current, while calcium and sodium currents are repolarizing, it turns out that blocking the potassium current increases the membrane potential; this increase is antagonized by blocking calcium and sodium currents. As a consequence, blocking calcium and/or sodium channels antagonizes the positive effects of blocking potassium channels on wound healing.



	
It is possible that the increase in membrane potential produced by blocking potassium channels accelerated the migration of cells into the wound field, which explained the acceleration of healing.
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Figure 1. The lesion evolution of the natural batch on day 1 (0); day 3 (a), day 7 (b), and day 15 (c). 
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Figure 2. The lesion evolution of the amiodarone 200 nM batch on day 1 (0); day 3 (a), day 7 (b), and day 15 (c). 
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Figure 3. The time required to achieve complete scarring. Each column represents the average number of days required for the wounds to heal. * p = 0.03. 
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Figure 4. Evolution over time of the lesional surfaces. The percentage difference between the initial surface and the surface at the time of the measurement relative to the initial surface is represented on the vertical axis. The days in which the measurements were taken counted from the start of the experiment are represented on the horizontal axis. 
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Figure 5. Time evolution of the daily percentage speed decrease. On the vertical axis, the percentage speed decrease between two consecutive measurements is represented. On the horizontal axis, the time interval between the two consecutive measurements is represented. 
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Table 1. The average number of days required to achieve complete healing. Each value represents the average healing days and standard deviation for each batch.
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	Batch
	Average Scarring Days
	Statistical Significance Compared to the Natural Batch





	NAT
	27.17 ± 5.19 days
	



	AB
	21.83 ± 2.71 days
	



	AM1
	19.57 ± 3.05 days
	p = 0.03



	AM2
	22.13 ± 5.17 days
	



	AM3
	22.25 ± 4.53 days
	










 





Table 2. The percentage decrease of the lesion surfaces compared to the initial surface. Each value represents the average of the differences between the initial area and the area at the time of measurement relative to the initial area for each batch, the area being measured in pixels. The significance was calculated compared to the natural batch.






Table 2. The percentage decrease of the lesion surfaces compared to the initial surface. Each value represents the average of the differences between the initial area and the area at the time of measurement relative to the initial area for each batch, the area being measured in pixels. The significance was calculated compared to the natural batch.





	Batch
	Z1–Z3
	Z1–Z5
	Z1–Z7
	Z1–Z9
	Z1–Z12
	Z1–Z15





	NAT
	5.33% ± 3.63
	10.40% ± 8.09
	43.92% ± 15.81
	58.08% ± 14.20
	76.36% ± 8.20
	88.48% ± 5.92



	AB
	7.49% ± 11.09
	22.41% ± 13.00

(p = 0.02)
	44.35% ± 18.38
	65.85% ± 14.13
	81.06% ± 4.34
	92.05% ± 4.33



	AM1
	17.03% ± 7.38

(p = 0.001)
	26.65% ± 6.20

(p = 0.0003)
	57.23% ± 11.82

(p = 0.04)
	71.13% ± 7.75

(p = 0.02)
	84.22% ± 4.18

(p = 0.01)
	93.50% ± 4.46

(p = 0.04)



	AM2
	9.68% ± 7.57
	20.78% ± 10.74

(p = 0.03)
	45.39% ± 11.48
	64.90% ± 14.69
	79.55% ± 6.09
	90.51% ± 5.83



	AM3
	7.05% ± 6.98
	18.91% ± 6.96

(p = 0.02)
	43.59% ± 5.59
	61.56% ± 10.35
	76.27% ± 6.97
	86.63% ± 7.23










 





Table 3. Each value represents the average of the percentage speed decrease between 2 consecutive measurements, related to the time interval.
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	Batch
	Z1–Z3
	Z3–Z