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Abstract 

 

Setting the correct ratio of superoxide anion (O2
•─

) and nitric oxide (
•
NO) radicals 

seems to be crucial in restoring disrupted redox signaling in diabetic skin and improvement of 

•
NO physiological action for prevention and treatment of skin injuries in diabetes. In this 

study we examined the effects of L-arginine and manganese(II)-pentaazamacrocyclic 

superoxide dismutase (SOD) mimic – M40403 in diabetic rat skin. Following induction of 

diabetes by alloxan (blood glucose level ≥ 12 mmol l
-1

) non-diabetic and diabetic male Mill 

Hill hybrid hooded rats were divided into three subgroups: (i) control, and receiving: (ii) L-

arginine, (iii) M40403. Treatment of diabetic animals started after diabetes induction and 

lasted for 7 days. Compared to control, lower cutaneous immunoexpression of endothelial NO 

synthase (eNOS), heme oxygenase 1 (HO1), manganese SOD (MnSOD) and glutathione 

peroxidase (GSH-Px), in parallel with increased NFE2-related factor 2 (Nrf2) and 

nitrotyrosine levels characterized diabetic skin. L-arginine and M40403 treatments normalized 

alloxan-induced increase in nitrotyrosine. This was accompanied by the 

improvement/restitution of eNOS and HO1 or MnSOD and GSH-Px protein expression levels 

in diabetic skin following L-arginine, i.e. SOD mimic treatments, respectively. The results 

indicate that L-arginine and M40403 stabilize redox balance in diabetic skin and suggest the 

underlying molecular mechanisms. Restitution of skin redox balance by L-arginine and 

M40403 may represent an effective strategy to ameliorate therapy of diabetic skin. 

 

Key words: diabetes, nitric oxide, superoxide, SOD mimic, skin redox balance 
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Introduction 

 Diabetes mellitus is a chronic metabolic disease of complex etiology caused by 

deficiency in insulin or insulin action, characterized by elevated levels of blood glucose. In 

the skin, sustained hyperglycemia leads to a series of pathological/biochemical processes 

resulting in inflammation, redox disbalance, changes in the composition of extracellular 

matrix, and functional deficit of proteins, ultimately developing in clinical symptoms: micro- 

and macro-angiopathy, polyneuropathy and changes in the connective tissue texture [1]. More 

than 70% diabetes patients suffer from pathologic skin changes. Chronic inflammation, ulcers 

and wounds in the skin during the course of disease may progress in gangrene and/or necrosis. 

Thus, it is of great importance to find more effective therapies to avert the development 

and/or progression of diabetic complications in the skin. 

 Insults from increased levels of reactive oxygen and/or nitrogen species (ROS/RNS) 

play a key role in development of diabetic complications [2–4], yet, the classic antioxidants 

failed to show significant benefits. An innovative approach for controlling ROS excess 

appeared in the recent years relies on the redox-active mechanism-based agents. Different 

superoxide dismutase (SOD) mimics have been used in diverse pathophysiological conditions 

associated with high superoxide anion (O2
•─

) level [5–7], including diabetes [8–11]. Initially 

designed to relief from excess O2
•─

, growing data suggest that decreased formation of two-

electron oxidants, such as peroxynitrite (ONOO
─
), the subsequent nitr(os)ative stress, and the 

restored signaling by nitric oxide (
•
NO) underline the therapeutic benefits of these agents 

[8,10,12–15]. 

 The essential biological processes in the skin, such as microcirculation and 

innervation, proliferation of fibroblasts and keratinocytes, synthesis of collagen and immune 

response are regulated by 
•
NO [16–21]. There are strong indications that impaired function of 

•
NO in these processes leads to poor skin nutrition and altered thermoregulation, dysfunction 

of somatosensory and nociceptive system, reduced regenerative capacity and susceptibility to 

infections [21,22]. The availability of 
•
NO to act in redox signaling is determined by its (i) site 

and level of synthesis, in vivo dominantly by L-arginine oxidation in a reaction catalyzed by 

nitric oxide synthases (NOSs) [23,24], and (ii) interactions with different biotargets, like 

ferrous anion (heme and non-heme), thiyl radicals, O2 and O2
•─

 [25,26]. The reaction with 

O2
•─

 in different pathophysiological conditions is prime antagonist of physiological 
•
NO 

actions, since those two radicals combine at a rate k ̴ 10
9
-10

10
 M

-1 
· s

-1
, exceeding the rate of 

interactions of 
•
NO with all known biotargets, and the O2

•─
 dismutation reaction catalyzed by 

native SODs. Notably, a study of Luo et al. [22] showed that gene therapy of either 
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endothelial NOS (eNOS), augmenting the constitutive NOS activity, or manganese SOD 

(MnSOD), that inhibits cutaneous O2
•─

 excess, accelerated healing in the skin of type I 

diabetic mice. This indicated that a non-physiological ratio of O2
•─

 and 
•
NO may be important 

in the pathophysiology of diabetic complications in the skin. Thus, deeper understanding of 

enzymatic and nonenzymatic pathways that determine the levels of O2
•─

 and 
•
NO in the 

diabetic skin is essential in their targeting. 

 The current study was aimed to broaden the knowledge about the molecular 

mechanisms affecting O2
•─

/
 •
NO balance

 
in skin in the early phase of diabetes induction. In 

particular, the study was designed to test in an animal model the ability to pharmacologically 

tackle the O2
•─

/
•
NO ratio and to increase 

•
NO bioavailability in diabetic skin by 

supplementation with L-arginine and manganese(II)-pentaazamacrocyclic SOD mimic - 

M40403. 

 

Methods 

Animals and diabetes induction 

 Male Mill Hill hybrid hooded, 3-month-old rats (Rattus norvegicus, Berkenhout, 

1769) were used. The animals were kept on a 12/12 reverse light/dark cycle, with standard 

chow diet and water ad libitum. They were divided into two groups: diabetic and non-diabetic 

rats. Alloxan (Sigma, Germany) was applied to induce diabetes. After a 12 h fasting period, 

animals received a single alloxan dose of 120 mg (kg body weight
−1

) i.p. The rats with blood 

glucose level ≥ 12 mmol l
−1

, measured by glucose oxidase reagent strips (GlucoSure test, 

‘Prizma’, Kragujevac, Serbia) were considered diabetic. Also, diabetes was confirmed by 

lower serum insulin level and body weight (diabetic rats had as to non-diabetic lower insulin 

(14±2 mU/L vs. 56±14 mU/L and negative body weight gain (-27±3 g vs. 19±3 g), as 

observed previously in a similar experimental settings [27]. Both diabetic and non-diabetic 

group were additionally separated into three subgroups. One subgroup was receiving 2.25% 

L-arginine (Sigma, Germany) in drinking water for 7 days. The second subgroup was 

receiving M40403 in a dose of 5 mg/kg/day i.p. The synthesis and purification of M40403 

were carried out at the Institute of Inorganic Chemistry at the Friedrich-Alexander-University 

of Erlangen-Nürnberg, following a procedure of Salvemini et al. [5]. M40403 was dissolved 

in 23 mM sodium bicarbonate buffer pH 8.34. The third subgroup was receiving 23 mM 

sodium bicarbonate buffer pH 8.34 i.p. and served as a control. The rats were treated for one 

week. Treatment of diabetic rats started after diabetes induction. Each experimental group 

consisted of six animals. The experiments were approved by the Ethical Committee for the 
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Treatment of Experimental Animals of the Institute for Biological Research ‘Siniša 

Stanković’, Belgrade. 

 

Samples collection and preparation 

 After 7 days of treatment, body weight and blood glucose level were determined and 

the rats killed by decapitation. Blood was collected, allowed to clot and centrifuged (3500 g) 

to prepare serum. Serum insulin levels were estimated by radioimmmunoassay (INEP, 

Belgrade, Serbia). The skin was dissected out within 3 min of death and thoroughly rinsed 

with physiological saline to remove traces of blood. Only white parts from the dorsal side 

were taken after cutting the hair with an electric clipper. Hypodermis was removed with a 

scalpel, and remained skin portions were prepared for Western blot analysis, light and 

confocal microscopy. Immediately after dissection and washing, a part of skin tissue was 

fixed in 10 % formaldehyde at 4 ºC overnight and processed routinely for embedding in 

paraplast (5h, on 58 ºC). For Western blot analysis, a portion of the tissue weighting 1.5 g was 

homogenized (Ultra/Turrax homogeniser, Janke und Kunkel Ka/Werke, Staufen, Germany, 0-

4 °C) in 5 ml 0.25 M sucrose, 0.1 mM EDTA and 50 mM Tris–HCl buffer, pH 7.4, which 

contained 10 μg mL-1 protease inhibitor cocktail (Roche Diagnostic GmbH, Mannheim, 

Germany). The homogenates were sonicated for 15 s at 40 kHz and were centrifuged at 38000 

g for 90 min. The protein concentration in the supernatant was estimated by the method of 

Lowry et al. [28]. 

 

SDS-PAGE and Western blotting 

 Ten-microgram protein aliquots were boiled, electrophoresed in SDS-polyacrylamide 

gel, and transferred to Hybond-P polyvinylidene fluoride membranes (Amersham, 

Piscataway, NJ, USA). The nonspecific binding sites of the membranes were blocked by 5% 

BSA in TBS (200 mM Tris, 1.5 M NaCl, pH 7.4) for 1 h at room temperature. Then, the blots 

were incubated with a specific primary antibody in TBS-T (0.2% Triton X-100 and 5% BSA 

in TBS) against the following: copper zinc SOD (CuZnSOD, sc-11407; 1:300), purchased 

from Santa Cruz Biotechnology; CA, USA, MnSOD (MAB4081; 1:1000) purchased from 

Chemicon International, Temecula, CA, USA; catalase (CAT, ab18771; 1:5000), glutathione 

peroxidase (GSH-Px, ab16798; 1:2000); NFE2-related factor 2 (Nrf2, ab31163; 1:1000) or β 

actin (ab8226; 1:1000), purchased from ABCAM (Cambridge, UK). The sample was 

incubated overnight at 4 °C followed by a 2 h incubation period at room temperature with a 

horseradish peroxidase-conjugated IgG secondary antibody. The goat-anti mouse secondary 
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antibody (Santa Cruz Biotechnology) was used to detect MnSOD and β actin, while the goat-

anti rabbit secondary antibody (Santa Cruz Biotechnology) was used to detect CuZnSOD, 

CAT, GSH-Px. The protein bands were visualized using a chemiluminescence detection 

system from Amersham (API, Indianapolis, IN, USA). The intensity of the bands was 

quantified using ImageQuant software. The volume was the sum of all the pixel intensities 

within a band, i.e., 1 pixel = 0.007744 mm
2
. We averaged the ratio of dots per band for the 

target protein and for β actin in the corresponding samples from three similar independent 

experiments and we expressed the ratios relative to that of the control group, which was 

standardized to be 100%. The data were then statistically analyzed. 

 

Immunohistochemical staining 

 Paraffin-embedded 7 μm-thick sections of skin tissues were deparaffinized by xylene 

and rehydrated in graded ethanol. After antigen retrieval in 10 mM citrate buffer (20 minutes 

in a microwave oven) and washing with phosphate buffered saline (PBS), endogen peroxidase 

blocking was performed in 3% hydrogen peroxide (H2O2) in methanol for 10 min. After 

thorough rinsing, the sections were incubated overnight at 4 °C with anti-antibodies in PBS, 

followed by three 5 min PBS washes. Primary antibodies used in this study were: anti-heme 

oxygenase-1 (HO1, 1:200; Abcam); anti-heme oxygenase-2 (HO2, 1:200; Abcam); anti-eNOS 

(5μg/ml; Abcam), anti-neuronal NOS (nNOS, 1:50; Abcam) and anti-inducible NOS (iNOS, 

1:200; Santa Cruz Biotechnology) and anti-nitrotyrosine (1:100; Abcam). Immunodetection 

was assessed by the Dako LSAB Universal Kit (Dako Scientific, Glostrup, Denmark). After 

three PBS washes of 5 min each, sections were incubated with 0.012% H2O2 and 0.05% 

diaminobenzidine (Sigma-Aldrich Chemie, Munich, Germany) in PBS for 10 min in dark. 

The sections were rinsed in distilled water, counterstained with hematoxylin, mounted and 

examined with a Leica DMLB microscope (Leica Microsystems, Wetzlar, Germany). The 

specificity of the immune reaction, for both immunofluorescence and routine 

immunohistochemistry, was tested by replacing the primary antibody with a non-immune 

rabbit serum or by incubating the sections with the secondary antibody alone. The quantitative 

evaluation of antibody staining intensity in skin sections was analysed according to Varghese 

et al. [29] using ImageJ program. 

 Expression as well as the localization of Nrf2 was detected by confocal microscopy. 

Paraffin-embedded 7-µm-thick sections of rat skin samples were deparaffinized and 

rehydrated. After antigen retrieval in 10mM citrate buffer (5 minutes in the microwave oven) 

and washing in PBS, sections were incubated with normal goat serum (1:100; ab7481; 
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Abcam) for 1 hour. This was followed by an overnight incubation at 4 °C with antibodies to 

Nrf2 (1µg/ml; Abcam) overnight at 4 °C. After rinsing in PBS, sections were labelled with 

Alexa Fluor® 633-conjugated goat-anti rabbit secondary antibodies (1:400; Molecular 

Probes, NY, USA) for 1h. SITOX® orange dye (Leiden, The Netherlands) was used to label 

cell nuclei (red) at a 1/200 dilution for 1h. After washing with PBS for 20 minutes, the slides 

were mounted with Mowiol (Sigma Aldrich). Confocal images were acquired with a Leica 

TCS SP5 confocal laser scanning microscope (Leica Microsystems) in sequential mode to 

avoid cross talk between channels. The double-stained samples were excited with 633- and 

547-nm light, respectively. The specificity of immunostaining, for both immunofluorescence 

and routine immunohistochemistry, was tested by the omission of primary antibodies. 

 

Statistics 

 One-way analysis of variance (ANOVA) was used for a within group comparison of 

the data from the molecular analysis. If the F test showed an overall difference, Tukey’s t-test 

was used to evaluate the significance of the differences. Statistical significance was accepted 

at P < 0.05. 

 

Results 

Body weight variation 

 Figure 1 summarizes changes of body weight in non-diabetic and diabetic animals. A 

significant decrease of body weight was observed in all diabetic groups of rats, as compared 

with non-diabetic control (P < 0.001). Also, body weight decrease of diabetic animals was 

significantly lower in L-arginine-treated rats, as compared to untreated ones (P < 0.05).    

 

Expression pattern of eNOS in the rat skin 

 Figure 2 shows the results of immunohistochemical detection of eNOS. In the control 

rats eNOS immunopositivity was evident in the epidermis and in the some parts of the dermis, 

especially in the endothelium of blood vessels (Figure 2a). In contrast to this control pattern, 

eNOS expression in diabetic untreated rats was markedly reduced (P < 0.001) (Figure 2b). L-

argininine in non-diabetic rats intensified eNOS immunostaining, particularly in the 

germinative layer of the epidermis (Figure 2c; P < 0.05), whereas the same treatment in 

diabetic animals (Figure 1d) normalized levels of eNOS in the epidermis. SOD mimetic in 

non-diabetic animals did not affect eNOS immunopositivity relative to control group (Figure 
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2e), whereas in comparison to untreated diabetic group SOD mimetic slightly improved eNOS 

immunostaining in the upper epidermal layers (Figure 2f). 

 

Expression patterns of iNOS and nNOS in the rat skin 

 Significant protein expression of iNOS was observed in the keratinocytes and some 

dermal cells in the skin of the control rats (Figure 3, panel A, a). Compared to this, 

immunopositivity for iNOS was significantly reduced (P < 0.01) in the epidermis of diabetic, 

untreated rats (Figure 3, panel A, b, inset). In non-diabetic animals L-arginine intensified 

immunostaining for iNOS (Fig 3, panel A, c) as compared to controls, whereas in diabetic 

animals a slightly intensified iNOS immunopositivity was observed after the L-arginine 

treatment (P < 0.05), as compared to untreated diabetic rats (Figure 3, panel A, d). In 

comparison with the control, SOD mimetic reduced iNOS immunopositivity in the epidermis 

(Figure 3, panel A, e, inset). On the other hand, 7-day treatment of diabetic rats with SOD 

mimetic slightly intensified iNOS expression in the upper layer of the epidermis as compared 

to untreated diabetic animals (Figure 3, panel A, f, inset). Similarly as for iNOS, only a weak 

immunohistochemical reaction for nNOS was observed in the epidermis of the control rats 

(Figure 3, panel B, insets). There was not a significant change in the nNOS immunostaining 

in diabetes as compared to control rats, as well as after the L-arginine or SOD mimetic 

treatments (Figure 3, panel B, b-f). 

 

Change of antioxidant enzymes expression 

 Antioxidant defense enzymes are presented in Figure 4. It can be seen that protein 

expression levels of MnSOD and GSH-Px were significantly lower in diabetic rat skin than in 

the non-diabetic control (P < 0.05). In non-diabetic rats L-arginine and SOD mimetic had no 

effect on the protein levels of MnSOD and GSH-Px compared to the corresponding non-

diabetic control, whereas in diabetic animals, M40403 normalized protein levels of both 

MnSOD and GSH-Px. The protein expression levels of CuZnSOD and CAT were not affected 

in diabetic skin. Treatments with L-arginine and SOD mimetic decreased the level of 

CuZnSOD (P < 0.05), but increased the level of CAT (P < 0.05) in diabetic rat skin as 

compared to non-diabetic control and untreated diabetic rats. 

 

Tyrosine nitration 

 In vivo peroxynitrite and other RNS production is indicated by the presence of 

nitrotyrosine-containing proteins in the tissues. Strong immunopositive reaction for 
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nitrotyrosine could be detected in the sections of skin from diabetic rats but not from control 

(nondiabetic) ones (Figure 5 a, b). Tyrosine nitration immunolabelling was the most intense in 

the epidermal layers and specific cells in the dermis, in particular endothelial cells of the 

dermal capillaries (Figure 5b). L-argininine treatment of non-diabetic animals significantly 

increased nitrotyrosine immunoexpression in the cytoplasm of cells of the epidermal layers, as 

compared to the control animals (Figure 5c; P < 0.001). Increased immunostaining is also 

observed in some cells of the dermis, macrophages and capillary endothelium. However, L-

arginine in diabetic animals significantly reduced nitrotyrosine immunostaining compared to 

diabetic, untreated rats (Figure 5d; P < 0.05). SOD mimetic treatment of non-diabetic animals 

showed effects similar to those induced by L-arginine (Figure 5e; P < 0.01). However, in 

diabetic animals the SOD mimetic markedly reduced immunostaining for nitrotyrosine in 

comparison with the untreated diabetic group (Figure 5f; P < 0.001). 

 

Immunohistochemical detection of HO1 and HO2 

 Figure 6 shows the results of immunohistochemical detection of HO1 and HO2. A 

strong immunopositivity for HO1 is observed in epidermal layers and some dermal cells of 

the control rats (Figure 6, panel A, a). However, HO1 immunopositivity was significantly 

reduced in diabetic rats (Figure 6, panel A, b). As compared to untreated diabetic group, both 

applied treatments, L-arginine (P < 0.01) and SOD mimetic slightly increased HO1 

immunopositive reaction. In contrast to strong and specific immunoreaction for HO1, there 

was only a faint reaction for HO2 in the skin sections of investigated groups (Figure 6, panel 

B). 

  

Localization and protein expression levels of Nrf2 

 The results of immunofluorescence analysis of Nrf2 in skin sections taken from non-

diabetic rats showed a signal for Nrf2 in cells of both the epidermis and some dermal cells 

(Figure 7, a). The actual activity of Nrf2 protein was complemented by the subsequent 

staining of cell nuclei, which indicated that Nrf2 protein in the skin of non-diabetic rats is 

localized mostly in the cytoplasm of the keratinocytes (Figure 7, a). 

 Compared with this immunostaining pattern in the non-diabetic rat skin, a 

significantly stronger immunofluorescent reaction was detected in the epidermal cells of 

diabetic rat skin (Figure 7, a). Analysis of the protein expression levels of Nrf2 by Western 

blot and further quantification showed a significantly higher expression of Nrf2 in the skin of 

diabetic, compared to non-diabetic rats (P < 0.01) (Figure 7, b). 
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 As compared to both non-diabetic control and untreated diabetic group, L-arginine 

treatment did not affect significantly protein expression of Nrf2. However, SOD mimetic 

displayed significant effects on Nrf2 protein expression levels in both non-diabetic and 

diabetic rats. Namely, SOD mimetic treatment of non-diabetic rats increased the amount and 

the nuclear localization of Nrf2 in the epidermal cells. On the other hand, 7-day SOD mimetic 

treatment of diabetic rats attenuated Nrf2 increase induced in diabetic conditions. 

 

Discussion 

 Despite vast evidences that excess levels of  ROS/RNS, largely due to hyperglycemia 

and hyperlipidemia, cause tissues redox imbalance, which exacerbates the development of 

diabetes and its complications in different tissues, clinical trials with classic antioxidants (like 

vitamin E) failed to demonstrate benefit. The present study contributes to the understanding of 

the molecular mechanisms affecting O2
•─

/
•
NO balance

 
in skin in the early phase of diabetes 

induction. The study showed that diminished expression of eNOS, MnSOD, GSH-Px and 

HO1, in parallel with increased Nrf2 expression and nitrotyrosine levels, characterize 

diabetic, as compared to non-diabetic, rat skin. Significantly, results also indicated that 

targeting of O2
•─

/
•
NO ratio by SOD mimic and/or L-arginine in diabetic skin may be an 

effective pharmacological strategy in preventing/curbing redox imbalance in diabetic skin. 

Precisely, results revealed that SOD mimic and L-arginine supplementation normalized 

nitrotyrosine levels in diabetes which points on the restoration of the O2
•─

/
•
NO ratio to the 

physiological.  Observed redox reset could be attributed to direct effects of L-arginine and 

SOD mimic on the levels of O2
•─

/
•
NO, as well as to indirect effects of these redox active 

compounds on the upregulation of eNOS and HO1, i.e. MnSOD and GSH-Px expression, 

respectively, by complex transcription mechanisms. Details of disturbed skin redox 

homeostasis after the diabetes onset and the specific effects of L-arginine and SOD mimic 

treatments are discussed further. 

 Some therapeutic effect achieved by herbal/fungal (Strobilanthes crispus extracts or 

Ganoderma lucidum polysaccharide) and other natural products, like xanthohumol, in the 

treatment of diabetic skin complications at least in part involves suppression of cutaneous 

antioxidant enzymes inactivation and protein nitration [30–32]. Besides, a systemic 

administration of L-arginine induced regeneration of β cells in rats treated with alloxan [27]  

and improved healing capacity of skin in aged individuals [33], while a study of Luo et al. 

[22]  showed that gene therapy of eNOS or MnSOD accelerated healing in the skin of type I 
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diabetic mice. All these data indicated that a non-physiological O2
•─

/
•
NO ratio might be 

important in dysfunction of diabetic skin.  

 The bioavailability of 
•
NO is determined by its site and level of synthesis, in vivo 

dominantly by oxidation of L-arginine, a reaction catalyzed by NOSs [23,24]. Although 

diminished physiological levels of 
•
NO underlie some of the pathophysiological changes in 

diabetes, the expression pattern of NOSs is mostly examined at the site of wound tissue, and 

not in the unwounded diabetic skin tissue, which is important in revealing the earliest signs of 

skin dysfunction in diabetes. The present findings showed that diabetes shuts down expression 

of eNOS in all skin compartments dermis and epidermis, and to a lesser extent decreases the 

immunoexpression of iNOS in epidermis. A profound decrease of eNOS expression in the 

dermal vessels may deteriorate vasodilatory action of 
•
NO and the perfusion of diabetic skin, 

as it is previously observed [34], while attenuation of eNOS and iNOS observed in the 

epidermis may underlie the impaired function of 
•
NO in the re-epithelialization capacity of the 

diabetic skin [20,21,35]. 

 Next, we examined the expression levels of the main antioxidant enzymes involved in 

O2
•─

/H2O2 scavenging and found decreased levels of MnSOD and GSH-Px protein expression 

in the skin of diabetic rats. Consistently, different animal [30,31]  and human [36]  models 

indicated dysfunction/inactivation of MnSOD and GSH-Px in the diabetic skin. Rising 

hyperglycemia is known to increase oxidative pressure in tissues through overproduction of 

O2
•─

 [4,22,37] and by impaired O2
•─

/H2O2 scavenging capacity [36,38,39]. Thus, low 

expression of mitochondrial enzymes MnSOD and GSH-Px observed in the skin of diabetic 

rats may add to hyperglycemia-associated production of O2
•─

 and its dismutation product, 

H2O2, especially at the sites of mitochondria. Accordingly, these organelles [4,37], in addition 

to NADPH oxidases [22]  represent the major sites of O2
•─

 burden in diabetic skin.  

 Superoxide levels, increasing in parallel with hyperglycemia may be regarded as the 

main antagonist of 
•
NO-signaling in diabetic skin [22]. Namely, when occurring 

simultaneously and in equimolar levels, these two radical species combine, as O2
•─

 has a 

greater reactivity with 
•
NO than with SOD [40] that otherwise keeps control levels of O2

•─
 

[41]. As a consequence, low levels of MnSOD seen in diabetic skin may increase the 

likelihood of 
•
NO/O2

•─
 interaction. The product of 

•
NO and O2

•─
 combination is the highly 

reactive oxidant peroxynitrite - ONOO
─
, that at physiological pH, decays to form hydroxyl 

radicals (
•
OH) and nitrogen dioxide radical (

•
NO2) [42] the latter of which nitrates tyrosine 

residues in different proteins potentially leading to their inactivation. Indeed, the results 

revealed intensive nitrotyrosine staining in diabetic rat skin. Increased nitrotyrosine 
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immunoreactivity per se does not prove the 
•
NO/O2

•─
 interaction and ONOO

─
 increase, since 

nitrogen dioxide, its derivatives and other reactive nitrogen species resulting from the 

interaction of 
•
NO with molecular oxygen or thiyl radicals may give rise to nitrotyrosine 

levels [43]. In addition, a major end product of 
•
NO metabolism - nitrite (NO2

-
) can increase 

tyrosine nitration in ONOO
─
 - independent ways [44]. Thus, strong immunoreactivity of 

nitrotyrosine in non-diabetic groups, especially after L-arginine treatment, may be explained 

by increased level of different RNS. In hyperglycemic conditions, however, increased O2
•─

 

may be the prevailing in the reaction with 
•
NO, since as above stated, those two radicals 

combine at near diffusion limited rate, exceeding the rate of interactions of 
•
NO with all 

known biotargets. Accordingly, increased levels of nitrotyrosine are frequent in the skin of 

streptozotocin-induced type 1 diabetic mice [31] and rats [32], and the most likely reflect 

•
NO/O2

•─
 interaction [45]. It has been observed that increasing the level of 

•
NO toward the 

O2
•─

 level may break their interaction and lower their product - ONOO
─
 levels [46,47]. Since 

strategies that increase the ratio of 
•
NO toward O2

•─
 by i) reinforcing 

•
NO synthetic pathway 

by L-arginine or ii) resetting the O2
•─

 excess by SOD mimic, both normalized nitrotyrosine 

level in diabetic skin, the current study strongly suggests that nitrotyrosine levels in diabetic 

rat skin the most likely results from increased levels of O2
•─

 and the 
•
NO/O2

•─
 interaction. In 

addition, the current study highlighted complex molecular mechanisms underlying redox 

actions of L-arginine and SOD mimic in skin of diabetic rats; these involve restitutions of 

enzymes involved in 
•
NO and carbon monoxide (CO) synthesis, and/or antioxidant defense. 

 An important product of HO1 activity, namely CO, overlaps in biological actions with 

•
NO. By guanylate cyclase activation and cGMP-mediated signaling, CO and 

•
NO overlaps 

and may compensate each other deficiency in the modulation of vessel contractility [48]  

and/or cell proliferation [49], impairment of which may worsen regenerative capacity of 

diabetic skin. Besides, products of HO and NOS activities - CO and 
•
NO, respectively - 

reciprocally regulate each other enzymes activity [50,51]. The results of the current study 

have shown similar tissue localization and decreases of HO1 and eNOS in diabetic- as 

compared to control rat skin. Importantly, L-arginine, and to a lesser extent, SOD mimic 

treatments acted by improving/restoring decreased levels of eNOS and HO1 in diabetic skin. 

All these data clearly showed the importance of the mutual interrelation of eNOS/iNOS and 

HO1 in the maintenance of 
•
NO and CO balance in diabetic skin. They motivate additional 

studies needed for the clarification of the transcriptional mechanisms of NOSs and HO1 

upregulation by applied treatments. 
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 Transcription factor Nrf2 plays an important role against the hyperglycemia-induced 

oxidative damage. Both, in vitro [52–54]  and in vivo [55,56]  experimental data showed that 

this factor is activated in response to rising glycaemia and that impaired Nrf2 signaling in the 

course of diabetes development contributes to diabetic complications in the skin [57]. Under 

normal conditions, Nrf2 is constitutively targeted by its negative regulator, Kelch-like ECH-

associated protein-1 (Keap-1), for ubiquitination and degradation in the cytosol [58,59]. On 

the other hand, excess of oxidants and/or electrophiles stabilizes Nrf2 by releasing Keap1 

binding, allowing Nrf2 to translocate to the nucleus where it binds to antioxidant response 

elements and drives expression of antioxidant genes and HO1 [60]. Consistently, data indicate 

that Nrf2 initially increases early after the diabetes onset [61]. Accordingly with literature, 

here observed changes in Nrf2 in diabetic skin, together with increase of nitrotyrosine and 

lowered antioxidant enzymes - MnSOD and GSH-Px, indicate that Nrf2 increase is an early 

adaptive response to overcome increased oxidants and/or electrophiles levels in diabetic skin. 

Interestingly, Nrf2 increase in diabetic skin was prevented by SOD mimic treatment. Such 

effects of SOD mimic on Nrf2 in diabetic skin, might be related by oxidative/nitr(os)ative 

pressure relief induced by direct SOD catalytic activity, and by the reinforcement of 

endogenous MnSOD and GSH-Px expression levels, as observed in diabetic SOD mimic-

treated rats, as compared to untreated rats. In turn, it could be speculated that effects of SOD 

mimic on the upregulation protein expression of MnSOD and GSH-Px in the skin of diabetic 

rats, could be triggered adaptively to accommodate elevated H2O2 production raised by 

catalytic activity of SOD mimic and by need to maintain some optimal level of mitochondrial 

MnSOD.  

 In summary, the results of the current study suggests that L-arginine and SOD mimic 

treatments reset the nonphysiological 
•
NO/O2

•─
 ratio and suggest key molecular players of 

their action in diabetic skin. Nevertheless, SOD mimics are redox active compounds with 

complex chemistry and biology. Also, the effects of L-arginine are mainly attributed to its role 

in the synthesis of 
•
NO and 

•
NO-mediated signaling. Furthermore, L-arginine may influence 

mammalian target of rapamycin – mTOR signalling [62,63], as well as adenylyl cyclase 

/cAMP- [64], nuclear factor(NF)-kappaB- [65], mitogen-activated protein kinase-MAPK- 

[66] mediated signaling pathways thereby modulating protein synthesis and other important 

cellular processes. Also, L-arginine is a precursor of agmatine, creatine, ornithine and 

polyamines [67] wich have important roles in colagen synthesis, cellular proliferation and 

overall skin homeostasis [68]. To further elucidate the mechanisms of  specific SOD mimics, 

as well as of L-arginine on upregulation of enzymes involved in 
•
NO and CO synthesis and 
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antioxidant enzymes expression levels in diabetes, additional studies are required, including 

those pointed to the identification of specific redox-sensitive transcription factors, and 

research along these lines are in progress. 
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FIGURE CAPTIONS 

 

Figure 1. Changes of body weight in non-diabetic and diabetic rats. The results are the means 

± SEM (n=6 in all groups). Comparison with non-diabetic untreated control: ***p < 0.001; 

comparison with diabetic untreated control:
 #

p < 0.05. Each bar represents the difference 

between the initial (day 0) and final (7 days of experiment) body weight.  

Figure 2. Immunohistochemical staining for eNOS in the skin of non-diabetic control (a), 

diabetic untreated (b), non-diabetic L-arginine-treated (c), diabetic L-arginine-treated (d) non-

diabetic M40403-treated (e) and diabetic M40403-treated (f) rats. Visualization of the 

antibody-antigen reaction is accomplished by the use of a secondary antibody conjugated to 

peroxidase, which catalyses a brown color-producing reaction. Data obtained after 

quantitative evaluation of immunohistochemistry images represent the mean ± SEM. 

*comparison with non-diabetic untreated control, *p < 0.05; ***p < 0.001. 
#
comparison with 

diabetic untreated control, 
#
p < 0.05. Magnification: 40x orig.; insets 63x. eNOS, endothelial 

NOS. 

Figure 3. Immunohistochemical staining for iNOS and nNOS in the skin of non-diabetic 

control (a), diabetic untreated (b), non-diabetic L-arginine-treated (c), diabetic L-arginine-

treated (d), non-diabetic M40403-treated (e) and diabetic M40403-treated (f) rats. Data 

obtained after quantitative evaluation of immunohistochemistry images represent the mean ± 

SEM. *comparison with non-diabetic untreated control, *p < 0.05; **p < 0.01; ***p < 0.001. 

#
comparison with diabetic untreated control, 

#
p < 0.05. Magnification: 40x orig.; insets 63x. 

iNOS, inducible NOS; nNOS, neuronal NOS. 

Figure 4. Protein content of CuZnSOD, MnSOD, GSH-Px and catalase in skin of non-

diabetic and diabetic, untreated, L-arginine treated and M40403 treated rats. The signals from 

representative Western blot are shown below the graphs. Data obtained after quantification of 

specific bands, and expressed as % of non-diabetic untreated (control) group taken as 100%, 

represent the mean ± SEM. *comparison with non-diabetic untreated control, *p < 0.05. 

#
comparison with diabetic untreated control, 

#
p < 0.05. CuZnSOD, copper zinc superoxide 
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dismutase; MnSOD, manganese superoxide dismutase; GSH-Px, glutathione peroxidase; 

CAT, catalase. 

Figure 5. Immunohistochemical staining for 3-nitrotyrosine in the skin of non-diabetic 

control (a), diabetic untreated (b), non-diabetic L-arginine-treated (c), diabetic L-arginine-

treated (d), non-diabetic M40403-treated (e) and diabetic M40403-treated (f) rats. Data 

obtained after quantitative evaluation of immunohistochemistry images represent the mean ± 

SEM. *comparison with non-diabetic untreated control, **p < 0.01; ***p < 0.001. 

#
comparison with diabetic untreated control, 

#
p < 0.05, 

###
p < 0.001. Magnification: 40x orig.; 

insets 63x.  

Figure 6. Immunohistochemical staining for HO1 (A) and HO2 (B) in the skin of non-

diabetic control (a), diabetic untreated (b), non-diabetic L-arginine-treated (c), diabetic L-

arginine-treated (d), non-diabetic M40403-treated (e) and diabetic M40403-treated (f) rats. 

Data obtained after quantitative evaluation of immunohistochemistry images represent the 

mean ± SEM. *comparison with non-diabetic untreated control, *p < 0.05; **p < 0.01;  ***p 

< 0.001. 
#
comparison with diabetic untreated control, 

#
p < 0.05; 

## 
p < 0.01.  Magnification: 

40x orig.; insets 63x. HO1, heme oxygenase 1; HO2, heme oxygenase 2. 

Figure 7. A) Nrf2 protein expression and localization were assessed in the skin from non-

diabetic control (a), diabetic untreated (b), non-diabetic L-arginine-treated (c), diabetic L-

arginine-treated (d), non-diabetic M40403-treated (e) and diabetic M40403-treated (f) rats.  

Nrf2 protein expression in the skin of non-diabetic rats (a) is detectable in the epidermis and 

in fibroblast-like cells in dermis. Nrf2 protein expression was absent in negative staining 

controls (not shown). In contrast to modest effects of L-arginine, SOD mimetic had significant 

but inverse effects on Nrf2 protein expression and localization in the skin of non-diabetic and 

diabetic rats. SOD mimetic increase the level and nuclear localization of Nrf2 in non-diabetic 

skin, and decrease Nrf2 levels in diabetic skin, as compared to corresponding non-diabetic, 

i.e. diabetic controls, respectively. B) Protein expression of Nrf2 was analyzed in the skin 

from untreated non-diabetic, and diabetic controls, and rats treated with L-arginine or with 

M40403 for 7 days. Representative Western blots and the relative quantification are provided. 

Protein expression level of Nrf2 increased in the skin of diabetic untreated rats was 

normalized after M40403 treatment. Data are expressed as mean ± SEM (n=3) and were 

obtained from three independent experiments. Significantly different from non-diabetic 
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control group: **, p < 0.01; ***, p < 0.001; significantly different from diabetic untreated 

group: #, p<0.05. Nrf2, NFE2-related factor 2. 
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