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ABSTRACT 
 

The present study evaluated the effects of supplementation with a combination of vitamin C and vitamin E on 

NADH-diaphorase-positive (NADH-d
+
) and neuronal nitric oxide synthase (nNOS)-immunoreactive myenteric 

neurons in the duodenum and ileum in diabetic rats. Forty rats were distributed into the following groups: 

normoglycemic (N), normoglycemic supplemented with vitamin C and vitamin E (NS), diabetic (D), and diabetic 

supplemented with vitamin C and vitamin E (DS). Vitamin C was added to the drinking water, and vitamin E was 

incorporated in the diet (1%). After 120 days, the animals were euthanized, and the duodenum and ileum were 

subjected to NADH-d and nNOS staining. Quantitative and morphometric analyses of myenteric neurons were 

performed. Diabetes reduced NADH-d
+
 neurons in the D group. The density of nitrergic neurons was not changed 

by diabetes or vitamin treatment. Hypertrophy of the cell body area of NADH-d
+
 and nNOS-immunoreactive 

neurons was observed in both intestinal segments. Combined supplementation with vitamin C and vitamin E 

prevented the reduction of the density of NADH-d
+
 neurons and hypertrophy, demonstratred by both techniques. 

Supplementation with a combination of vitamin C and vitamin E promoted myenteric neuroprotection in the small 

intestine in diabetic rats.  
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INTRODUCTION 
 

Diabetes mellitus is a chronic degenerative 

disorder with multiple endocrine etiologies that 

result from genetic and environmental factors 

(Geirsdottir et al. 2012). The disease requires the 

continuous management of patients to prevent 

acute and chronic complications (Zitkus 2014). 

Among the chronic complications caused by 

diabetes, neurological manifestations are the most 

common, affecting both the autonomic and 

peripheral nervous systems and impairing the 

quality of life of patients (Chandrasekharan et al. 

2011). Our research group found that diabetes 

mellitus reduced the density of myenteric neurons 

and enteric neural plasticity in various segments 

of the digestive system (Takahashi et al. 1997; 

Zanoni et al. 1997; Fregonesi et al. 2001; Defani 

et al. 2003; Zanoni et al. 2003; Pereira et al. 2006; 

Tashima et al. 2007; Zanoni et al. 2007; De 

Freitas et al. 2008; Roldi et al. 2009; Alves et al. 

2010; Pereira et al. 2011; Zanoni et al. 2011; 

Lopes et al. 2012; Hermes-Uliana et al. 2014). 

These changes in enteric innervation that arise 

from diabetes are attributable to persistent 

hyperglycemia that produces numerous metabolic 

changes. In an effort to explain the relationship, 

between the extent and severity of hyperglycemia 

and the development of diabetic neuropathy, 

multiple mechanisms have been described. The 

main factor has been proposed to be oxidative 

stress, which may result from the increased 

http://www.ncbi.nlm.nih.gov/pubmed?term=Takahashi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9352855
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production of reactive oxygen species precursors 

and/or the low efficiency of enzyme systems 

(Vincent et al. 2004; Chandrasekharan et al. 2011; 

Stavniichuk et al. 2014). 

Agents that act on oxidative stress pathways can 

reduce or prevent diabetic neuropathy. Vitamin C 

(ascorbic acid) is a water-soluble antioxidant that 

inhibits aldose reductase, thus preventing sorbitol 

formation. Vitamin E (α-tocopherol) is a 

liposoluble antioxidant that plays an important 

role in the inhibition of lipid peroxidation by 

reducing oxidative stress. Promising results have 

been reported with the use of vitamin C (Pereira et 

al. 2006; Zanoni et al. 2007; Zanoni et al. 2009) 

and vitamin E (Pereira et al. 2008; Roldi et al. 

2009) in the prevention of diabetic neuropathy. 

The combined use of vitamin C and vitamin E 

showed positive effects in reducing oxidative 

stress (Aksoy et al. 2005; El-Hadjela et al. 2013). 

Vitamin C regenerates oxidized vitamin E, 

thereby rescuing molecular stability (Zaken et al. 

2001). However, the use of a combination of these 

antioxidant vitamins to prevent changes in the 

enteric nervous system has not been investigated.  

The aim of the present study was to evaluate the 

effects of supplementation with a combination of 

vitamin C and vitamin E on NADH-diaphorase-

positive (NADH-d
+
) and neural nitric oxide 

synthase (nNOS)-immunoreactive myenteric 

neurons in the duodenum and ileum in rats with 

experimental diabetes mellitus. 
 

 

MATERIAL AND METHODS 
 

Animals 

All of the procedures described in this study are 

consistent with the ethical principles adopted by 

the Brazilian Society of Science in Laboratory 

Animals (SBCAL) and were approved by the 

Ethics Committee on Animal Experimentation of 

the State University of Maringá (protocol no. 

054/2006). 

Male Wistar rats (Rattus norvegicus; n = 40), 13 

weeks of age and weighing 300-400 g, were used. 

The rats were randomly distributed into four 

groups: normoglycemic (N), normoglycemic 

supplemented with vitamin C and vitamin E (NS), 

diabetic (D), and diabetic supplemented with 

vitamin C and vitamin E (DS). The animals were 

kept in polypropylene cages with a 12 h/12 h 

light/dark cycle and controlled temperature (24 ± 

2ºC). 

Diabetes was induced in the D and DS groups by 

an intravenous injection of 35 mg/kg 

streptozotocin (Sigma, St. Louis, MO, USA) 

dissolved in 10 mM citrate buffer (pH 4.5) after 

fasting for 14 h. Three days after the induction of 

diabetes, glucose levels were determined using a 

glucose oxidase test to confirm establishment of 

the experimental model. We used animals with > 

250 mg/dL glucose.  

Vitamin C (Sigma, St. Louis, MO, USA) was 

added to the drinking water (1 g/L/day), and 

vitamin E was incorporated in the diet (Nuvital; 

prepared at a 1% concentration each week) in the 

NS and DS groups. 
 

Material collection and processing 

After 120 days, the animals were euthanized after 

they were weighed and intraperitoneally 

anesthetized with 40 mg/kg thiopental (Abbott 

Laboratories, Chicago, IL, USA). The duodenum 

and ileum from all of the animals were 

collected.The duodenum was collected using the 

Trendz ligament as a reference. Segments from 20 

animals (five per experimental group) were 

collected and processed for NADH-d 

immunohistochemistry to determine metabolically 

active neurons, and the other 20 were processed 

for nNOS immunohistochemistry to determine 

nitrergic neurons. 
 

Histochemical technique for NADH-d (Gabella 

1969)
 

The segments from each animal were washed, 

bound at one end, injected with Krebs solution. 

Then, they were immersed for five min in a Triton 

X-100 0.3% solution (Sigma, St. Louis, MO, 

USA), and washed twice in Krebs solution (5 min 

each). The segments were immersed in a solution 

that contained β-NADH (Sigma, St. Louis, MO, 

USA) and nitroblue tetrazolium (NBT; Sigma, St. 

Louis, MO, USA) for 45 min. The reaction was 

stopped with buffered formalin solution. The 

segments were then dissected under a 

stereomicroscope to obtain preparations of the 

total muscle layer, dehydrated, diaphanized, and 

mounted in Permount medium. 
 

Immunohistochemical technique for nNOS 

(Wrzos et al. 1997) 

The segments were washed with 0.1 M phosphate-

buffered saline (PBS; pH 7.4), injected with 

Zamboni fixative (Stefanini et al. 1967), and 

stored in fixative for 18 h at 4°C. The segments 
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were then dehydrated in an ascending series of 

alcohol (80, 95, and 100%), diaphanized in 

xylene, rehydrated in a descending series of 

ethanol (100, 95 and 80%) for 30 min in each 

solution, and stored in PBS. The segments were 

dissected under a stereomicroscope to remove the 

mucosa and submucosa, yielding whole-mount 

muscular layer preparations. The whole mounts 

were washed twice in PBS with 0.5% Triton 

(Sigma, St. Louis, MO, USA) and blocked for 1 h 

in PBS with 2% bovine serum albumin (BSA; 

Sigma, St. Louis, MO, USA) at room temperature. 

The segments were then incubated in a primary 

antibody solution that contained anti-nNOS 

(1:500, Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) and diluted in PBS, 2% BSA, and 0.1% 

Triton X-100 at room temperature with shaking 

for 48 h. After incubation, the whole mounts were 

washed three times in PBS for 5 min each. They 

were then incubated in a solution that contained 

rabbit anti-AlexaFluor 488 secondary antibody 

(1:500; Santa Cruz Biotechnology, Santa Cruz, 

CA, USA). They were then washed three times 

with PBS, mounted in glycerol gel, and stored in a 

refrigerator. The negative control was performed 

by omitting the primary antibody. 
 

Quantitative analysis of NADH-d
+
 and nNOS-

immunoreactive myenteric neurons 

The quantification of myenteric neurons was 

performed using a sample from the intermediate 

region of the intestinal circumference of each 

animal. The total area that was quantified for each 

animal was 10.38 mm
2
. The results were 

converted to cm
2
. 

 

Morphometric analysis of NADH-d
+
 and 

nNOS-immunoreactive myenteric neurons 

The measurement of the areas of the cell bodies of 

NADH-d
+
 and nNOS-immunoreactive myenteric 

neurons was performed using images captured 

with a high-resolution AxioCam camera (Zeiss, 

Jena, Germany) coupled to an Axioskop Plus light 

microscope (Zeiss, Jena, Germany). The images 

were transferred to a computer using AxioVision 

4.1 software. Image-Pro Plus software was used to 

measure neuronal cell bodies in 100 μm
2
 areas for 

each animal per group (i.e., a total area of 500 

m
2
 per group) for each of the two techniques of 

neuronal identification. 
 

Statistical analysis 

The data were statistically analyzed using 

Statistica 7.1 and GraphPad Prism 5.1 software 

and are expressed as mean ± standard error. The 

morphometric data were subjected to delineation 

blocks followed by the Tukey test. The other data 

were analyzed using one-way analysis of variance 

(ANOVA) followed by the Tukey test. Values of 

p < 0.05 were considered statistically significant. 

 
 

RESULTS 
 

Quantitative analysis of NADH-d
+
 myenteric 

neurons  

The number of NADH-d
+
 neurons was reduced in 

both the duodenum and ileum in animals in the D 

group compared with the N group (p < 0.05). 

Supplementation with vitamin C and vitamin E 

promoted neuroprotection, preserving the number 

of neurons in the group DS compared with the D 

group (p < 0.05; Fig. 1). No difference was found 

between the N and NS groups (p > 0.05). 
 

Quantitative analysis of nNOS-immunoreactive 

myenteric neurons 

No changes in the density of nNOS-

immunoreactive neurons were observed between 

any of the groups in either segment (p > 0.05; Fig. 

2). 
 

Morphometric analysis of NADH-d
+
 myenteric 

neurons 

An increase was observed in the cell body area in 

the D group compared with the N group (p < 

0.01). In the DS group, supplementation with 

vitamin C and vitamin E prevented the increase in 

cell body area compared with the D group (p < 

0.01). No differences were found between the N 

and NS groups (p > 0.05; Table 1). 
 

Morphometric analysis of nNOS-

immunoreactive myenteric neurons 

Diabetes mellitus increased the cell body area of 

nNOS-immunoreactive neurons in the D group 

compared with the N group (p < 0.01). 

Hypertrophy was prevented in the DS group 

compared with the D group. No difference was 

found between the N and NS groups (p > 0.05; 

Table 1). 
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Figure 1 - Density of myenteric neurons NADH-d
+
 in the duodenum and ileum of groups: 

normoglycemic (N), normoglycemic supplemented with vitamin C and vitamin E 

(NS), diabetic (D) and diabetic supplemented with vitamin C and vitamin E (DS). 

Mean values followed by different letters are statistically different according to 

Tukey’s test (p < 0.05). Results were expressed as mean ± standard error. n = 5 rats 

per group. 

 

  

 

Figure 2 - Density of myenteric neurons nNOS in the duodenum and ileum of groups: 

normoglycemic (N), normoglycemic supplemented with vitamin C and vitamin E 

(NS), diabetic (D) and diabetic supplemented with vitamin C and vitamin E (DS). 

Mean values followed by different letters are statistically different according to 

Tukey’s test (p < 0.05). Results were expressed as mean ± standard error. n = 5 rats 

per group. 

 

 
Table 1 - Cell body area (μm

2
) of NADH-d

+
 and nNOS-immunoreactive myenteric neurons in the duodenum and 

ileum in the following groups: normoglycemic (N), normoglycemic supplemented with vitamin C and vitamin E 

(NS), diabetic (D), and diabetic supplemented vitamin C and vitamin E (DS). 

 Duodenum  Ileum 

 NADH
+
 nNOS NADH

+
 nNOS 

N 256.5 ± 2.50
a
 226.3 ± 2.88

a
 258.6 ± 2.51

a
 231.0 ± 2.97

a
 

NS 252.8 ± 2.57
a
 213.0 ± 2.42

a
 252.3 ± 2.60

a
 216.2 ± 2.68

a
 

D 353.6 ± 3.39
b
 479.4 ± 6.35

b
 351.2 ± 3.35

b
 430.5 ± 7.05

b
 

DS 257.4 ± 2.52
a
 227.7 ± 3.32

a
 260.3 ± 2.42

a
 216.2 ± 2.91

a
 

Mean values followed by different letters in the same column are significantly different (p < 0.05, Tukey’s test). The results are 

expressed as mean ± standard error. n = 5 rats per group. 
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DISCUSSION 
 

The present results showed that 35 mg/kg 

streptozotocin was sufficient to induce diabetes in 

the D and DS groups, in which typical signs of 

diabetic status were observed, thus confirming 

reliable establishment of the experimental model. 

Metabolically active neurons were affected by 

diabetes, with reductions of the density of NADH-

d
+
 myenteric neurons in the D group of 58.8 and 

57.5% in the duodenum and ileum, respectively. 

The reduction of neuronal density is frequently 

found in experimental models of diabetes for the 

specific myenteric subpopulation (Pereira et al. 

2006; Zanoni et al. 2007) and total population of 

neurons (Pereira et al. 2009).  

Although the NADH-d technique does identify all 

neurons, it marks neurons that exhibit an increase 

in enzymatic activity, thus allowing the assessment 

of whether an increase or decrease in metabolism 

occurs. Thus, we can infer that diabetes promoted 

a reduction of neuron metabolism, leading to the 

death of a portion of its neuronal population. We 

observed a reduction of more than half of these 

neurons, and diabetic neuropathy was observed, 

similar to studies that used other experimental 

models of diabetes and evaluated different regions 

of the gastrointestinal tract, including the stomach 

(Takahashi et al. 1997; Fregonesi et al. 2001), 

duodenum (Pereira et al. 2006; Zanoni et al. 2011; 

Lopes et al. 2012), jejunum (Defani et al. 2003; De 

Freitas et al. 2008; Alves et al. 2010; Hermes-

Uliana et al. 2014), ileum (Zanoni et al. 2003; 

Shotton and Lincoln 2006; Pereira et al. 2011), 

cecum (Zanoni et al. 1997; Zanoni et al. 2011), 

and proximal colon (Tashima et al. 2007; Roldi et 

al. 2009). The development of neuropathy affects 

different types of enteric neurons, which are 

responsible for the control of important functions, 

such as motility, secretion, blood flow, and growth 

aspects of the local mucosal immune system 

(Furness 2012). One of the factors that is 

responsible for damage to the enteric nervous 

system is oxidative stress. Hyperglycemia 

activates the polyol pathway, which increases the 

production of sorbitol. This increase results in 

cellular stress that leads to a decrease in 

intracellular antioxidant defenses. It can also 

induce an increase in the concentration of 

advanced glycosylation products, thereby altering 

cell function. Hyperglycemia can also activate 

nuclear transcription factors, triggering an increase 

in the expression of inflammatory mediators. The 

combination of these mechanisms alters the 

production of oxidants, causing cellular stress and 

resulting in structural damage (Calles-Escandon 

and Cipolla 2001; Vincent and Russell 2004; 

Brownlee 2005; Voukali et al. 2011). 

In addition to the reduction of neuronal density, 

hypertrophy of the cell body area occurred of 

NADH-d
+
 neurons in the duodenum (37.8%) and 

in the ileum (35.8%), possibly in an attempt to 

maintain physiological conditions of the neurons 

that survived. Similar results were reported in 

previous studies in diabetic rats (Pereira et al. 

2011; Lopes et al. 2012; Hermes-Uliana et al. 

2014). Adaptive mechanisms of the remaining 

neurons attempt to compensate for neuronal loss 

by increasing protein synthesis to maintain their 

function and target tissue (Zanoni et al. 2002; 

Hermes-Uliana et al. 2014).  

Furthermore, the NADH-d technique marks the 

most metabolically active neurons (i.e., neurons 

that have more mitochondria or larger-volume 

organelles that are normally considered large 

compared with others; Araújo et al. 2009). 

Therefore, diabetes may have increased the 

neuronal activity of surviving neurons, thus 

promoting hypertrophy. 

Nitrergic neurons (nNOS) did not exhibit changes 

in density with diabetes. Previous reports showed 

that this neuronal subpopulation may or may not 

be affected by diabetes mellitus. One factor to 

consider is the specific intestinal segment that is 

evaluated. In the duodenum (de Mello et al. 2009) 

and ileum (Wrzos et al. 1997; Zanoni et al. 2003; 

Pereira et al. 2008), the density of nNOS neurons 

was maintained. These results support the 

hypothesis that inhibitory neurons are more 

protected (Chandrasekharan and Srinivasan 2007), 

showing greater resistance of this neuronal 

subpopulation to death induced by free radicals 

that are present in high concentrations during the 

hyperglycemic state that is characteristic of 

diabetes (Pereira et al. 2008). 

Despite the similarity in the nitrergic neuronal 

density observed in the present study, significant 

increases in the cell body area of 111.8 and 86.4% 

were found in the duodenum and ileum, 

respectively. Hypertrophy can be considered a 

form of compensation in an attempt to avoid the 

death of these neurons. Nitric oxide plays a role in 

the preservation of enteric neurons (Cowen et al. 

2000). In concert with vasoactive intestinal peptide 

(VIP), NO is important for neuronal adaptation, 

maintenance, and survival (Lin et al. 2004). 

http://www.ncbi.nlm.nih.gov/pubmed?term=Takahashi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9352855
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Hypertrophy suggests an increase in the 

expression of the nNOS enzyme (Adegathe et al. 

2003; Shotton et al. 2003). Thus, an increase in 

neurotransmitter levels possibly occurred, which 

can promote gastrointestinal changes because NO 

is a major inhibitory neurotransmitter in the 

intestine (Furness 2012). 

An important consideration is that diabetic patients 

exhibit alterations in intestinal motility, which may 

result in an increase in intestinal transit time or 

diarrhea (Rodrigues and Motta 2012). Intestinal 

transit may be imbalanced in diabetes. The 

hypertrophy of nitrergic neurons has been shown 

to be responsible for non-adrenergic and non-

cholinergic relaxation and smooth muscle 

(Takeuchi et al. 1998), which may be related to an 

increase in intestinal function.  

Other studies reported an increase in the cell body 

area of nitrergic neurons (Fregonesi et al. 2005; 

Zanoni et al. 2003; Shotton and Lincoln 2006). 

The increased synthesis of NO by neurons in an 

attempt to compensate for the reduced availability 

of NADPH to nNOS in diabetes is a possible 

explanation for the increase in nitrergic neuron cell 

bodies (Fregonesi et al. 2005). 

The use of antioxidant agents is one way to 

minimize or even prevent the damage caused by 

diabetes in the enteric nervous system. The use of 

two combined antioxidant vitamins in the present 

study showed promising results. We observed 

neuroprotection that prevented the reduction of the 

density of NADH-d
+
 neurons in both segments of 

the small intestine. The protection afforded to 

NADH-d
+
 neurons by vitamin C in diabetic 

animals was previously reported (Zanoni et al. 

2007). These studies demonstrate the benefits of 

vitamin C therapy to scavenge free radicals, 

increase the levels of vitamin E, decrease the 

levels of lipid peroxidation in plasma, and increase 

the activity of glutathione peroxidase, with the 

consequent prevention of nerve dysfunction (Garg 

and Bansal 2000).  

Vitamin C supplementation has been used for the 

treatment of neurological complications associated 

with diabetes because it reduces the concentration 

of sorbitol, inhibits aldose reductase, and reduces 

capillary fragility and oxidative stress (Will and 

Byers 1996), in addition to increasing the 

antioxidant defenses that are needed to combat 

oxidative events to preserve and protect neurons 

against lipid peroxidation (Nike et al. 2005).  

 

Vitamin E acts on the lipid peroxidation process to 

protect polyunsaturated fatty acids from attack by 

free radicals (Traber 2007). The presence of 

vitamin E in neuronal cell membranes, particularly 

in the inner mitochondrial membrane, makes its 

use in diabetes promising. The combination of 

these antioxidant effects prevented enteric 

neuroplasticity, demonstrated by both techniques 

in both intestinal segments. The present findings 

suggest a synergistic effect that may prevent the 

changes caused by diabetes. 

The combination of vitamin E with other 

antioxidants, such as vitamin C, also has beneficial 

effects on oxidative stress. Aksoy et al. (2005) 

found that treatment with a combination of these 

two vitamins 6 weeks after diabetes induction 

enhanced the antioxidant system and increased 

glutathione, superoxide dismutase, and glutathione 

peroxidase in erythrocytes. Vitamin E 

supplementation alone or combined with vitamin 

C was shown to modulate apoptosis (Barroso et al. 

1997). Supplementation with these vitamins alone 

also showed promising results with regard to 

enteral neuroprotection (Pereira et al. 2006; 

Zanoni et al. 2007; Pereira et al. 2008; Roldi et al. 

2009; Zanoni et al. 2009). However, other studies 

that tested the effects of these vitamins alone 

found that vitamin C (Pereira et al. 2009) and 

vitamin E (Tronchini et al. 2012) did not preserve 

enteric neurons in diabetic rats. These results 

demonstrate that the combination of these 

antioxidants may more markedly reduce oxidative 

stress and thus reduce the deleterious effects of 

diabetes. Further studies are needed to assess the 

effects of this combination on the enteric nervous 

system. 
 

 

CONCLUSION 
 

Supplementation with a combination of vitamin C 

and vitamin E promoted myenteric 

neuroprotection in the small intestine in diabetic 

rats, which may be promising for the prevention 

enteric diabetic neuropathy. 
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