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Introduction 

 

 
According to the WHO, diabetes is "a chronic metabolic disease characterized by 

elevated blood glucose levels, which over time leads to serious damage to the nerves, kidneys, 

heart, blood vessels and eyes". Neuropathy is one of the long-term complications of both type 1 

and type 2 diabetes, characterized by pain, sensory loss, affecting quality of life and even leading 

to limb amputation. Worldwide, the International Diabetes Federation estimates that 537 million 

people have diabetes, and of these, at least 50% develop diabetic neuropathy over time. 

Few therapeutic strategies are currently available, with limited success in alleviating 

pain. According to the Guidelines of the European Federation of Neurological Societies (EFNS) 

and the American Academy of Neurology (AAN), diabetic neuropathy therapy includes tricyclic 

antidepressants (amitriptyline), gabapentinoids (gabapentin and pregabalin) and non-selective 

adrenaline and noradrenaline reuptake inhibitors (duloxetine and venlafaxine) as first-line 

therapy. Tramadol can be used as second-line therapy, and if topical treatment is preferred, 

capsaicin is preferred. Strong opioids (morphine and oxycodone) are recommended as third line 

therapy because of their potential of abuse. 

The wide variety of pathophysiological mechanisms involved in the development and 

progression of diabetic neuropathy makes it difficult to design effective therapeutic strategies. 

Therefore, in the need to discover new active substances with improved efficacy and fewer side 

effects, we set out to investigate the effects of two drugs already used for the treatment of 

hyperglycemia or its long term complications in this PhD thesis. Thus, the research hypothesis 

started from the following considerations: 

  sildenafil, a PDE-5 inhibitor used for the treatment of erectile dysfunction in diabetes 

mellitus, may have a beneficial effect in diabetic neuropathy, as it improves 

neurovascular function by significantly increasing the number of functional blood 

vessels and regional blood flow in the sciatic nerve ( this hypothesis is also supported 

by data from the literature that indicated that diabetic patients with erectile dysfunction 

treated with sildenafil showed reduced symptoms of neuropathy); 

  metformin is an antihyperglycemic agent recommended as first line therapy by current 

guidelines (American Diabetes Association (2021) and European Association for the 



Study of Diabetes (2021)) that relieves pain by activating adenosine monophosphate-

activated protein kinase (AMPK), considered a target in the treatment of pain. 

The general objectives of this research were the following:  

  Validation of the method of inducing diabetic neuropathy by administering alloxan to 

mice, simultaneously with the monitoring of blood glucose values and blood parameters; 

  Evaluation of antihyperalgesic potential in various experimental pharmacological tests 

for selected compounds in an animal model of diabetic neuropathy. In parallel, we 

determined fructosamine and hematological parameters, along with the biochemical 

markers from brain and liver homogenates; 

  The 50% mean effective doses (DE50) for the treatment of diabetic neuropathy in mice 

were determined for sildenafil and metformin; 

 Evaluation of the synergism between sildenafil and metformin in an animal model of 

diabetic neuropathy in mice and rats. 

 

I. The general part 

1. General physiopathological aspects of neuropathic pain 

 

The International Association for the Study of Pain (IASP) defines neuropathic pain as 

"pain caused by an injury or disease of the nervous system" [1]. Neuropathic pain is 

characterized as constant or intermittent, spontaneous or provoked, and is described as burning, 

stinging, tingling, itching, stabbing. It can be accompanied by allodynia (appearance of the 

sensation of pain to a non-painful stimulus) or hyperalgesia (exaggeration of the sensation of 

pain) [2]. Neuropathic pain is classified as central or peripheral depending on the location.  

Diagnosing neuropathic pain can be a real challenge, given its association with other 

conditions and the absence of a standard diagnostic method. So, not surprisingly, it can be 

difficult to treat effectively, being associated with significant impairments in quality of life and 

a substantial economic burden [2]. 

According to the recent studies, the prevalence of neuropathic pain is as following: 

a) Europe-7.7%; 

b) Australia-7%; 

c) United States of America-5% [2]. 



Usually, negative and positive sensory symptoms coexist in neuropathic pain. Negative 

symptoms include attenuation of various somatosensory qualities, such as tactile hypoesthesia 

or anesthesia, thermal hypoesthesia, hypoalgesia, and loss of vibratory sensation. These 

symptoms cause discomfort but are not painful. In addition to negative symptoms, spontaneous 

positive symptoms such as paresthesia and dysesthesia, paroxysmal pain, and continuous 

superficial pain may occur. Other positive symptoms include hyperalgesia and allodynia, being 

elicited by various stimuli [3]. 

Diabetes and its complications are growing challenges for health systems worldwide. 

According to the International Diabetes Federation, 425 million people worldwide aged ≥ 20 

years had diabetes in 2017, and this number is expected to increase to 629 million by 2045 [3]. 

Diabetic neuropathy is a common and, until recently, largely neglected problem, 

affecting approximately 50% of patients with diabetes at some point [4-7]. Diabetic neuropathy 

can be defined as "the presence of symptoms and/or signs due to peripheral nerve dysfunction 

in people with diabetes after exclusion of other causes" [7]. A major problem with DN is that 

once it has developed and complications have occurred, it is difficult to treat and patients face 

an increased risk of amputations associated with increased mortality [8-11]. 

HbA1c levels and duration of diabetes, along with other metabolic factors such as 

hypertension and insulin resistance, are predictors of diabetic neuropathy. Likewise, numerous 

studies have highlighted the presence of obesity in patients with neuropathy, but also 

hypertriglyceridemia and low levels of high-density lipoproteins (HDL), especially in patients 

with type 2 diabetes. In addition to these factors, smoking, alcohol and advanced age contribute 

to the progression of diabetic neuropathy [12-14]. 

For a better view of the onset and progression of diabetic neuropathy, it is essential to 

describe the process by which energy is produced by the peripheral nervous system through the 

use of substrates. In diabetes, the long-chain fatty acid transport system in Schwann cells 

becomes saturated and acetyl-CoA (acetyl coenzyme A) molecules are converted to 

acylcarnitine, which is toxic to both Schwann cells and dorsal root ganglion neurons, 

contributing to the development of diabetic neuropathy along with nerve damage [15]. Elevated 

glucose levels lead to the metabolism of glucose through one or more metabolic pathways, such 

as the polyol pathway and the hexosamine pathway, leading to increased ROS and 



inflammation, respectively, largely due to mitochondrial dysfunctions [16], which contribute to 

ongoing damage to the nervous system. 

Although many studies suggest that there are no changes in blood flow associated with 

diabetic neuropathy, poor blood circulation occurs in peripheral nerves that may contribute to 

the progression of diabetic neuropathy. Poor circulation at the microvascular level leads to 

additional damage to peripheral nerves, associated with their dysfunction. Diabetes causes 

ischemia of nerve fibers, which causes an increase in the density of endoneurial capillaries [17]. 

 

2. Therapeutic management of neuropathic pain 

 

The management of neuropathic pain focuses on treating the symptoms, and only in 

certain pathological conditions the etiological causes can be treated, thus relieving the pain [18]. 

Pharmacological treatment of neuropathic pain includes: 

I. First line agents: 

1. Tricyclic antidepressants, especially amitriptyline (acts by inhibiting noradrenaline 

and serotonin, but also has effects on ion channels, adrenergic, histaminergic and cholinergic 

receptors; side effects include drowsiness, dizziness, dry mouth, orthostatic hypotension and 

prolongation of the QT interval; they are contraindicated in patients with glaucoma, prostate 

hypertrophy and cardiac disorders) [18-20]. 

2. Non-selective serotonin and noradrenaline reuptake inhibitors, especially duloxetine 

and venlafaxine (act by non-selective inhibition of serotonin and noradrenaline reuptake; side 

effects include nausea, abdominal pain and constipation, high blood pressure (at high doses for 

venlafaxine); use with caution in patients with cardiac disorders and liver conditions (in the case 

of duloxetine) [18-20]. 

3. Gabapentinoids: pregabalin, gabapentin (their analgesic effect is mainly due to a 

decrease in central sensitization by binding to the α2-δ subunit of voltage-dependent Ca²+ 

channels; side effects include sedation, dizziness, peripheral edema, weight gain, blurred vision) 

[18-20]. 

II. Second line agents: 

1. Topical treatment: lidocaine (acts by decreasing spontaneous ectopic discharge by 

blocking sodium channels; side effects are local, especially skin irritations) and capsaicin (acts 



by activating the TRPV1 receptor, leading to desensitization of TRPV1 at the level of epidermal 

nerve fibers; side effects occur locally - redness, itching) [18-20]. 

2. Opioids: tramadol and tapentadol (inhibits nociceptive transmission via pre- and 

postsynaptic μ opioid receptors; tramadol presents a mixed mechanism of action: μ opioid 

agonist and inhibition of serotonin and noradrenaline reuptake; recommended as second-line 

agents due to the increased risk of abuse although lower compared to strong opioids) and risk 

of confusion and drowsiness especially in the elderly; it is used with caution in combination 

with antidepressants) [18-20]. 

III. Third line agents 

1. Strong opioids: oxycodone and morphine (act as μ opioid receptor agonists; present 

increased risk of pharmacodependence) [18-20]. 

2. Botulinum toxin type A (a potent neurotoxin commonly used for the treatment of focal 

muscle hyperactivity, an effect due to inhibition of synaptic exocytosis and neuronal 

transmission; the treatment is generally considered safe, although there is limited evidence from 

long-term studies) [18-20]. 

 

II. Personal contributions 

3. Working hypothesis and general objectives 

 

Neuropathy is one of the common complications of diabetes that occurs due to damage 

to the peripheral nervous system. The neuropathy that occurs in diabetes is called diabetic 

neuropathy and affects about 50% of patients with diabetes. 

 Erectile dysfunction (ED) has also neurological [21] and microvascular etiology [22] 

and is closely related to cardiovascular pathologies and its factors of risk, especially diabetes 

[23-24]. 

There is no single treatment to prevent or reverse neuropathic changes or to provide total 

pain relief. Therefore, we believe there is a great need for studies evaluating the most effective 

drugs or combinations for the management of DNP to maximize pain relief and improve quality 

of life. Considering these considerations, we proposed to investigate the effects of sildenafil and 

metformin, administered as monotherapy or in combination for the treatment of peripheral 

neuropathic pain in diabetic rodents starting from the following observations: 



 The level of PDE-5 increases due to hyperglycemia, and the administration of an PDE-

5 inhibitor, such as sildenafil, can improve blood circulation in the sciatic nerve by 

increasing the expression of cGMP; 

  Metformin, in addition to its antihyperglycemic action by which it improves glycemic 

status, can also prevent the onset of neuropathy through two mechanisms: activating 

AMPK (considered a target for pain treatment) and inhibiting mTORC1. 

In this PhD thesis, we aimed to evaluate the antihyperalgesic potential of different doses 

of sildenafil and metformin, but also of the sildenafil-metformin combination in various 

experimental pharmacological tests and the influence of these drugs on blood tests 

(hemoleukogram, fructosamine) and different biochemical markers (cytokines pro-

inflammatory, nitrites, thiols) from brain and liver homogenates. 

 

4. Investigation of antihyperalgesic potential for different doses 

of sildenafil and metformin in alloxan-induced diabetic neuropathy in 

mouse 

 

In the need to discover new active substances with improved efficacy and fewer side 

effects, recent research showed that treatment of diabetic peripheral neuropathy with sildenafil, 

a PDE 5 inhibitor, improves sciatic nerve circulation and neurological function in experimental 

animal models [25-26]. Also, the antihyperalgesic effect of metformin has been studied in 

animal models in several researches and it has been shown that, in addition to its 

antihyperglycemic effects, it alleviates pain by inhibiting mTORC and activating AMPK [27-

29]. Therefore, sildenafil and metformin work through different mechanisms of action than the 

drugs that are recommended in diabetic neuropathy according to current guidelines. 

Furthermore, the repurposing of these two drugs for the management of this pathology could 

provide therapeutic options with superior efficacy and fewer and less severe side effects. 

 

Materials and methods 

The experimental procedures were carried out in accordance with the bioethical rules 

proposed by Law 43/2014 on the protection of animals used for scientific purposes and Directive 

2010/63/EU of the European Parliament and of the Council of September 22, 2010, on the 



protection of animals used for scientific purposes. The experimental protocol was approved by 

the Bioethics Commission of the Faculty of Pharmacy, Carol Davila University of Medicine 

and Pharmacy, Bucharest, Romania. 

A number of 110 diabetic animals were selected, divided into 11 experimental groups 

(n=10) that received daily treatment for 14 days by oral gavage, as follows: distilled water for 

the non-diabetic control group (ND), distilled water for the diabetic control group (D), 

gabapentin 50 mg·kg−1 (G50 group ), gabapentin 100 mg·kg−1 ( G100 group ), gabapentin 150 

mg·kg−1 ( G1 50 group ), metformin 150 mg·kg−1 (M150 group), metformin 250 mg·kg−1 (M250 

group), metformin 500 mg·kg−1 (M500 group), sildenafil 1.5 mg·kg−1 ( S1.5 group), sildenafil 

2.5 mg·kg−1 ( S2.5 group), sildenafil 3 mg·kg−1 (S3 group). 

The antihyperlagic potential of different doses of sildenafil and metformin was evaluated 

in the hot-plate test, but also in the cold-stimulus test (tail withdrawal from cooled water) after 

the induction of diabetes with alloxan. At the end of the experiment, blood samples were 

collected for evaluation of fructosamine and blood count. The ED50 for sildenafil and metformin 

in the heat and cold hypersensitivity tests were also calculated. 

Statistical analysis of the experimental data and their graphical illustration were 

performed using the GraphPad Prism v.5.00 software package (GraphPad Software, San Diego, 

CA, USA). The type of data distribution was determined using the D'Agostino-Pearson test. 

Experimental results were analyzed using the following statistical tests: one-way analysis of 

variance (ANOVA) test followed by Dunnet's post hoc test for parametric data and Kruskal-

Wallis test followed by Dunn's post hoc test for nonparametric data. 

 

Results and discussion 

In this study, we observed a significant increase in pain sensitivity in the diabetic control 

group in both Hot-plate and tail-withdrawal tests when compared to the non-diabetic control. 

The results obtained are consistent with specialized literature indicating that hyperglycemia-

induced oxidative stress is an important mechanism leading to both the development and 

progression of hyperalgesia and allodynia in rodents [30-31]. 

In the Hot-plate test, sildenafil produced an antihyperalgesic effect in all diabetic animals 

treated with different doses. This effect was statistically significant for the doses of 2.5 mg·kg-

1 and 3 mg·kg-1, starting from the 7th day of treatment (Figure 4.1.A). The same antihyperalgesic 



effects were obtained for sildenafil in the tail withdrawal test for the same doses, with significant 

increases in pain reaction latency for doses of 2.5 mg·kg-1 and 3 mg·kg-1 on day 14 of the 

experiment (Figure 4.1.B). 

Present research showed that in the diabetic groups treated with metformin, pain 

sensitivity to a cold stimulus (water cooled to 10℃) decreased during evaluation on days 7 and 

14 of the experiment. Metformin in doses of 150 mg·kg-1 and 500 mg·kg-1 showed a significant 

increase in pain reaction latency when compared to the diabetic control group after 14 days of 

treatment (Figure 4.1.B). In the Hot-plate test, the antihyperalgesic effect of metformin was 

observed for all doses. Metformin 150 mg·kg−1 demonstrated a significant decrease in pain 

sensitivity when compared to the diabetic control group after 7 days of treatment, while all doses 

of metformin showed a significant increase in pain reaction latency compared to the diabetic 

control group after 14 days of treatment (Figure 4.1.A). 
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Figure 4.1. (A) Pain reaction latency in the Hot-plate test after 14 days (B) Pain reaction 

latency in the tail withdrawal test after 14 days. Values are expressed as mean ± S.E.M. 

 

Blood tests revealed an increase in WBC values in all diabetic groups when compared 

to the non-diabetic control group. Significantly lower values were observed in groups treated 

with metformin 250 mg·kg-1 and 500 mg·kg-1 when compared to the diabetic control group. We 

also noted a decrease in RBC, Hb and Hct values in all diabetic groups when compared to the 

non-diabetic control, although among metformin 250 mg·kg-1 and 500 mg·kg-1 groups the 

decrease was not statistically significant. In correlation with other preclinical and clinical studies 

[32-33], significantly increased MPV values were reported in our study for all diabetic groups 



when compared to the non-diabetic mice. In addition, the group treated with metformin at a dose 

of 250 mg·kg-1 showed significantly lower MPV values. 

After evaluating the efficacy of the administered drugs in diabetes-induced heat 

hypersensitivity, we obtained ED50 values of 2.07 mg·kg−1 for sildenafil, 348.92 mg·kg−1 for 

metformin, and 70.39 mg·kg−1 for gabapentin. The calculated ED50 values for antihyperalgesic 

effects in cold hypersensitivity were 2.06 mg·kg−1 for sildenafil, 205.90 mg·kg−1 for metformin 

and 104.31 mg·kg−1 for gabapentin. 

 

5. Influence of sildenafil-metformin combination  

on hyperalgesia and biochemical markers in diabetic neuropathy in 

mice 

 

Experimental research on animal models has demonstrated the antihyperalgesic effect 

of sildenafil, which improves neurovascular function by significantly increasing the number of 

functional blood vessels and regional blood flow in the sciatic nerve [26]. On the other hand, 

metformin, an antihyperglycemic agent, prevented the onset of peripheral neuropathy by 

activating AMPK [34]. Byrne et al. demonstrated that metformin reduced hyperalgesia in 

fructose-treated rats, suggesting that its antihyperalgesic effect is not entirely dependent on its 

hypoglycemic action [35]. In addition, Deftu et al. pointed out that metformin activates AMPK, 

which consequently modulates the activity of the E3 ubiquitin ligase NEDD4-2 and the 

expression of voltage-gated sodium channels (NaVs) [36]. 

It is well known that TNF-α is involved in the pathophysiology of chronic pain [37]. 

Also, in the case of diabetic patients, inflammation occurs in nerve tissues and several studies 

have shown an increase of pro-inflammatory cytokines in their blood [34-35]. Besides TNF-α, 

IL-6 production is also increased in diabetic patients with neuropathy [38]. 

iNOS is a proinflammatory enzyme that generates intracellular free radicals and 

increases NO production [39]. Consequently, NO contributes to the progression of neuropathic 

pain by directly affecting injured peripheral axons and acting as a signaling molecule in the 

medullary dorsal horn [40]. 

 

 



Materials and methods 

The experimental procedures were carried out in accordance with the bioethical rules 

proposed by Law 43/2014 on the protection of animals used for scientific purposes and Directive 

2010/63/EU of the European Parliament and of the Council of September 22, 2010, on the 

protection of animals used for scientific purposes. The experimental protocol was approved by 

the Bioethics Commission of the Faculty of Pharmacy, Carol Davila University of Medicine 

and Pharmacy, Bucharest, Romania. 

In this study, we used 100 diabetic mice and 20 non-diabetic mice divided into 6 equal 

groups (n=20) that received treatments daily for 14 days by oral gavage as follows: non-diabetic 

control group (ND) – distilled water 0.1 mL·kg−1; diabetic control group (D) - distilled water 

0.1 mL·kg−1;  GBN group - gabapentin 100 mg·kg-1;  S1.5+M150 group - sildenafil 1.5 mg·kg−1 

+ metformin 150 mg·kg−1;  S2.5+M250 group– sildenafil 2.5 mg·kg−1 + metformin 250 

mg·kg−1;  S3+M500 group- sildenafil 3 mg·kg−1 + metformin 500 mg·kg−1. 

We evaluated initial, at 7 and 14 days blood glucose, heat and cold hypersensitivity, and 

at the end of the experiment we determined TNF-α, IL-6 and the concentration of nitrites on 

brain and liver homogenates. 

Statistical analysis of the experimental data and their graphical illustration were 

performed using the GraphPad Prism v.5.00 software package (GraphPad Software, San Diego, 

CA, USA). The type of data distribution was determined using the D'Agostino-Pearson test. 

Experimental results were analyzed using the following statistical tests: one-way analysis of 

variance (ANOVA) test followed by Dunnet's post hoc test for parametric data and Kruskal-

Wallis test followed by Dunn's post hoc test for nonparametric data. 

 

Results and discussion 

One of the most common complications of diabetes is erectile dysfunction. The meta-

analysis by Kouidrat et al. showed that the incidence of erectile dysfunction in diabetic patients 

was 52.5% and its prevalence was about 3.5 times higher than in non-diabetic patients [41]. The 

efficacy, safety, and improvement in quality of life in patients with type 2 diabetes and erectile 

dysfunction taking sildenafil are well established [42-43]. 

The importance of metformin in the treatment of type 2 diabetes is well established by 

the American Diabetes Association and the European Association for the Study of Diabetes 



[44], being recommended as first-line pharmacological therapy. Given that these two drugs, 

sildenafil and metformin, are commonly prescribed to maintain glycemic control and correct 

erectile dysfunction in patients with type 2 diabetes, we set out to investigate whether the 

combination of the two substances can correct diabetic neuropathy, a common complication of 

this disease. 

In the Hot-plate test, all 3 sildenafil-metformin combinations showed a significant 

decrease in pain sensitivity when compared to the diabetic control group, both after 7 and 14 

days of treatment. On the 7th day of the experiment, the S3+M500 combination demonstrated 

the most intense antihyperalgesic effect, while after 14 days of treatment, the S2.5+M250 group 

showed a greater increase in the pain reaction latency(Figure 5.1.A). In the cold stimulus test, 

the antihyperalgesic effect of all sildenafil-metformin combinations observed in the Hot-plate 

test is supported, with the S3+M500 group registering the highest pain reaction latency when 

compared to the diabetic control after 14 days of treatment (Figure 5.2.A). 

N
D D

G
B
N

S1.
5+

M
15

0

S2.
5+

M
25

0

S3+
M

50
0

0

5

10

 ***

 ###

### ###

 ##

L
a
te

n
cy

 (
se

c.
)

A

N
D D

G
B
N

S1.
5+

M
15

0

S2.
5+

M
25

0

S3+
M

50
0

0

5

10

 ***

 ###
 ###

 ###
 ##

L
a
te

n
cy

 (
se

c.
)

B

  

 

Figure 5.1. (A) Pain reaction latency in the Hot-plate test after 14 days (B) Pain reaction latency in the 

tail-retraction test after 14 days. Values are expressed as mean ± S.E.M 

 

Regarding the level of IL-6, the groups treated with gabapentin and the S2.5+M250 

combination recorded significant decreases in the brain tissues when compared to the diabetic 

control group. For comparison, in liver tissues, the diabetic groups treated with gabapentin and 

the S1.5+M150 and S2.5+M250 combinations showed non-significant decreases in the level of 



IL-6 when compared to the diabetic control group after 14 days of treatment. After 14 days of 

treatment, nitrites concentration was significantly decreased for the S2.5+M250 and S3+M500 

combinations in brain tissues when compared to the diabetic control group, while all diabetic 

groups receiving treatment with gabapentin and all sildenafil-metformin combinations 

demonstrated significant decreases of nitrites levels in liver when compared to the diabetic 

control, suggesting a lower NOS activity. 

 

6. Evaluation of the synergism of the combination between sildenafil and 

metformin in an animal model of alloxan-induced diabetic neuropathy 

 

In recent years, the therapeutic approach of a pathology with a single drug has slowly 

shifted towards combination therapy that uses a combination of several active substances. This 

change occurred following observations that highlighted the limited efficacy of monotherapy in 

chronic diseases, the emergence of treatment resistance, but also numerous severe adverse effects 

[45]. The latest results demonstrated that combination therapy could effectively cure chronic 

diseases with complex etiology and pathophysiology, such as diabetes, cancer, AIDS [46-49]. 

The purpose of this study was to evaluate the synergism between metformin and sildenafil 

in an animal model of alloxan-induced diabetic neuropathy based on the results obtained following 

the individual administration of the 2 substances (Chapter 4) and the association between the 2 

drug (Chapter 5) in the heat and cold hypersensitivity tests. 

 

Materials and methods 

The experimental analysis was followed by the evaluation of synergism between sildenafil 

and metformin on neuropathic pain. The synergism was evaluated cumulatively for the 3 

combinations between the 2 drugs, for both types of tests based on thermal stimuli for 7 and 14 

days respectively after the administration of the substances, the algorithm being thus implemented 

a total of 4 times. Synergism evaluation was implemented in the Python programming language, 

version 3.9.2, through the synergy library [50]. 

 

 

 



 

Results and discussion 

Table 6.1. illustrates the results obtained regarding the evaluation of the synergism between 

sildenafil and metformin by means of the MuSyC algorithm. 

 

       Table 6.1. The results obtained for the evaluation of synergism between sildenafil and metformin 

Indicator Case 1 

Interpretation 

Case 2 

Interpretation 

Case 3 

Interpretation 

Case 4 

Interpretation 

Beta (β) 0.07 

Synergism 

4.44 

Synergism 

-0.01 

Antagonism 

-0.25 

Antagonism 

Alpha-12 (α12) 0.57 

Antagonism Undefined 

1.16 

Synergism 

0.33 

Antagonism 

Alpha-21 (α21) 0.64 

Antagonism Undefined 

1.07 

Synergism 

0.86 

Antagonism 

Gamma-12 

(γ12) 

0.63 

Antagonism Undefined Undefined 

5.39 

Synergism 

Gamma-21 

(γ21) 

1.67 

Synergism Undefined 

10.2 

Synergism 

0 

Antagonism 

 

In the last years, there is a tendency to resort to drug combinations to treat chronic diseases 

with complex pathophysiology. Being a chronic pathology, diabetic neuropathy is difficult to treat, 

affecting the patients' quality of life. Thus, the discovery of new therapies with improved efficacy 

is of interest. In this regard, several preclinical studies have been identified in the specialized 

literature that evaluated the effect of different drug combinations in the relief of different types of 

diabetic neuropathy pain. 

Regarding the efficacy measured by means of the beta indicator of the sildenafil-metformin 

combination, the cold hypersensitivity test showed a synergistic interaction between sildenafil and 

metformin, with a more pronounced effect 14 days after treatment administration. Regarding the 

clinical interpretation of the calculated values of the alpha indicator, for Case 3 (synergistic 

interaction), sildenafil and metformin mutually increased their potency in heat hypersensitivity. 

This may translate into a lower required dose of sildenafil in the presence of metformin, as well as 



a lower required dose of metformin in the presence of sildenafil when the goal is to reduce pain 

hypersensitivity to heat. 

 

7. ED50 prediction for sildenafil-metformin combination 

in an animal model of alloxan-induced diabetic neuropathy in rats 

 

 To maximize the intended benefits and reduce the risk of side effects, the individualization 

of the drug dose is often a challenge. The ED50 represents the dose at which the desired response 

occurs for 50% of the population and is calculated by drawing a line corresponding to the 50% 

effect on the dose-response curve. Using the dose that produces approximately 50% of the 

maximum possible effect of the drug has been shown to be sufficient to achieve the desired effect. 

It is necessary to point out that with the increase of the dose, the risk of side effects also increases 

[51]. In this study we decided to evaluate the ED50 efficacy of the sildenafil-metformin combination 

previously calculated in Chapter 5 in an animal model of diabetic neuropathy. 

 

Materials and methods 

The experimental procedures were carried out in accordance with the bioethical rules 

proposed by Law 43/2014 on the protection of animals used for scientific purposes and Directive 

2010/63/EU of the European Parliament and of the Council of September 22, 2010, on the 

protection of animals used for scientific purposes. The experimental protocol was approved by 

the Bioethics Commission of the Faculty of Pharmacy, Carol Davila University of Medicine 

and Pharmacy, Bucharest, Romania. 

For this study we selected 70 diabetic rats and 10 non-diabetic rats divided into 8 equal 

groups (n=10) which received daily treatment, for 15 days by oral gavage, as follows: non-

diabetic control group (ND) – distilled water 1 mL·kg−1; diabetic control group (D) - distilled 

water 1 mL·kg−1 ; G30 group-gabapentin 30 mg·kg-1;  G90 group-gabapentin 90 mg·kg-1; G150 

group-gabapentin 150 mg·kg-1; S2+M100 group-sildenafil 2 mg·kg−1 + metformin 100 mg·kg−1; 

S2.5+M300 group – sildenafil 2.5 mg·kg−1 + metformin 300 mg·kg−1; S3+M500 group- 

sildenafil 3 mg·kg−1 + metformin 500 mg·kg−1. 



We evaluated blood sugar, thermal hypersensitivity to hot and cold stimulus, but also tactile 

hypersensitivity during 15 days of treatment. We also assessed the level of TNF-α, IL-6, NOS 

activity and thiol concentration in rat brain and liver homogenates. 

Statistical analysis of the experimental data and their graphical illustration were 

performed using the GraphPad Prism v.5.00 software package (GraphPad Software, San Diego, 

CA, USA). The type of data distribution was determined using the D'Agostino-Pearson test. 

Experimental results were analyzed using the following statistical tests: one-way analysis of 

variance (ANOVA) test followed by Dunnet's post hoc test for parametric data and Kruskal-

Wallis test followed by Dunn's post hoc test for nonparametric data. 

 

Results and discussion 

When talking about chronic treatments, the use of the lowest effective dose is preferable 

[51]. Manufacturers' studies for ED50 determination in some cases provide an estimate of ED50 

and a range of ED50 in the population, but this information appears to have little influence on 

prescribing in some situations. Specialists in the field are either unaware of the importance of 

ED50 or completely ignore it. At the same time, the practical implications of the individual 

variations of ED50 depending on the pharmacokinetic and pharmacodynamic characteristics, but 

also on the body dimensions, are ignored [52]. 

The results of our research demonstrated a marked decrease in heat sensitivity for the group 

treated with the combination of ED50 of sildenafil and ED50 of metformin (group S2.5+M300) 

after 14 days of treatment in the Hot-plate test (Figure 7.1.A). Thus, this association registered 

a decrease in heat hypersensitivity induced by diabetic neuropathy comparable to that of the 

association between sildenafil and metformin that used higher doses than ED50. 

Also, increased pain reaction latency was also noted in the Cold-plate test. The S2.5+M300 

and S3+M500 groups demonstrated significant decreases in pain sensitivity after 15 days of 

treatment when compared to the diabetic control group (Figure 7.1.B). 

The antihyperalgesic effect was also noted in the tactile hypersensitivity test both for the 

sildenafil 2.5 mg·kg−1 + metformin 250 mg·kg−1 and sildenafil 3 mg·kg−1 + metformin 500 

mg·kg−1 combinations after 14 days of treatment (Figure 7.1.C). 
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Figure 7.1. (A) Pain reaction latency in Hot-plate test after 14 days (B) Pain reaction latency in 

Cold-plate test after 15 days (C) 50% withdrawal threshold after 14 days 

Values are expressed as mean ± S.E.M. 

 

Also, our study revealed a decrease in TNF-α production following treatment with the 

sildenafil 2.5 mg·kg−1-metformin 250 mg·kg−1 and sildenafil 3 mg·kg−1 - metformin 500 

mg·kg−1 combinations in the liver and the sildenafil 3 mg·kg−1- metformin 500 mg·kg−1 

combination in brain tissues. In addition, the S2.5+M250 and S3+M500 groups had markedly 

reduced IL-6 levels when compared to the diabetic control group in both brain and liver tissue. 

Moreover, at the brain level, both sildenafil-metformin combinations recorded superior effects 

than the groups treated with gabapentin. The concentration of nitrites decreased after 15 days of 



treatment with all 3 sildenafil-metformin combinations in both brain and liver tissues, and the 

concentration of total thiols increased for all sildenafil-metformin groups in both brain and liver 

tissues. 

 

Conclusions and personal contributions 

 

Considering the observations from previous studies, we evaluated in a first experiment the 

antihyperalgesic potential of sildenafil and metformin administered in 3 different doses in an 

animal model of diabetic neuropathy. 

To induce diabetic neuropathy, we administered 2 different doses of alloxan - 130 mg·kg−1 

and 150 mg·kg−1 to mice. 

In the Hot-plate test, all doses of metformin (150 mg·kg-1, 250 mg·kg-1, 500 mg·kg-1), 

sildenafil 2.5 mg·kg-1 and sildenafil 3 mg·kg-1 showed a significant increase in pain reaction 

latency after 14 days of treatment. In the tail withdrawal test, metformin administered in doses of 

150 mg·kg-1 and 500 mg·kg-1 and sildenafil in doses of 1.5 mg·kg-1 and 3 mg·kg-1 demonstrated 

significant increases in pain reaction latency after 14 days of treatment.  

Moreover, the blood count showed increased values for leukocytes and mean platelet 

volume and decreased values for erythrocytes, hemoglobin and hematocrit in the diabetic groups. 

Due to better glycemic control, metformin administered in doses of 250 mg·kg-1 and 500 mg·kg-1 

resulted in significant decreases in leukocyte values and statistically insignificant decreases in 

erythrocyte, hemoglobin, and hematocrit values. 

We further analyzed the antihyperalgesic effect of different sildenafil-metformin 

combinations previously administered individually in an animal model of diabetic neuropathy in 

mice. 

An increase in pain reaction latencies was observed in the tail withdrawal test and in the 

Hot-plate test. In addition, all 3 sildenafil-metformin combinations showed similar or superior 

effects than gabapentin in reducing pain sensitivity. 

Moreover, the sildenafil 2.5 mg·kg-1 and metformin 250 mg·kg-1 combination demonstrated 

the ability to reduce interleukin-6 production in brain and liver tissues. 

Also, the groups treated with sildenafil 2.5 mg·kg-1 + metformin 250 mg·kg-1 and sildenafil 

3 mg·kg-1 + metformin 500 mg·kg-1 prevented the increase in cerebral nitric oxide synthase 



activity, while all 3 sildenafil-metformin combinations showed significantly reduced values of 

nitrites in liver tissues. 

Based on the results obtained in Chapters 4 and 5 in the heat and cold hypersensitivity tests 

following the administration of the substances in monotherapy and in combination, we evaluated 

the synergism of the combination with the help of the MuSyC algorithm. 

Our results showed a synergistic interaction between sildenafil and metformin in the cold 

hypersensitivity test. In the heat hypersensitivity test, sildenafil and metformin potentiated each 

other. 

In a final experiment, we assessed the ability of the combination between ED50 of sildenafil 

and of metformin, calculated with the help of the results obtained in the first experiment to reduce 

pain in an alloxan-induced diabetic neuropathy model in rats. 

Thus, sildenafil 2.5 mg·kg−1 + metformin 250 mg·kg−1 combination, administered over a 

period of 15 days, increased the pain reaction latency in the Hot-plate and Cold-plate tests, but also 

in the von-Frey test. 

Also, the administration of this combination demonstrated its anti-inflammatory action by 

decreasing the level of tumor necrosis factor (TNF-α) in the liver tissue and interleukin-6 in the 

brain and liver. Furthermore, sildenafil 2.5 mg·kg−1 + metformin 250 mg·kg−1 combination 

prevented the increase in nitric oxide synthase activity and showed protection against glutathione 

depletion. 

The novelty of this research is given by the hypothesis of the use of two substances that can 

be frequently prescribed in the therapy of diabetic patients for the treatment of glucose metabolism 

disorder (metformin) and for vascular complications induced by hyperglycemia (sildenafil, PDE5 

inhibitor). There are no published studies in the literature investigating the efficacy of sildenafil in 

diabetic neuropathy, or the association between metformin and sildenafil. 

Personal contributions in this PhD thesis can be considered the following: 

  Induction and validation of the method of diabetic neuropathy in mice by administration of 

alloxan. Correlation of the data on the changes produced by the metabolic disturbances given 

by the increased level of glucose and fructosamine and the increase in diabetic thermal pain 

sensitivity in the alloxan diabetes model (Chapter 4); 



 Investigating the effect of metformin and sildenafil administered as monotherapy on pain 

sensitivity in diabetic mice, in correlation with fructosamine concentration and blood count 

(leukocytes, erythrocytes, hemoglobin, hematocrit, mean platelet volume) (Chapter 4). 

 Determination of the mean effective doses (ED50) for sildenafil and metformin in the heat 

and cold hypersensitivity tests in the previously described animal model (Chapter 4); 

 Demonstration of the antihyperalgesic effect of fixed-dose combinations between sildenafil 

and metformin in alloxan-induced diabetes in mice, correlated with the influence of this 

combinations on pro-inflammatory cytokines (TNF-α and IL-6) and nitric oxide synthase 

activity in brain and liver homogenates. These determinations are the first in the literature, 

as the sildenafil – metformin combination has not been studied before (Chapter 5); 

 Evaluation of the synergism of the sildenafil and metformin combination based on the 

experimental results obtained by determining the parameters of pain sensitivity in diabetic 

mice, using the MuSyC algorithm (calculation of three types of synergism indicators: 

efficacy, potency and cooperativity) (Chapter 6); 

 Evaluation of the antihyperalgesic potential of the sildenafil and metformin combination, 

administered in mean effective doses (previously calculated) in alloxan-induced diabetic 

neuropathy in rats (Chapter 7). 

 Demonstration of the reduction of the pro-inflammatory cytokines IL6 and TNF-α release 

in the brain and liver tissue following the administration of sildenafil and metformin 

combinations in diabetic rats, along with the decrease in nitric oxide synthase activity and 

increase of the protection against glutathione depletion (Chapter 7). 
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