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ABSTRACT  

Purpose: The aim of this study was to investigate the potential effect of doxycycline, compared 
to pregabalin, on streptozotocin-induced diabetic neuropathy in rats. Methods: This was carried out on 
64 male Wistar rats (150 – 200 g), divided into: Group 1 (control group), receiving once daily either 
(1) 1 ml normal saline for 5 weeks, (2) 50 mg/kg doxycycline or (3) 100 mg/kg doxycycline for 2 
weeks, (4) 30 mg/kg pregabalin for 2 weeks; groups 5 (Diabetic groups), receiving single IP 50 mg/kg 
STZ and only rats with blood glucose >200 mg/dl within 72 hours were further subdivided three 
weeks following STZ administration into: 5a. Untreated DN: Receiving daily oral 1 ml normal saline; 
5b. Doxycycline treated DN: Receiving daily oral 50 mg/kg doxycycline for 2 weeks; 5c. 
Doxycycline treated DN: Receiving daily oral 100 mg/kg for 2 weeks and 5d. Pregabalin treated DN: 
Receiving daily oral 50 mg/kg for 2 weeks. Assessment was done using cold bath test for thermal 
allodynia, hot plate test for thermal hyperalgesia, paw withdrawal test for mechanical hyperalgesia, 
random blood glucose and HbA1C, TNF-α and IL-1β in spinal cord homogenate and histopathology of 
sciatic nerve. Results: The study revealed that doxycycline suppressed thermal allodynia as well as 
thermal and mechanical hyperalgesia, decreased TNF-α and IL-1β, reduced blood glucose level and 
ameliorated neurodegenerative changes in sciatic nerve, but with no significant effect on HbA1C. 
Conclusion: Doxycycline offers a promising therapy for painful diabetic neuropathy beyond its 
antimicrobial effect. 
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Introduction 

Diabetic neuropathy, is the most common complication of DM, affecting two-thirds of both 
type1 and type 2 diabetic patients (Pasnoor et al., 2013) Diabetes mellitus (DM) is characterized by 
hyperglycemia resulting from insulin deficiency (type 1) and/or insulin resistance (type 2), associated 
with long-term complications affecting, among others, the nerves and blood vessels, either the large 
ones (macrovascular) and/or the small ones (microvascular) causing diabetic nephropathy, retinopathy 
and neuropathy (American Diabetes Association 2017). 

Diabetic polyneuropathy has been defined by the Toronto Consensus Panel on Diabetic 
Neuropathy as a “symmetrical, length-dependent sensorimotor polyneuropathy attributable to 
metabolic and microvessel alterations as a result of chronic hyperglycemia exposure and 
cardiovascular risk covariates”. Sensory symptoms start in the toes and over time affect the upper 
limbs in a “stocking and glove” distribution pattern and described by patients as loss of pain sensation 
or “Novocain-like” insensitivity, tingling, “pins and needles” sensation, burning, “electric shocks”, 
allodynia (painful sensation to an inoffensive stimuli), or hyperalgesia (increased sensitivity to painful 
stimuli) (Tesfaye and Selvarajz, 2012). 

The pathologic basis for diabetic neuropathy remains controversial despite the massive research 
efforts. Hyperglycemia activates several biochemical pathways, including advanced glycation end 
products (AGEs) (Toth et al., 2008). The AGE receptor ligation activates transcription factor nuclear 
factor-B (NF-β), leading to pro-inflammatory gene expression such as interleukin-1β (IL-1β) and 
tumor necrosis factor-α (TNF-α) as well as and induction of apoptosis in neuronal cells (Singh et al., 
2013). 

A growing body of evidence indicates that the activation of glia, resident macrophages of the 
central nervous system, strongly influences the synaptic communication between neurons, (Watkins et 
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al., 2008) leading to pathological pain through the release of pro-inflammatory cytokines, which are 
common mediators of allodynia and hyperalgesia (Mika et al., 2009). 

To control pain, various agents are used, for instance, tricyclic antidepressants, selective 
serotonin reuptake inhibitors, opioids and anticonvulsants. Among anticonvulsants, pregabalin, a 
structural analogue of the inhibitory transmitter gamma-aminobutyric acid (GABA) which binds 
presynaptically to the alpha 2 delta subunit of the voltage gated calcium channels in the central 
nervous system, producing a disruption of calcium channel and inhibiting release of excitatory 
neurotransmitter, leading to a tonic inhibition of the over excited neurons (Rajappa et al., 2016). 

Pregabalin was demonstrated to be effective in post-herpetic neuralgia and painful diabetic 
neuropathy at doses ranging from 150-600mg/day. The analgesic effect of pregabalin occurs in the 
first few days of treatment and is sustained over the time. Generally, pregabalin is well tolerated with 
transient, mild or moderate side effects, hence, treatment discontinuation rate is minimal (Lopez-Trigo 
et al., 2006). 

Doxycycline is a long-acting, broad spectrum, tetracycline antimicrobial. Apart from its 
antimicrobial activity, doxycycline was studied in inflammation, proteolysis, angiogenesis, apoptosis 
and bone metabolism (Sapadin, 2006). Compared to tetracyclines, doxycycline is less likely to 
produce GIT upset, superinfection and Clostridium difficile-associated colitis (Brunton et al., 2011).  

The present study was designed to assess the effect of doxycycline, compared to pregabalin, on 
DN in streptozocin-induced diabetes mellitus in rats; by assessing. mechanical and thermal allodynia, 
hyperalgesia, serum levels of glucose and HbA1C, levels of interleukin-1β and tumor necrosis factor-α 
in spinal cord homogenate and histopathology of sciatic nerve. 

 
Methods 
 
Animals 
  

Sixty-four male Wistar rats (150-200 g), purchased from Animal House, Kasr Al-Aini, Cairo 
University, Egypt, kept under standard conditions {Temperature 25 ±2°C; 12:12 light: dark cycle and 
50±5% relative humidity} with free access to water ad libitum. All experiments were carried out 
during the light cycle (08:00 – 16:00). Experimental rats were handled according to the guidelines of 
the local ethical committee, which comply with the international laws for use and care of laboratory 
animals.  

Animals were divided into 2 categories, each of 32 rat, the first category was used as control 
animals, meanwhile the other 32 rats were rendered diabetic by a single i.p.50 mg/kg streptozotocin. 
Only rats with blood glucose level more than 200 mg/dl within 72 hours after STZ were included in 
the study. 

 
Drugs 
  

Doxycycline, as Vibramycin capsules {Pfizer Pharmaceutical Company, USA} that were 
evacuated, particles were crushed and dissolved in distilled water. Dose was extrapolated based on 
surface area, from the human doses of 8 and 16 mg/kg/d, respectively (Bastos et al., 2007). 
Pregabalin, as Lyrica capsules {Pfizer Pharmaceutical Company, USA} were evacuated, particles 
were crushed and dissolved in distilled water. Dose was extrapolated based on surface area, from the 
human dose of 5 mg/kg (Rajesh et al., 2011). Streptozotocin, as powder {Sigma-Aldrich 
Pharmaceutical Company}, dissolved in 0.1 M sodium citrate buffer {Fischer Scientific, USA}, 
dissolved in distilled water and mixed at pH 4.5 by aid of sodium bicarbonate to adjust pH, to be 
administered as a single intraperitoneal dose of 50 mg/kg after 18-hour fasting (Heidari et al., 2008) 
 
Animal Grouping.  
 

Adult male Wistar rats were divided into: 4 control groups; Group (1): Rats received, orally, 
one ml normal saline, daily for five weeks. Group (2): Rats received, orally, 50 mg/kg doxycycline, 
daily for two weeks. Group (3): Rats received, orally, 100 mg/kg doxycycline, daily for two weeks. 
Group (4): Rats received, orally, 30 mg/kg pregabalin, daily for two weeks.  
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Diabetic Neuropathy Groups (4 groups each of 8 animals); Group (5a) Diabetic rats received, 
orally, one ml normal saline, daily. Group 5b. Diabetic rats received, orally, 50 mg/kg doxycycline, 
daily. Group 5c. Diabetic rats received, orally, 100 mg/kg doxycycline, daily. Group 5d. Diabetic rats 
received, orally, 30 mg/kg pregabalin, daily. 

   
Pilot Study. 
 

 Ten male Wistar rats (150 -200 g) were used to confirm the occurrence of diabetic neuropathy 
three weeks following single intraperitoneal injection of 50 mg/kg STZ. Assessment started 72 hours 
following STZ injection by measuring blood glucose level using glucometer, only rats with blood 
glucose level above 200 mg/dl were further evaluated for the occurrence of diabetic neuropathy three 
weeks later using hot plate test and paw pressure withdrawal test for assessment of thermal and 
mechanical hyperalgesia, respectively and histopathologic examination of right and left sciatic nerves. 
Assessments of thermal and mechanical allodynia as well as mechanical hyperalgesia were done at 
the end of experiment (5th week).  

  
Methods of Assessments 
  
Assessment of Thermal Allodynia Using Cold Bath Test.  

Rats were brought in the testing room and left for acclimatization for 60 minutes; then put in 
individual small plastic cages, inverted on an elevated mesh floor and left for acclimatization for 20 
minutes and assessed as the percent of paw withdrawal frequency (PWF), according to the method of 
Choi et al. (1994). 
Assessment of Thermal Hyperalgesia Using Hot Plate Test.  

Rats were brought in the testing room and left for acclimatization for 60 minutes and assessed 
as previously described by Malmberg and Bannon (1999). 
Assessment of Mechanical Hyperalgesia Using Paw Pressure Withdrawal Test Using the analgesy-
meter {Ugo Basile, Comerio, Italy}.  

Following the procedure of Randall and Selitto (1957). Biochemical Analysis. At the end of the 
experiment, venous blood was collected from the retro-orbital plexus, using capillary tubes inserted in 
the medial canthus for measurement of 1. random blood glucose levels using glucometer and 2. HbA1C 
as was described by Bisse and Abraham (1985). 
ELISA Detection of IL-1β and TNF-α in Spinal Cord Homogenate {Fintest, China}.  

Spinal cord was dissected as described by Sleigh et al. (2016) Spinal cord was rinsed in ice-cold 
PBS (0.01 M, pH = 7.4) to remove excess blood. Spinal cord was weighed and minced to small pieces 
then homogenized in PBS and centrifuged for 5 minutes at 5000 x g to get the supernatant. Analysis 
of spinal cord homogenate was done as described in the manufacturer brochure.  
Histopathology.  

At the end of the experiment and after collection of blood samples, rats were euthanized by 
overdose of intraperitoneal thiopental sodium (200 mg/kg). Sciatic nerves were dissected as described 
by Kaewkhaw et al. (1996). After removal of excess fat and connective tissue, nerves were washed 
three times in PBS, fixed in 10% buffer normal saline. Sciatic nerves were then trimmed off and 
dehydrated in serial alcohol concentrations, cleared in xylene, embedded in paraffin blocks and 
sectioned at 4-6 μm thickness. Transverse nerve sections were deparaffinized using xylol and stained 
using H&E, to be visualized under light microscope (Bancroft et al., 1996). Severity of edema and 
degeneration of sciatic nerves was scored as follows: 0 (None); 1 (Mild); 2 (Moderate) and 3 (Severe) 
(Farshid et al., 2014). 

 
Statistical Analysis  

All data are expressed as mean ± SD, using SPSS V.24. Comparison between groups was done 
using ANOVA with multiple comparisons post hoc test in normally distributed quantitative variables. 
Correlation between quantitative variables (behavioral tests, biochemical parameters measurements) 
were done using Pearson correlation coefficient. While Spearman’s rank order Correlation coefficient 
was done among behavioral tests, biochemical parameters measurements and pathological features of 
neuropathy. P-values less than 0.05 were considered statistically significant. 
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Results  
 
Within groups: 
 

 Regarding to latency periods, mechanical Paw withdrawal threshold, random blood sugar. 
There was no statistically significant difference in all non-diabetic groups (group1, 2, 3, and 4) before 
and after administration of drugs. While, there was significant increase in latency periods, significant 
reduction in random blood sugar in group 5b, 5c and 5d at the end of experiment if compared to, 
before the study. 

 
Among groups: 
 
1. Tests for thermal allodynia (cold bath test) as well as thermal (hot plate test) and mechanical 
hyperalgesia (paw pressure withdrawal test).  
 

At the end of experiment (5th week), as presented in (Table 1) post hoc of one-way ANOVA 
revealed that untreated diabetic group (5a) demonstrated significant increase PWF in cold bath test, 
significant decrease in paw withdrawal threshold (Figure 1) and significant decrease in latency period 
for response to hot plate test (Figure 2) as compared to normal untreated rats (group 1). Meanwhile, 
pregabalin and both doses of doxycycline treated diabetic rats (group 5b, c and d) showed significant 
decreases in the PWF percent in the cold plate test (Figure 3), significantly delayed responses (latency 
period) in the hot plate test (Figure 2) and significant increases in the paw withdrawal threshold, 
compared to diabetic non-treated model group (5a). Strong positive correlations were found between 
thermal allodynia on one side and blood glucose level, both IL-1β and TNF-α in spinal cord 
homogenate (Table 1) and histopathology of sciatic nerves on the other side (Table 2); while weak 
with HbA1C (Tables 1 & 2). While, strong negative correlations were found between thermal and 
mechanical hyperalgesia and blood glucose level, both IL-1β and TNF-α in spinal cord homogenate 
(Table 1) and histopathology of sciatic nerves (Table 2); while weak with HbA1C. (Tables 1 & 2). 
 
Table (1): The mean (±SD) of a. Latency of reaction time (sec) in hot plate test, b. Analgesimeter mechanical 
paw withdrawal threshold (gm) and c. Paw withdrawal frequency by acetone test (%) after administration of 
once daily: 1 m oral saline for 5 weeks, 30 mg/kg oral pregabalin for 2 weeks, 50 mg/kg (low dose) or 100 
mg/kg (high dose) oral doxycycline for 2 weeks to normal adult male rats and streptozotocin (STZ) -induced 
diabetes mellitus (DM) in adult male rats, starting 3 weeks after single 50 mg/kg i.p. STZ (n=8/group). 

Groups 
a. Latency of reaction 
(sec) after treatment 
(Mean ±SD) “sec” 

b. Mechanical Paw 
withdrawal threshold after 

treatment 
(Mean ±SD) “gm” 

c. Paw withdrawal 
frequency after treatment 

(Mean ±SD) “%” 

Group 1 (Normal): 1 ml saline 14.88±3.00 186.25±22.64 5±9.26 
Group 2 (Low dose doxycycline-treated 
normal)  

14.25±2.55 173.75± 24.46 5± 9.26 

Group 3 (High dose doxycycline-
treated normal) 

14.5±1.93 185±27.26 2.5±7.07 

Group 4 (Pregabalin-treated normal) 15.38±2.83 172.5±33.7 2.5±7.07 
Group 5a (Untreated STZ-induced DM)  4.13± 1.13* 52.5±31.82 * 75±17.73* 
Group 5b (Low dose doxycycline-
treated STZ-induced DM) 

9.38± 1.69$ 108.75±31.82 $ 30±18.52 $ 

Group 5c (High dose doxycycline-
treated STZ-induced DM) 

9.62± 2.33$ 116.25±26.15 $ 30±23.9$ 

Group 5d (Pregabalin-treated STZ-
induced DM) 

11.5±1.85$ 136.25±26.15$ 17.5±16.69$ 

The data were analyzed by using (One Way ANOVA followed by post hoc test), DN= diabetic neuropathy), Significant if p < 0.05, * = 
Significant, compared to group 1, $=Significant, compared to group 5a. 
 

2. Blood Glucose Level and Glycosylated Hemoglobin (HbA1C).  
 

Significant increases were demonstrated in diabetic untreated group (5a), compared to 
untreated rats (1). In pregabalin and doxycycline treated diabetic groups (5b, c and d), blood glucose 
levels decreased significantly, compared to untreated diabetic group (5a). (Figure 4). No significant 
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changes were detected with HbA1C (Figure 5). Blood glucose level demonstrated strong negative 
correlation with hot plate and paw pressure withdrawal tests and strong positive correlation with cold 
bath test and histopathology; but weak correlation with glycosylated hemoglobin. Glycosylated 
hemoglobin showed weak correlation with cold bath, hot plate and paw pressure withdrawal tests as 
well as with blood glucose level; both IL-1β and TNF-α in spinal cord homogenate (Table 1) and 
histopathology. (Table 2). 

 
3. IL-1β and TNF-α in Spinal Cord Homogenate.  
 

Significant increases were evident in untreated diabetic group (5a), relative to control 
untreated group (1). Fortunately, pregabalin and both doses of doxycycline exerted significant 
reductions in diabetic rats (5b, c and d), relative to untreated diabetic group (5a). These reductions 
were non-significant comparing 100 mg/kg/d doxycycline and pregabalin; while significantly higher 
comparing 50 mg/kg/d doxycycline with pregabalin. (Figure 6). TNF-α and IL-1β in spinal cord 
homogenate demonstrated strong negative correlation with hot plate and paw pressure withdrawal 
tests and strong positive correlation with cold bath test and histopathology; but weak correlation with 
glycosylated hemoglobin. (Table 1). 

 
Table 2: The mean (±SD) of random blood glucose level (mg/dl) and TNF-α and IL-1β levels in spinal cord 
homogenate (pg/mg) after administration of once daily: 1 m oral saline for 5 weeks, 30 mg/kg oral pregabalin 
for 2 weeks, 50 mg/kg (low dose) or 100 mg/kg (high dose) oral doxycycline for 2 weeks to normal adult male 
rats and streptozotocin (STZ) -induced diabetes mellitus (DM) in adult male rats, starting 3 weeks after single 
50 mg/kg i.p. STZ (n=8/group). 

Groups 
RBG after treatment 
(Mean ±SD) “mg/dl” 

Mean (±SD)  
HbA1C(% ) at the 
end of experiment 

TNF-alpha 
(Mean ±SD) 

“pg/mg” 

IL-1beta 
(Mean ±SD) 

“pg/mg” 

Group 1 (Normal): 1 ml saline 77.62±13.74 3.79±0.47 8.75±0.79 6.07±0.97 
Group 2 (Low dose doxycycline-
treated normal)  

76.75±10.78 3.8±0.5 9.2±0.94 5.71±0.95 

Group 3 (High dose doxycycline-
treated normal) 

81.88±7.92 3.85±0.6 5.04±0.7 2.18±0.7 

Group 4 (Pregabalin-treated 
normal) 

79.62±11.46 3.79±0.5 7.39±3.85 5.4±1.52 

Group 5a (Untreated STZ-
induced DM)  

421.75±79.7 * 4.55±0.65 24.42±1.65 * 21.89±2.49 * 

Group 5b (Low dose 
doxycycline-treated STZ-induced 
DM) 

168.38±39.68 $ 4.62±0.57 8.75±2.68 $ 18.42± 2.06 $@ 

Group 5c (High dose 
doxycycline-treated STZ-induced 
DM) 

139.88± 37.23$ 4.68± 0.55 6.68±1.41 $ 8.78±2.08 $ 

Group 5d (Pregabalin-treated 
STZ-induced DM) 

222.12±68.65$ 4.67±0.66 9.15±2.05$ 6.06±1.33 $ 

The data were analyzed by using (One Way ANOVA followed by post hoc test), DN= diabetic neuropathy), Significant if p < 0.05, * = 
Significant, compared to group 1, $=Significant, compared to group 5a, @=significant change of groups 5b and 5c compared to group 5d. 
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Fig. 1: Doxycycline, 50 and 100 mg/kg, reduces thermal allodynia. 
Mean (±SD) of paw withdrawal frequency in acetone test (%) after administration of once daily: 1 m oral saline 
for 5 weeks, 30 mg/kg oral pregabalin for 2 weeks, 50 mg/kg (low dose) or 100 mg/kg (high dose) oral 
doxycycline for 2 weeks to normal adult male rats and streptozotocin (STZ) -induced diabetes mellitus (DM) in 
adult male rats, starting 3 weeks after single 50 mg/kg i.p. STZ (n=8/group). 
 

 
 
Fig. 2: Doxycycline, 50 and 100 mg/kg, reduces thermal hyperalgesia. 
Mean (±SD) of latency of reaction (sec) of hot plate test after administration of once daily: 1 m oral saline for 5 
weeks, 30 mg/kg oral pregabalin for 2 weeks, 50 mg/kg (low dose) or 100 mg/kg (high dose) oral doxycycline 
for 2 weeks to normal adult male rats and streptozotocin (STZ) -induced diabetes mellitus (DM) in adult male 
rats, starting 3 weeks after single 50 mg/kg i.p. STZ (n=8/group). 
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Fig. 3: Doxycycline, 50 and 100 mg/kg, reduces mechanical hyperalgesia. 
Mean (±SD) of Analgesy-meter mechanical paw withdrawal threshold (gm) after administration of once daily: 1 
m oral saline for 5 weeks, 30 mg/kg oral pregabalin for 2 weeks, 50 mg/kg (low dose) or 100 mg/kg (high dose) 
oral doxycycline for 2 weeks to normal adult male rats and streptozotocin (STZ) -induced diabetes mellitus 
(DM) in adult male rats, starting 3 weeks after single 50 mg/kg i.p. STZ (n=8/group). 

 

 
 
Fig. 4: Doxycycline, 50 and 100 mg/kg, lowers high random blood sugar. 
Mean (±SD) of the tested drugs on random blood sugar (mg/dl) after administration of once daily: 1 m oral 
saline for 5 weeks, 30 mg/kg oral pregabalin for 2 weeks, 50 mg/kg (low dose) or 100 mg/kg (high dose) oral 
doxycycline for 2 weeks to normal adult male rats and streptozotocin (STZ) -induced diabetes mellitus (DM) in 
adult male rats, starting 3 weeks after single 50 mg/kg i.p. STZ (n=8/group). 
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Fig. 5: Doxycycline, 50 and 100 mg/kg has no significant effect on Hb1AC. 
Mean (±SD) of HBA1C levels (%) after administration of once daily: 1 m oral saline for 5 weeks, 30 mg/kg oral 
pregabalin for 2 weeks, 50 mg/kg (low dose) or 100 mg/kg (high dose) oral doxycycline for 2 weeks to normal 
adult male rats and streptozotocin (STZ) -induced diabetes mellitus (DM) in adult male rats, starting 3 weeks 
after single 50 mg/kg i.p. STZ (n=8/group). 

 

 
 
Fig. 6: Doxycycline. 50 and 100 mg/kg, reduces the elevated TNF-α and IL-1β. 
Mean (±SD) of IL1 beta and TNF alpha levels in tissue homogenate (pg/mg)  after administration of once daily: 
1 m oral saline for 5 weeks, 30 mg/kg oral pregabalin for 2 weeks, 50 mg/kg (low dose) or 100 mg/kg (high 
dose) oral doxycycline for 2 weeks to normal adult male rats and streptozotocin (STZ) -induced diabetes 
mellitus (DM) in adult male rats, starting 3 weeks after single 50 mg/kg i.p. STZ (n=8/group). 

 
3. Histopathology of sciatic nerves 
 

Table (3) illustrated the frequency distribution and percent of pathological scoring. Sciatic 
nerve sections of untreated diabetic group (5a) exhibited focal peripheral axonal loss, disruption of 
nerve fibers, lipoid degeneration of the axons, edema, myelin sheath splitting and an increase in the 
number of fibers with abnormal myelin. In transverse sections, nerve derangement, axonal swelling, 
increase in number of Schwann and satellite cells were also noted (score 3) (Figures 7a, 7b, 7c, 7d). 
On the other hand, 50 mg/kg/d doxycycline treated diabetic rats (group 5b) showed partial focal 
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peripheral axonal loss. Sciatic nerve fibers were arranged in a disorganized manner, swollen and 
vacuolated. Most of the myelin sheath was disintegrated. These changes were similar with the 
untreated diabetic rats with moderate to severe degenerative neuropathy (score 2) (Figures 8a, 8b). 
Moreover, increasing dose of doxycycline to 100 mg/kg/d in diabetic rats (group 5c) showed reduced 
edema and degenerative changes with mild focal peripheral axonal loss. The histological diagnosis 
was subsequently indicated as mild degenerative neuropathy and partial return of sciatic nerve to its 
normal structure (score 1) (Figures 8c, 8d). Meanwhile, Histological examination of sciatic nerve 
sections in pregabalin treated diabetic rats (5d) showed improvement in the myelination and 
degenerative changes in the form of well-organized myelin sheets, round axons and absence of 
infiltrating cells. A complete return of sciatic nerve to its normal structure. Thus, the histological 
diagnosis was defined as regenerative neuropathy (score 0) (Figures 8e).  
 
Table 3: The frequency distribution and percent of pathological scoring after administration of once daily: 1 m 
oral saline for 5 weeks, 30 mg/kg oral pregabalin for 2 weeks, 50 mg/kg (low dose) or 100 mg/kg (high dose) 
oral doxycycline for 2 weeks to normal adult male rats and streptozotocin (STZ) -induced diabetes mellitus 
(DM) in adult male rats, starting 3 weeks after single 50 mg/kg i.p. STZ (n=8/group). 
Groups  Severity score 

 None (0) Mild (1) Moderate (2) Sever (3) 

Group 1 (Normal): 1 ml saline 
Count 8 0 0 0 
Percent 100% 0% 0% 0% 

Group 5a (Untreated STZ-induced DM) 
Count 0 0 1 7 
Percent 100% 0% 12.5% 87.5% 

Group 5d (Pregabalin-treated STZ-
induced DM) 

Count 6 2 0 0 
Percent 75% 25% 0% 0% 

Group 5b (Low dose doxycycline-treated 
STZ-induced DM) 

Count 0 1 6 1 
Percent 0% 12.5% 75% 12.5% 

Group 5c (High dose doxycycline-treated 
STZ-induced DM) 

Count 0 7 1 0 
Percent 0% 87.5% 12.5% 0% 

 

 
 

Fig. 7a: Normal architecture of sciatic nerve. 
Photograph of transverse section of the sciatic nerve 
showing (a): Normal architecture of sciatic nerve 
(H&Ex200) 
 

Fig. 7b: Normal architecture of sciatic nerve. 
Photograph of transverse section of the sciatic 
nerve showing (b): Nerve tissue with no 
degenerative or inflammatory changes (H&Ex400). 
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Fig. 7c: Single dose Streptozotocin, 50 mg/kg, 
induces neurodegenerative changes in sciatic nerve. 
Photograph of transverse section of the sciatic nerve 
of diabetic non-treated rats showing (c): Focal 
peripheral axonal loss and disruption of nerve fibers 
(H&Ex200) 

Fig. 7d: Single dose Streptozotocin, 50 mg/kg, induces 
neurodegenerative changes in sciatic nerve. 
Photographs of transverse section of the sciatic nerve of 
diabetic non-treated rats showing (d): Axonal swelling, 
lipoid degeneration and increase in number of Schwann 
and satellite cells (H&Ex400) 

  

 
 

Fig. 8a: Doxycycline, 50 mg/kg, ameliorates 
neurodegenerative changes of sciatic nerve. 
Photograph of transverse section of the sciatic nerve of 
diabetic rats treated with doxycycline 50mg/kg showing 
(a): Disorganization of sciatic nerve fibers (H&Ex200) 
 

Fig. 8b: Doxycycline, 50 mg/kg, ameliorates 
neurodegenerative changes of sciatic nerve. 
Photograph of transverse section of the sciatic 
nerve of diabetic rats treated with doxycycline 
50mg/kg showing (b): Axonal swelling and 
disintegration of myelin sheath (H&Ex400) 
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Fig. 8c: Doxycycline, 100 mg/kg, ameliorates 
neurodegenerative changes of sciatic nerve. 
Photograph of transverse section of the sciatic nerve 
of diabetic rats treated with doxycycline 100mg/kg 
showing (c): Mild focal peripheral axonal loss 
(H&Ex400) 
 

Fig. 8d: Pregabalin, 30 mg/kg, ameliorates 
neurodegenerative changes of sciatic nerve. 
Photograph of transverse section of the sciatic nerve of 
diabetic rats treated with Pregabalin showing (d): well-
organized myelin sheets well-organized myelin sheets 
(H&Ex200) 
 

 

 
Fig. 8e:  Pregabalin, 30 mg/kg, ameliorates neurodegenerative changes of sciatic nerve. 
Photograph of transverse section of the sciatic nerve of diabetic rats treated with Pregabalin showing (e): 
Regenerative neuropathy (H&Ex400) 
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Table 4: Correlation between measurements of behavioral tests and {Random blood sugar (RBS), glycated 
hemoglobin (HbA1C), tumor necrosis factor-alpha (TNF-α) and interlukin-1beta (IL-1β)}, after administration of 
once daily: 1 m oral saline for 5 weeks, 30 mg/kg oral pregabalin for 2 weeks, 50 mg/kg or 100 mg/kg oral 
doxycycline for 2 weeks to normal adult male rats and streptozotocin (STZ) -induced DM in adult male rats, 
starting 3 weeks after single 50 mg/kg i.p. STZ (n=8/group). 

  
Random blood 

sugar 
TNF- alpha IL 1beta HbA1C 

Hot plate latency of reaction (sec) 

r -.721- -.653- -.757- -.204- 

P value <0.001 <0.001 <0.001 .207 

N 64 64 64 40 

Analgesimeter mechanical Paw 
withdrawal threshold (gm) 

r -.774- -.630- -.754- -.304- 

P value <0.001 <0.001 <0.001 .057 

N 64 64 64 40 

Paw withdrawal frequency “Acetone 
test” (%) 

r .763 .702 .747 .120 

P value <0.001 <0.001 <0.001 .460 

N 64 64 64 40 

P value = Probability value    r = Correlation coefficient   N = Sample size 

Table 5: Correlation between measurements of behavioral tests and (RBS), HbA1C, TNF-α and IL-1β), 
and pathological examination scores after administration of once daily: 1 m oral saline for 5 weeks, 30 
mg/kg oral pregabalin for 2 weeks, 50 mg/kg or 100 mg/kg oral doxycycline for 2 weeks to normal 
adult male rats and STZ -induced DM in adult male rats, starting 3 weeks after single 50 mg/kg i.p. 
STZ (n=8/group). 

  Scoring of Sciatic Nerve Lesions 

Random blood sugar (mg/dl) 

ρ 0.625 

P value <0.001 

N 40 

TNF-alpha (pg/mg) 

ρ 0.648 

P value <0.001 

N 40 

IL-1beta (pg/mg) 

ρ 0.881 

P value <0.001 

N 40 

HbA1C (%) 

ρ 0.191 

P value 0.238 

N 40 

Hot plate test latency of reaction 
(sec) 

ρ -.787- 

P value <0.001 

N 40 

Analgesimeter mechanical paw 
withdrawal threshold (gm) 

ρ -.732- 

P value <0.001 

N 40 

Acetone test Paw withdrawal 
frequency “Acetone test” (%) 

ρ 0.719 

P value <0.001 

N 40 

P value = Probability value    ρ=Spearman’s rank order Correlation coefficient   N = Sample size 
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Discussion 
This study was conducted to investigate the potential role of two doses of doxycycline 

(50mg/kg/day and 100mg/kg/day), in comparison to pregabalin, on neuropathic pain in rat model of 
diabetes mellitus, induced by single I.P. injection of 50 mg/kg streptozotocin. In the current study, 
owing to the short duration of the study (5weeks) and the longer life span of red blood cells in rats 
(60±3.2 days) and the fact that glycated hemoglobin HbA1C reflects blood glucose in the previous 2-3 
months (Van-Putten, 1958), no significant differences in HbA1C were found, comparing diabetic with 
normal rats. 

In the current study, 30 mg/kg pregabalin showed significant improvement of thermal and 
mechanical hyperalgesia as well as thermal allodynia, significant decreases in levels of IL-1β and 
TNF-α in spinal cord homogenate and blood glucose level, accompanied by significant amelioration 
in histopathological examination. 

In the current work, pregabalin reduced blood glucose level, which could be explained either by 
the suppression of proinflammatory cytokines, that promote insulin resistance by interfering with the 
cross-linking between the insulin receptor and its substrate (Tanti et al., 2013) and/or the increase in 
endogenous GABA (Bialer et al., 2004) and subsequent activation of GABA-A receptors in the α 
cells of pancreas which suppresses glucagon secretion (Xu et al., 2004) 

As regard to doxycycline, the present investigation showed that 50 and 100 mg/kg/day 
doxycycline could exert significant improvement in the thermal and mechanical hyperalgesia as well 
as thermal allodynia, together with significant reductions in IL-1β and TNFα levels in spinal cord 
homogenate and a favorable improvement of neuropathic picture by histopathologic examination and, 
in addition, an antihyperglycemic effect as detected by significant reduction of blood glucose level in 
diabetic rats.  

The choice of doxycycline was based on its previous potential therapeutic role in diabetic 
retinopathy (Scott et al., 2014) and chronic diabetic foot ulcer (Lobmann et al., 2005). 
Advantageously, the anti-inflammatory effect was demonstrated by another study (Sultan et al., 2013) 
while studying its probable therapeutic effect in rheumatoid arthritis.    

In agreement with the current research, Bastos et al. (2012) tracked the inhibitory effect of 
tetracycline on carrageenan-induced mechanical allodynia, attributed to the inhibition of leukocyte 
migration as well as cytokines such as TNF-α and IL-1β. Apart from diabetic animal models, 
doxycycline was previously shown to inhibit pro-inflammatory cytokines as well as apoptosis in 
ischemic reperfusion injury (Yasar et al., 2010). In addition, the anti-inflammatory effects of 
doxycycline were comparable to and synergistic with aspirin, when tested in carrageenan – induced 
acute inflammation and subcutaneous implantation of cotton pellets and grass piths – mediated 
subacute inflammation in rats, with no significant increase in gastric-related problems, due to 
reduction of aspirin dose with concomitant administration of doxycycline (Aladakatti et al., 2008). In 
vitro, Di Caprio et al. (2015) found the anti-inflammatory potential of low and high doses of 
doxycycline by modulating gene expression of IL-8, TNF-α and IL-6 in immortalized human 
keratocytes. 

Moreover, Wang et al. (2017) observed that doxycycline improved glucose tolerance and 
insulin sensitivity through reduction of fasting blood glucose, insulin and advanced glycation end 
products. Also, they noticed that β-cell percentage and mass increased, while islet size of pancreas 
decreased. They recorded significant decrease in serum inflammatory markers as well as CD68-
positive cells in treated islets of pancreas, reduced production of iNOS and decreased secretion of IL-
1β, TNFα and INF-γ. In conclusion, the results of the present pre-clinical work in STZ-induced 
diabetic painful neuropathy in adult male rats, suggested a beneficial role of doxycycline in the 
treatment of painful diabetic neuropathy, comparable to pregabalin, by mechanisms involving 
neuroprotection through improving neurodegenerative changes in sciatic nerve, anti-inflammatory 
effects as demonstrated by reduced pro-inflammatory cytokines, TNF-α and IL-1β and glucose-
lowering effects as shown by reduction of blood glucose level, added to its antinociceptive role. 
Accordingly, doxycycline could offer a promising opportunity in therapeutic strategy for painful 
diabetic neuropathy beyond its antimicrobial effect. The use of doxycycline as therapeutic tool in 
diabetic neuropathy needs to be addressed further in experimental and clinical settings for better 
understanding of underlying mechanisms. 
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