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Quercetin reduces inflammation in a rat model of diabetic peripheral 
neuropathy by regulating the TLR4/MyD88/NF-κB signalling pathway 
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A B S T R A C T   

Neuroinflammation contributes significantly to the pathogenesis of diabetic peripheral neuropathy (DPN). 
Quercetin reportedly exerts neuroprotective effects in DPN. Here, we aimed to evaluate the potential anti- 
inflammatory effects of quercetin in a DPN rat model. Eight weeks after streptozotocin administration, dia
betic rats were treated with quercetin (30 and 60 mg/kg/day orally) for 6 weeks. We assessed the mechanical 
withdrawal threshold (MWT), nerve conduction velocity (NCV) and morphological changes in sciatic nerves. 
Additionally, we measured the levels of tumour necrosis factor-alpha (TNF-α), interleukin (IL)-1β, and IL-6 by 
ELISA and the expression of TLR4, MyD88, and NF-κB in sciatic nerves by western blotting and immunohisto
chemical assays. Our results revealed that blood glucose levels and body weight were unaltered following 
quercetin treatment. However, quercetin improved MWT (p < 0.05), NCV (p < 0.05), and pathological changes 
in the sciatic nerves of DPN rats. Quercetin significantly alleviated the increased expression of TNF-α (p < 0.05) 
and IL-1β (p < 0.001). Furthermore, high-dose quercetin administration significantly downregulated the 
expression of TLR4 (p < 0.001), MyD88 (p < 0.001), and NF-κB (p < 0.001) in sciatic nerves of DPN rats. Our 
findings revealed that quercetin could reduce the levels of inflammatory factors in DPN rats, possibly mediated 
via the downregulation of the TLR4/MyD88/NF-κB signalling pathway. Collectively, these results suggest that 
although quercetin did not decreased blood glucose levels or reversed the reduced body weight, it showed anti- 
inflammatory and neuroprotective effects, which was beneficial for the treatment of DPN.   

1. Introduction 

In 2019, the global prevalence of diabetes mellitus (DM) was esti
mated to be 9.3% (463 million people) in the adult population and is 
predicted to exceed 10% in the next decade (Saeedi et al., 2019). Dia
betic peripheral neuropathy (DPN), one of the most prevalent compli
cations encountered in patients with diabetes, leads to impaired quality 
of life owing to neuropathic pain, sensory loss, limb amputation, and 
high mortality rates (Feldman et al., 2019; Liu et al., 2018). 

Recent evidence suggests an association between long-term, low- 
grade neuroinflammation and DPN(Stino et al., 2020). Some clinical 
trials have reported that levels of inflammatory cytokines, including 
tumour necrosis factor (TNF)-α and interleukin (IL)-6, are higher in the 
sera of patients with DPN than in the control groups (Mu et al., 2017; 
Schlesinger et al., 2019). The inflammatory cascade triggered by in
flammatory factors is known to damage the function and structure of 
peripheral nerves, including myelin damage and microangiopathy 

(Sandireddy et al., 2014). Cytokines such as TNF-α, IL-1 and IL-6 pro
mote sensitisation of the peripheral nervous system to produce neuro
pathic pain (Lees et al., 2017; Shi et al., 2013a). 

Toll-like receptor 4 (TLR4) is a transmembrane pattern-recognition 
receptor that can be activated by multiple pathogen-derived and 
damage-related substances (Calvo-Rodriguez et al., 2020). TLR4 recruits 
myeloid differentiation factor 88 (MyD88) to activate nuclear factor 
kappa B (NF-κB), promoting the transcription of inflammatory cytokines 
(Azam et al., 2019). The TLR4/MyD88/NF-κB signalling pathway 
directly regulates cytokines that stimulate the inflammatory cascade 
reaction. Thus, it is considered a novel therapeutic target for 
neuroinflammation-related diseases (Rahimifard et al., 2017). Reports 
have suggested that inhibition of the TLR4 signalling pathway in the 
spinal cord could downregulate the levels of TNF-α, IL-1β, and other 
inflammatory factors, resulting in improved nerve function, such as 
mechanical hyperalgesia in diabetic rat models with neuropathy (Liu 
et al., 2018). 
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Quercetin, a natural flavonoid, is extensively distributed in various 
fruits and vegetables (Shi et al., 2019). Accumulating evidence has 
shown that quercetin has neuroprotective effects and prevents neuro
degenerative diseases by inhibiting neuroinflammation (Spagnuolo 
et al., 2018). Quercetin reportedly exerts a neuroprotective function in 
hypoxia-ischaemia-induced brain injury by modulating the TLR4/NF-κB 
signalling pathway (Wu et al., 2019). In addition, some reports have 
focused on the neuroprotective effects of quercetin on DPN. Quercetin 
treatment can attenuate thermal hyperalgesia, cold allodynia, and me
chanical allodynia in DPN animal models (Yang et al., 2019; Anjaneyulu 
and Chopra, 2004). Therefore, whether quercetin plays a neuro
protective role in DPN by mediating anti-inflammatory effects needs to 
be further explored. In addition, the potential role of quercetin in tar
geting the TLR4/NF-κB signalling pathway to alleviate DPN remains 
unclear. 

In the current study, we aimed to verify the neuroprotective and anti- 
inflammatory effects of quercetin in a streptozotocin (STZ)-induced DPN 
rat model. Additionally, we examined the potential underlying mecha
nisms by assessing its effect on the TLR4/MyD88/NF-κB signalling 
pathway to determine whether quercetin can be employed as an effi
cacious and feasible candidate for treating DPN. 

2. Materials and methods 

2.1. Animal model and drug administration 

Animal experiments were performed in accordance with the Guide
lines for the Care and Use of Laboratory Animals issued by the Chinese 
Council on Animal Research. Ethical approval for this study was granted 
by the Institutional Animal Care and Use Committee of the Peking Union 
Medical College Hospital (application no. XHDW-2021-00). Male 
Sprague-Dawley rats weighing 200–220 g were provided by Vital River 
Laboratory Animal Technology (Beijing, China). All animals were 
housed in the Experimental Animal Centre of the Peking Union Medical 
College Hospital (Beijing, China), maintained in standard rodent cages 
under artificial light (12 h light: 12 h dark cycles) at room temperature 
(21 ± 1 ◦C) and humidity (40–70%), and fed a chow diet ad libitum and 
filtered tap water. 

After an overnight fast, the diabetic rat model was established by 
administering a single intravenous dose of 60 mg streptozotocin (Sigma 
Aldrich, USA)/kg body weight in 0.1 mol/L citrate buffer (pH4.5); the 
non-diabetic control animals were administered with the same volume 
of citrate buffer. Fasting blood glucose levels were measured using blood 
from the tail tip with a blood glucometer (Roche, Ireland) 72 h after 
injection. The diabetic model was successfully established if blood 
glucose concentrations exceeded 16.7 mmol/L (Furman, 2015). 

It has been established that the DPN phenotype in rats develops 8 
weeks after diabetes induction (Biessels et al., 2014). Therefore, 8 weeks 
after STZ injection, the diabetic model rats were randomly divided into 
three groups (n = 5 per group): the DPN model group, the low-dosage 
quercetin-treated group administered 30 mg/kg/day (DPN + Q30), 
and the high-dose quercetin-treated group administered 60 mg/kg/day 
(DPN + Q60). Subsequently, the DPN + Q30 and DPN + Q60 groups 
were intragastrically administered 30 and 60 mg/kg/day quercetin for 6 
weeks. Quercetin used for gavage was freshly prepared daily. First, 
quercetin powder (Sigma Aldrich, USA) was added to distilled water and 
mixed evenly by shaking. The rats were then immediately administered 
quercetin intragastrically. Meanwhile, 5 age-matched healthy rats with 
blood glucose <7.0 mmol/L in the control group (CON) and rats in the 
DPN model group received the same volume of distilled water. In 
addition, body weight and blood glucose levels were monitored during 
the observational period. 

After 6 weeks of treatment, all rats were euthanised by intraperito
neal injection of 10% chloral hydrate (3 mL/kg) and sacrificed. Blood 
samples collected from the carotid artery were centrifuged at 3000 rpm 
for 15 min, and serum specimens were stored at − 80 ◦C. Subsequently, 

sciatic nerves were harvested from the left side and cut into two sections: 
one fixed in 10% phosphate-buffered formalin for immunohistochemical 
and histological examination; the other was fixed in 2.5% glutaralde
hyde for electron microscopy. The right sciatic nerves were immediately 
frozen in liquid nitrogen and stored at − 80 ◦C for western blot analysis. 
In addition, dorsal root ganglia (DRG) were harvested and fixed in 10% 
phosphate-buffered formalin for haematoxylin and eosin (HE) staining. 

2.2. Mechanical withdrawal threshold 

To examine mechanical hyperalgesia, the mechanical pain threshold 
was determined using the Von Frey Pain Measurement Instrument (IITC 
Life Science Inc., USA) after 6 weeks of drug administration. Briefly, 
transparent glass cells were placed on a mesh metal plate 50 cm from the 
experimental bench. The rats were habituated in individual cells for 15 
min. Then, the electronic von Frey filament vertically stimulated the 
plantar surface of the hind paw. The value at which the hind paw was 
abruptly withdrawn was recorded as a positive response. Each rat was 
evaluated three times with the von Frey filament to assess mechanical 
hyperalgesia (Zhang et al., 2020). 

2.3. NCV in STZ-induced diabetic rats 

After treatment with quercetin for 6 weeks, motor nerve conduction 
velocity (NCV) was measured in rat sciatic nerves using an EMG/EP 
system (NCC Medical Co. Shanghai, China). Under anaesthesia, the rat 
legs were shaved prior to measurement. The body temperature of rats 
was maintained between 37.5 and 38.5 ◦C using a heating lamp. The 
bipolar active electrode P1 was placed in the sciatic notch of the sciatic 
nerve and functioned as the proximal portion. The bipolar recording 
electrode P2 was pierced the tibial notch of the tibial nerve as the distal 
point, and the ground electrode was situated at the root of the rat tail. 
After an electrical stimulus, the amplitude and latency (t) were obtained 
using an EMG machine. Simultaneously, the length (l mm) between P1 
and P2 was determined using a calliper. NCV was calculated by dividing 
the length (l) by the latency (t) (Xie et al., 2020). 

2.4. HE and toluidine blue staining 

Briefly, sciatic nerves and DRG were harvested and placed in 10% 
phosphate-buffered formalin for fixation. After dehydration with 
ethanol at a gradient degree, the samples were embedded in paraffin and 
sliced into 4-μm thick sections. Then, following deparaffinisation, sec
tions were stained with HE dye solution. The histomorphology of sciatic 
nerves and DRG was examined using a Leica DM3000 microscope, and 
images were captured using a Leica image acquisition system (Leica 
Microsystems, Germany). Another section of the sciatic nerve was ob
tained and fixed in 10% phosphate-buffered formalin at 4 ◦C. The sec
tions were immersed in 1% osmium acid, dehydrated, embedded, and 
cut into 1-μm thick sections. Then, samples were stained with toluidine 
blue and observed under an optical microscope. The morphometric 
analysis was performed using Image-J 1.46 (National Institutes of 
Health, USA). The total number of myelinated axons and abnormal 
myelinated axons per 180 × 135 μm2 were enumerated. Abnormal 
myelinated axons were characterised by axon atrophy, vacuolar 
changes, and myelin sheath fragmentation. Three rats from each group 
were included in the analysis. The percentage of abnormal myelinated 
axons (abnormal axons with disintegrated myelin/total axons) was 
calculated. 

2.5. Electron microscopy 

The sciatic nerve was processed for electron microscopy following 
routine transmission electron microscopy (TEM) imaging. In brief, the 
sciatic nerve was fixed in 2.5% glutaraldehyde for 2–4 h, rinsed in 0.1 M 
phosphate-buffered saline (PBS; pH 7.4), and then fixed in 1% osmium 
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tetroxide for 1 h. After dehydration using graded alcohol, the sample 
was embedded in epoxy resin and cured at 37, 45, and 60 ◦C. Next, 70- 
nm thick sections were cut with an ultramicrotome (Leica EM UC7, 
Germany) and mounted on 200 mesh copper TEM grids, which were 
then stained with uranyl acetate and lead citrate. Myelin sheaths and 
axons were observed using a transmission electron microscope (TEM- 
1400 plus, JEOL, Japan) at 10,000 × and 30,000 × magnification and 
captured using a CCD camera (OSIS, VELETA, Germany). 

2.6. Enzyme-linked immunosorbent assay (ELISA) 

To analyse biochemical parameters of inflammation, TNF-α, IL-1β, 
and IL-6 in serum and sciatic nerves were determined using an enzy
matic method with a commercial kit, according to the manufacturer’s 
instructions. Briefly, samples and standards were transferred equally to 
the wells, which contained the same detection reagent, substrate solu
tion, and stop solution, following the ELISA kit (Elabscience, China) 
instructions for washing and incubation. Then, the plate was measured 
with a microplate reader (DR-200Bs, Hiwell Diatek, China) at 450 nm 
optical density. Each sciatic nerve sample was washed with cold PBS and 
homogenised on ice. After centrifugation at 4 ◦C, the supernatants were 
transferred to 96-well plates. Total protein was measured using the 
Pierce™ Rapid Gold BCA Protein Assay Kit (Thermo Scientific, USA) 
using a microplate reader (Hiwell Diatek, China) at 562 nm. Protein 
concentration was quantified using a standard curve. The concentrations 
of TNF-α, IL-1β, and IL-6 in the sciatic nerves were calculated using the 
following formula: concentration = measurement of ELISA (pg)/total 
protein (mg). 

2.7. Immunohistochemical assay (IHC) 

Briefly, isolated sciatic nerves were placed in 10% phosphate- 
buffered formalin, followed by dehydration with gradient alcohol. The 
samples were embedded in paraffin, sliced into 4-μm thick sections, and 
placed on polylysine-coated slides. Slides were passed through xylol and 
graded ethanol series. Next, samples were placed in citrate buffer (pH 
6.0) for 15 min to repair hot antigens, and the endogenous peroxidases 
were blocked with 3% H2O2 solution. The sections were incubated with 
primary antibodies against TLR4 (Abcam Plc, UK, ab217274, rabbit, 
1:100), MyD88 (Abcam Plc, UK, ab219413, rabbit, 1:100), and p65 NF- 
κB (Abcam Plc, UK, ab16502, rabbit, 1:100) at 4 ◦C overnight. After 
washing with PBS three times for 5 min, sections were incubated with a 
secondary antibody (ZSGB-BIO, China, DS-0001) at room temperature 
for 1 h. Then, the sections were developed with the diaminobenzidine 
(DAB) kit (Solarbio, China), following the manufacturer’s instructions. 
The stained areas were observed and captured using a Leica DM3000 
microscope and a Leica image acquisition system (Leica Microsystems, 
Germany). Image-J 1.46 was used to analyse the positive images. 

2.8. Western blotting analysis 

The sciatic nerves were harvested, cut, and homogenised in RIPA 
lysis buffer for protein extraction. The total protein concentration of 
each sample was determined using a Pierce™ Rapid Gold BCA Protein 
Assay Kit (Thermo Scientific, USA). Each sample containing the same 
amount of protein was subjected to 12% sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 
PVDF membranes (Millipore, USA). After blocking with 5% bovine 
serum albumin for 2 h, the blots were incubated with primary antibodies 
against TLR4 (Abcam Plc, UK, ab217274, rabbit, 1:300), MyD88 (Abcam 
Plc, UK,ab219413, rabbit, 1:500), p65 NF-κB (Abcam Plc, UK, ab16502, 
rabbit, 1:1000), and β-tubulin (Abcam Plc, UK, ab6046, rabbit, 1:5000) 
at 4 ◦C overnight, followed by washing and incubation with the horse
radish peroxidase-conjugated secondary antibody (ZSGB-BIO, China, 
ZB-2301) for 1 h. Consequently, immunoblots were developed using 
enhanced chemiluminescence (ECL kit, Solarbio, China) and visualised 

using a multi-functional imaging analysis system (GE AI680, USA). At 
levels comparable with the housing-keeping gene (β-tubulin), the rela
tive optical density of each blot band was quantified and analyzed using 
Image-J 1.46. 

2.9. Statistical analysis 

Data analyses were performed using IBM SPSS Statistics 26 (USA) 
and GraphPad Prism 8 (USA). Data values are presented as the group 
mean ± standard deviation (SD). Statistical differences were determined 
using Student’s t-test or one-way ANOVA, followed by Tukey’s multiple- 
comparison test. Statistical significance was set at p < 0.05. 

3. Results 

3.1. Body weight and blood glucose levels 

As shown in Fig. 1, after DM induction for 14 weeks, the STZ-induced 
diabetic rats showed increased blood glucose levels (p < 0.001) and 
decreased body weight (p < 0.001) when compared with normal control 
rats. However, no significant difference in blood glucose or body weight 
was observed between the quercetin-treated group and DPN model 
group. 

3.2. Mechanical withdrawal threshold 

The von Frey test was performed to determine the mechanical 
withdrawal threshold of experimental animals. As shown in Fig. 2A, the 
mechanical withdrawal threshold of the DPN group was lower than that 
of the CON group (p < 0.001). Simultaneously, quercetin treatment at 30 
and 60 mg/kg (DPN + Q30 and DPN + Q60) improved the mechanical 
withdrawal threshold of DPN rats (p < 0.05). However, no statistically 
significant differences in the mechanical withdrawal threshold values 
were detected between the quercetin-treated groups (p > 0.05). 

3.3. NCV in STZ-induced diabetic rats 

As shown in Fig. 2B, after DM induction for 14 weeks, NCV of un
treated diabetic rats significantly decreased when compared with the 
age-matched healthy rats (p < 0.001); this parameter was improved in 
quercetin-treated diabetic rats in both dosage groups (54.27 ± 4.57 m/s 
in CON group, 31.45 ± 3.26 m/s in DPN group vs. 43.12 ± 3.31 m/s in 
DPN + Q30 group, p < 0.05; 31.45 ± 3.26 m/s in DPN group vs. 45.55 ±
3.13 m/s in DPN + Q60 group, p < 0.05). However, the difference in 
NCV between the two quercetin-treated groups was not significant (p >
0.05). Moreover, no statistically significant difference was observed 
between the left and right sciatic nerves of rats within the same group. 

3.4. Pathomorphological changes in sciatic nerves by light microscopy 

HE- and toluidine blue-stained sections were prepared to observe 
pathomorphological changes in the sciatic nerves by light microscopy. 
As shown in Fig. 3, the cross (Fig. 3A) and longitudinal (Fig. 3B) HE- 
stained sections of sciatic nerves showed orderly arranged nerve fibres 
with an intact myelin sheath in the CON group. However, fibres were 
loose, disordered, less intensely stained, and differed in size in the DPN 
model group, exhibiting visible signs of axonal atrophy and myelin 
damage (green arrows). As shown in Fig. 3C, the HE-stained DRG of the 
CON group exhibited compact neurons with a clear structure. The 
granular Nissl bodies (blue arrows) were distributed in the cytoplasm of 
the neurons. Moreover, the neuronal structure was disorganised and 
loose in the DPN model group. Vacuolar changes, faded staining, and 
decreased Nissl bodies were observed in DRG neurons of the DPN group. 
These morphological changes in both sciatic nerves and DRG neurons 
were alleviated in quercetin-treated groups. 

As shown in Fig. 4A and B, toluidine-stained sciatic nerve cross- 
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sections of the CON group exhibited a clear structure with thick axons 
surrounded by a uniform myelin sheath, proportional in thickness to 
their axons. In contrast, sparsely distributed myelinated fibres accom
panied by obviously damaged myelin with axonal atrophy, vacuolar 

changes, and myelin sheath fragmentation were observed in the DPN 
group. Compared with the DPN group, both the diameter and density of 
nerve fibres were increased in quercetin-treated groups. Moreover, 
axonal shrinkage and myelin damage were markedly reduced in the 

Fig. 1. Body weight and blood glucose levels after streptozotocin injection. After 8 weeks, streptozotocin-injected rats received quercetin (30 and 60 mg/kg/ 
day orally) for 6 weeks (n = 5 per group). CON, control; DPN, diabetic peripheral neuropathy; Q30, quercetin at 30 mg/kg; Q60, quercetin at 60 mg/kg. 

Fig. 2. Effect of quercetin on mechanical withdrawal threshold (von Frey) (A) and motor nerve conductivity velocity (NCV) (B). Data are expressed as mean 
± standard deviation (SD) (n = 5 per group). ##p < 0.001, #p < 0.05 versus control rats and **p < 0.001, *p < 0.05 versus DPN model rats by one-way ANOVA and 
Student’s t-test. CON, control; DPN, diabetic peripheral neuropathy; Q30, quercetin at 30 mg/kg; Q60, quercetin at 60 mg/kg. 

Fig. 3. Pathomorphological changes in sciatic nerves (SN) and dorsal root ganglia (DRG) by H&E staining. A: Cross-section of SN; B: longitudinal section of 
SN; C: longitudinal section of DRG. The SN of normal rats in the CON group exhibits orderly arranged nerve fibres with an intact myelin sheath. The SN of DPN model 
rats exhibits notably damaged myelin and axonal shrinkage (green arrows). The neuronal structure of DRG neurons is clear with granular Nissl bodies in the 
cytoplasm (blue arrows). Vacuolar changes, fading staining, and decreased Nissl bodies can be observed in DRG neurons of DPN model rats. These pathological 
changes in both SN and DRG are improved in the quercetin-treated groups (DPN + Q30 and DPN + Q60). The panel shows 400 × magnification (scale bar = 20 μm, 
80 μm and 80 μm, respectively). n = 3 per group. CON, control; DPN, diabetic peripheral neuropathy; Q30, quercetin at 30 mg/kg; Q60, quercetin at 60 mg/kg. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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quercetin-treated groups. As shown in Fig. 4C and D, the semi- 
quantitative assessment of pathomorphological characteristics showed 
an increased percentage of abnormal axons with disintegrated myelin in 
the DPN group when compared with the CON group (p < 0.001). 
Treatment with quercetin at both doses (30 and 60 mg/kg) significantly 
decreased the percentage of abnormal axons with disintegrated myelin 
(p < 0.001); however, no significant difference was observed between 
the DPN + Q30 and DPN + Q60 groups. 

3.5. Ultrastructural changes in sciatic nerves examined by TEM 

Consistent with HE and toluidine blue staining results, ultrastruc
tural changes in the sciatic nerves of DPN rats exhibited myelin 

fragmentation and axon atrophy, as determined by TEM. As shown in 
Fig. 5, the regular round axons of myelinated nerve fibres were wrapped 
with a myelin sheath, exhibiting a clear lamellar structure. The most 
notable ultrastructural alterations in the DPN group were damaged 
myelin sheaths, characterised by bubble-like protrusions, axonal 
shrinkage, and separated lamellar space. Quercetin treatment at both 
doses improved these myelin sheath changes and ameliorated axonal 
atrophy. In particular, the high-dose group exhibited more obvious 
remission of myelin sheath damage. 

3.6. Serum inflammatory markers 

To further investigate whether inflammatory cytokines are 

Fig. 4. Pathomorphological changes in sciatic nerves examined by toluidine blue staining. A and B: Representative images of toluidine blue-stained sciatic 
nerves. The left panel represents 400 × and 1000 × magnified images (scale bar = 60 μm and 20 μm, respectively). C and D: Total axons and abnormal axons with 
disintegrated myelin were enumerated in the same toluidine blue stained images. The percentage of abnormal axons with disintegrated myelin/total axons was 
calculated. The results are presented in a table and bar graph. The red arrows indicate normal myelinated nerve fibres (thick axons and uniform myelin). The yellow 
arrows indicate myelinated fibre degeneration (axonal atrophy and myelin sheath fragment). Data are expressed as the mean ± standard deviation (SD), n = 3. ##p 
< 0.001, #p < 0.05 versus control rats, and **p < 0.001 versus DPN rats by one-way ANOVA. CON, control; DPN, diabetic peripheral neuropathy; Q30, quercetin at 
30 mg/kg; Q60, quercetin at 60 mg/kg. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Ultrastructural changes in sciatic nerves 
of DPN rats. The panel represents 10000×and 
30000×magnified images (scale bar = 4 μm and 1 
μm, respectively). The sciatic nerves of the CON 
group show myelinated fibres with regular round 
axons and an intact myelin sheath. The sciatic nerves 
of the DPN group show damaged myelin sheath with 
shrunken axons, vacuolisation, and lamellar separa
tion. Quercetin administration (DPN + Q30 & DPN 
+ Q60) ameliorates pathological changes in the 
sciatic nerve. A: axon; M: myelin; n = 3 per group. 
CON, control; DPN, diabetic peripheral neuropathy; 
Q30, quercetin at 30 mg/kg; Q60, quercetin at 60 
mg/kg.   
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associated with DPN, the levels of TNF-α, IL-1β, and IL-6 in the serum 
and sciatic nerves were determined using an ELISA kit. Compared with 
the CON group (Fig. 6A), the serum levels of TNF-α and IL- 1β were 
significantly elevated in the DPN group (p < 0.001). Conversely, quer
cetin (30 mg/kg and 60 mg/kg daily) significantly reduced TNF-α and 
IL- 1β expression levels (p < 0.001) when compared with the DPN group. 
In particular, serum levels of TNF-α and IL-1β were lower in the DPN +
Q60 group than in the DPN + Q30 group (p < 0.001). However, serum 
IL-6 levels were considerably low for detection, and repeated 

measurements showed identical results. 
In accordance with the above results, TNF-α and IL-1β levels were 

higher in the sciatic nerves of the DPN group than those in the CON 
group (p < 0.001). Quercetin treatment significantly decreased the 
levels of TNF-α and IL-1β in the sciatic nerves of DPN rats (p < 0.05 and 
p < 0.001, respectively). IL-6 levels were higher in the sciatic nerves of 
the DPN group than those in the CON group (p < 0.001). However, no 
differences in IL-6 levels were observed between the quercetin-treated 
and DPN model groups. 

Fig. 6. Effect of quercetin on TNF-α, IL-1β, IL-6 in sera and sciatic nerves and correlation analyses between inflammatory factors and DPN efficacy in
dicators. A: Inflammatory factors; B: von Frey test; C: motor nerve conduction velocity (NCV). Data are expressed as mean ± standard deviation (SD) (sera, n = 5; 
sciatic nerves, n = 3 per group). ##p < 0.001, #p < 0.05 versus control rats; **p < 0.001, *p < 0.05 versus DPN model rats; ǂǂp < 0.001, ǂp < 0.05 versus DPN 
model rats treated with quercetin at 30 mg/kg by one-way ANOVA. CON, control; DPN, diabetic peripheral neuropathy; Q30, quercetin at 30 mg/kg; Q60, quercetin 
at 60 mg/kg; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; IL-6, interleukin-6. 
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Moreover, correlation analyses were performed between inflamma
tory factors in the serum and sciatic nerves and DPN efficacy indicators 
(mechanical withdrawal threshold and NCV). As shown in Fig. 6B and C, 
TNF-α and IL-1β in serum and TNF-α, IL-1β, and IL-6 in the sciatic nerves 
negatively correlated with the mechanical withdrawal threshold (r =
− 0.828, p < 0.001; r = − 0.797, p < 0.001; r = − 0.965, p < 0.001; r =
− 0.939, p < 0.001; r = − 0.897, p < 0.001, respectively). In addition, 
TNF-α and IL-1β in the serum and TNF-α, IL-1β, and IL-6 in sciatic nerves 
negatively correlated with NCV (r = − 0.908, p < 0.001; r = − 0.798, p <
0.001; r = − 0.837, p < 0.001; r = − 0.856, p < 0.001; r = − 0.775, p <
0.05, respectively). 

3.7. Quercetin inhibits the sciatic nerve expression of TLR4, MyD88, and 
p65 NF-κB 

Based on western blot analysis (Fig. 7), the levels of inflammatory 
proteins TLR4, MyD88, and p65 NF-κB were markedly elevated in sciatic 
nerves of DPN rats when compared with CON rats (p < 0.001). In 
contrast, 30 mg/kg quercetin treatment downregulated the expression 
of MyD88 (p < 0.001) and p65 NF-κB (p < 0.05) in DPN rats, but did not 
affect TLR4 (p > 0.05), when compared with DPN model rats. In 
particular, 60 mg/kg quercetin significantly decreased the expression of 
TLR4 (p < 0.001), MyD88 (p < 0.001), and p65 NF-κB (p < 0.001) in the 
sciatic nerves of DPN rats. In addition, the levels of TLR4 (p < 0.05) and 
p65 NF-κB (p < 0.05) were lower in the high-dose quercetin-treated 
group than those in the low-dose group. 

3.8. IHC 

Fig. 8 presents the immunohistochemical images of cross-sectional 
sciatic nerves. TLR4, MyD88, and NF-κB were localised in Schwann 
cells in sciatic nerves. Consistent with the western blot results, immu
nohistochemical analysis of sciatic nerve tissues from DPN rats revealed 
abnormally elevated TLR4, MyD88, and p65 NF-κB immunopositivity 
when compared with CON rats (p < 0.001). At 30 mg/kg, quercetin- 
treated DPN rats showed significantly reduced TLR4 (p < 0.001), 
MyD88 (p < 0.001), and p65 NF-κB (p < 0.001) immunopositivity when 
compared with DPN rats. Furthermore, the expression of TLR4 (p <
0.001), MyD88 (p < 0.001), and p65 NF-κB (p < 0.001) immunoposi
tivity was considerably decreased in the sciatic nerves of DPN rats 
following treatment with 60 mg/kg quercetin when compared with 
those of untreated DPN rats. In addition, the expression levels of MyD88 
(p < 0.05) and p65 NF-κB (p < 0.05) were lower in the high-dose 

quercetin-treated group than in the low-dose group. 

4. Discussion 

Accumulating evidence suggests that neurogenic inflammation 
contributes significantly to the pathogenesis of DPN(Stino et al., 2020; 
Elzinga et al., 2019). It has been reported that inflammatory cytokines, 
such as IL-1β, are robustly associated with nerve injury, and TNF-α can 
result in oligodendrocyte toxicity and myelin damage (Shi et al., 2013b; 
Hangping et al., 2020). The flavonol quercetin is a naturally occurring 
polyphenol and reportedly possesses anti-inflammatory activity (Andres 
et al., 2018; Li et al., 2016). In the current study, quercetin adminis
tration did not affect the blood glucose levels and body weight of DPN 
rats. Some reports have suggested that quercetin could significantly 
ameliorate hyperglycemia in DM(Bule et al., 2019). Conversely, other 
studies have revealed that quercetin treatment failed to confer a notably 
favourable effect on blood glucose in DM(Xie et al., 2020). Based on 
previous results, we speculate that these discrepancies might arise due to 
the overall treatment time and dose range (Bhutada et al., 2010; Wang 
et al., 2012; Ebrahimpour et al., 2018). However, quercetin alleviated 
the pathological damage to sciatic nerves and DRG and partially 
recovered the peripheral neural function in DPN rats, including me
chanical hyperalgesia and NCV without dose-relationship. In addition, 
quercetin reduced the levels of inflammatory factors TNF-α and IL-1β in 
both the serum and sciatic nerves of DPN rats, indicating that quercetin 
may inhibit the inflammatory response under chronic hyperglycemic 
conditions. The underlying mechanism may be closely related to its 
regulatory effect on TLR4, MyD88, and NF-κB, key proteins in 
TLR-associated pathways. 

It has been well-established that the upregulation of TNF-α induces a 
series of inflammatory responses, which causes neuronal apoptosis and 
myelin damage to nerve fibres, leading to functional and structural 
deficits in the peripheral nervous system (Zhang et al., 2018; Shi et al., 
2013a,b). In addition to TNF-α, some inflammatory factors such as 
IL-1and IL-6 are involved in the onset and progression of DPN(Zheng 
et al., 2020; Nursal et al., 2019). Consistent with a previous report 
(Sacerdote et al., 2013), our results showed that the levels of TNF-α and 
IL-1β were considerably higher in sciatic nerve tissues of DPN rats than 
in normal control rats. Meanwhile, serum levels of TNF-α and IL-1β 
levels were significantly increased in DPN rats. According to the corre
lation analyses, these inflammatory factors, including TNF-α and IL-1β, 
in the sciatic nerves both negatively correlated with functional in
dicators of peripheral nerves. These findings indicated that cytokine 

Fig. 7. Effect of quercetin on sciatic nerve 
expression of TLR4, MyD88, and p65 NF-κB by 
western blotting. Data are expressed as mean ±
standard deviation (SD) (n = 3 per group). ##p <
0.001, #p < 0.05 versus control rats; **p < 0.001, 
*p < 0.05 versus DPN model rats; ǂǂp < 0.001, ǂp <
0.05 versus DPN model rats treated with quercetin at 
30 mg/kg by one-way ANOVA. CON, control; DPN, 
diabetic peripheral neuropathy; Q30, quercetin at 
30 mg/kg; Q60, quercetin at 60 mg/kg; TLR4, toll- 
like receptor 4; MyD88, myeloid differentiation 
factor 88; NF-κB, nuclear factor kappa B.   
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overexpression could promote sciatic nerve injury in DPN rats. It was 
reportedly that neuroprotective effect of quercetin on DPN rats might be 
partially associated with the downregulation of TNF-α and IL-1β levels in 
sciatic nerves (Kandhare et al., 2012). Consistent with previous inves
tigation, our study revealed that quercetin administration significantly 
inhibited inflammatory factors in the serum and sciatic nerves of DPN 
rats. In addition, a previous study suggested that IL-6 levels were higher 
in the sera of DPN rats than those in the control group (Hasanvand et al., 
2016). In contrast, another study has reported that serum IL-6 levels 
were lower in diabetic rats than in the control group (Dokumacioglu 
et al., 2018). In the present study, serum IL-6 levels could not be 
detected, suggesting that serum IL-6 levels were markedly low in rats. 
But IL-6 in the sciatic nerves was detected, and its level was low. The 
results showed that IL-6 levels in the sciatic nerve of DPN rats were 
significantly higher than those in the control group. Correlation analysis 
showed that IL-6 was negatively correlated with the functional in
dicators of peripheral nerves. But there was no statically significant 
difference in neural IL-6 between the quercetin-treated group and un
treated DPN group. Based on these results, we hypothesised that IL-6 in 
the sciatic nerve might play a role in the development of DPN, and 
quercetin had no effect on the increased neural IL-6 levels. Axonal 
degeneration and myelin damage are the main pathological character
istics of DPN (Roman-Pintos et al., 2016). In the present study, quercetin 
treatment improved the typical pathological damage in the myelin 
sheath, axons, and neurons of DPN rats, as well as ameliorated neuro
pathic pain and NCV. These results revealed that quercetin had a neu
roprotective effect, which was mainly related to the inhibition of the 
inflammatory response. 

Furthermore, inflammatory factors such as TNF-α, IL-1, and IL-6, 

which aggravate the inflammatory cascade reaction and cause damage 
to the peripheral nervous system, were modulated by TLR4-mediated 
signalling pathways. In mammals, 13 TLR members (TLR1-TLR13) 
have been identified in the TLR family, which recognise damage- and 
pathogen-associated molecular patterns (Kawai and Akira, 2007). TLR4 
localises to the cell membrane and possesses a conserved cytoplasmic 
region that binds toll-interleukin-1 receptor domain-containing adaptor 
protein (TIRAP) (Koushki et al., 2021; Chen et al., 2020). TLR4 can be 
activated by lipopolysaccharide or a variety of substances from damaged 
tissue, and the subsequent initiation of signal transduction triggers the 
production of inflammatory mediators, thereby eradicating pathogens 
(Litak et al., 2020; Lucas and Maes, 2013). A previous study has reported 
that TLR4 is highly expressed in the spinal cord and DRG of DPN rats (Jia 
et al., 2020; Chen et al., 2017). In addition, when TLR4 was inhibited in 
Schwann cells cultured in high glucose, inflammatory factors such as 
TNF-α and IL-1β were found to be markedly downregulated, and the cell 
survival ratio significantly increased (Tang et al., 2018b). In the present 
study, we observed that the expression of TLR4 in the sciatic nerves of 
DPN rats was significantly increased when compared with that in 
normal rats. Upregulation of TLR4 activates the downstream pathway, 
which promotes inflammatory cytokines to attack peripheral nerves 
(Tang et al., 2018a; Boivin et al., 2007). Moreover, we noted that 
quercetin significantly inhibited the expression of TLR4 in sciatic nerves 
of DPN rats, which could be beneficial for protecting peripheral nerves 
from injury. 

TLR4-mediated functions are modulated via two different signalling 
pathways: the MyD88-dependent pathway and the MyD88-independent 
pathway (Rahimifard et al., 2017). In the present study, we observed 
that the expression of MyD88 was increased in sciatic nerves of DPN rats, 

Fig. 8. Effect of quercetin on expression of TLR4, MyD88 and p65 NF-κB of sciatic nerves by immunohistochemistry. A: TLR4, B: MyD88, C: NF-κB. The panel 
represents 400 × magnified images (scale bar = 40 μm). Data are expressed as mean ± standard deviation (SD) (n = 3 per group). ##p < 0.001, #p < 0.05 versus 
control rats; **p < 0.001, *p < 0.05 versus DPN rats; ǂǂp < 0.001, ǂp < 0.05 versus DPN model rats treated with quercetin at 30 mg/kg by one-way ANOVA. CON, 
control; DPN, diabetic peripheral neuropathy; Q30, quercetin at 30 mg/kg; Q60, quercetin at 60 mg/kg; TLR4, toll-like receptor 4; MyD88, myeloid differentiation 
factor 88; NF-κB, nuclear factor kappa B. 
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suggesting that MyD88 participates in the TLR4 mediated pathway 
during the progression of DPN. Notably, quercetin reversed elevated 
levels of TLR4. Following TLR4 activation, MyD88, as the cytoplasmic 
adapter protein, binds to the TLR4-TIRAP complex. Then, additional 
MyD88 proteins, IL-1 receptor-associated kinases (IRAKs), and TNF 
receptor-associated factor 6 (TRAF6) are recruited and jointly form a 
highly ordered structure termed the myddosome (Chen et al., 2020; 
Karimy et al., 2020). Myddosome formation activates transforming 
factor-β-activated kinase 1 (TAK1), leading to the dissociation of NF-κB 
from the IκB kinase complex (Anthoney et al., 2018; Karimy et al., 
2020). As a result, this process leads to the activation of endonuclear 
signalling pathways, such as the transcription factor NF-κB which pro
motes the transcription of inflammatory cytokines. The transcription 
factor NF-κB family consists of NF-κB1 (p105/p50), NF-κB2 (p100/p52), 
RelA (p65), RelB, and c-Rel, which exhibit different transcriptional 
functions. Among them, p65 NF-κB is widely produced and has tran
scriptional activation domains that form dimers with other proteins of 
this family, thus modulating transcriptional activity (Rogero and Calder, 
2018). After activation of IκB kinase, IκB protein is phosphorylated, 
ubiquitinated, and degraded by the proteasome to liberate the NF-κB 
dimer in the cytoplasm (Williams and Gilmore, 2020). Then, the NF-κB 
dimer is transferred to the nucleus and promotes the transcription ac
tivity of κB-dependent genes, inducing the production of inflammatory 
factors such as TNF-α, IL-1β, and IL-6 (Vincenzi et al., 2020). A previous 
study has demonstrated that NF-κB significantly was increased in the 
lumbar spinal cord of DPN mice, along with inflammatory factors 
involved in diabetes-induced allodynia and hyperalgesia (Impellizzeri 
et al., 2019). It was reported that the mechanical withdrawal threshold 
and thermal withdrawal latency were increased in DPN rats following 
intrathecal injection of TLR4, MyD88, and NF-κB antagonists. The in
hibition of the TLR4/MyD88/NF-κB pathway reduces inflammatory 
factors, contributing to the relief of diabetic neuropathic pain in DPN 
rats (Sun et al., 2019; Liu et al., 2018). In the present study, p65 NF-κB 
was upregulated in the sciatic nerves of DPN rats, whereas quercetin 
inhibited the expression of p65 NF-κB. The results were in accordance 
with the decreased TNF-α, IL-1β, and IL-6 levels in sciatic nerves of 
quercetin-treated DPN rats. 

Collectively, the present study indicates that neuroinflammation 
plays a pivotal role in the pathogenesis of DPN. Quercetin was found to 
reduce inflammatory factors such as TNF-α, IL-1β, and IL-6, which could 
be related to the deterioration of nerve function. Moreover, quercetin 
could downregulate TLR4, MyD88, and p65 NF-κB, the key proteins in 
the TLR4/MyD88/NF-κB pathway, which may be associated with its 
neuroprotective and anti-inflammatory effects. However, there are some 
limitations of this study which should be addressed in future investi
gation. More additional biochemical experiments should be conducted 
to explore the relationship between quercetin and neuroinflammation 
based on high glucose-induced Schwann cells and neuronal damage. 
Meanwhile, the inflammatory mechanisms of DPN are complex. 
Therefore, it is necessary to further investigate the anti-inflammatory 
effects of quercetin on DPN through multiple inflammatory signalling 
pathways. 

5. Conclusion 

In summary, quercetin notably relieved neuropathic pain and 
improved NCV, as well as pathological changes in both sciatic nerves 
and DRG of STZ-induced diabetic rats. The neuroprotective effects of 
quercetin might be mediated by inhibiting inflammatory cytokines by 
downregulating the TLR4/MyD88/NF-κB signalling pathway. Our study 
indicates that quercetin is a potential candidate for treating DPN. 
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