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Abstract: Diabetic neuropathies are of the major and earliest complications in diabetes and are 
associated with reactive oxygen species (ROS) production and inflammation in neurons and glial 
cells. We recently reported the antioxidant and antidiabetic properties of water-soluble extracts of the 
traditional medicine Anvillea radiata Coss & Dur (AR). The present study investigated whether AR 
aqueous and n-butanol polyphenol-enriched extracts could afford protection against diabetic 
neuropathy. In the in vitro part of the study, antiglycative and ROS-producing enzymes inhibition 
capacities were demonstrated. In further experiments driven on AR-treated rat cell cultures, 
inflammation markers (TNF, IL-6, IL-1were measured in lipopolysaccharides-induced microglial 
cells and cytoprotection was evaluated on methylglyoxal-exposed astrocytes. In the in vivo part of 
the study, both extracts were given orally for 12 weeks at the dose of 75 mg/kg to high-fat-diet-
C57BL/6J diabetic mice. Significant reduction of hyperglycemia and oxidative stress were observed, 
together with strong decrease of: i) thermal withdrawal latency (-30%) and T cells infiltration in 
sciatic nerve (-40%), ii) vasoconstriction, superoxide and protein carbonyls production in aortic rings, 
iii) myeloperoxidase and xanthine oxidase overactivation in plasma and kidney, iv) lipid 
peroxidation. Taken together, AR extracts may prove to be of therapeutic value in the management 
of diabetes complications. 
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oxidative stress; inflammation; vascular damage; myeloperoxidase; advanced glycation end-
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1. Introduction 

Diabetes mellitus has become a major healthcare issue over the world and represents a panel of 
syndromes mainly characterized by chronic hyperglycemia and insulin disturbances. Among the main 
complications, diabetic neuropathies (DN), associating neuronal, glial and microvascular damage, are 
of the major and earliest ones in diabetic patients, taking complex and multiple forms [Duby 2004, 
Dewanjee 2018]. Hyperglycemia is susceptible to affect multiple metabolic routes associated to 
hallmarks including reactive carbonyl species such as methylglyoxal, advanced glycation end-
products (AGEs)[Semba 2009, Vistoli 2013, Chaudhuri 2018], protein carbonyls (PCs) [Stocker 2015], 
and is also linked to changes in oxidative status and antioxidant pool [Yagihashi 2010, Dewanjee 
2018]. Hyperglycemia-induced oxidative stress may cause an increase of myeloperoxidase (MPO) 
levels associated to endothelial dysfunction and related vascular and renal damages [Rovira-Llopis 
2013; Galijasevic 2019]. Furthermore, the possible link between microglia activation, MPO expression 
and neuroinflammation as been reported [Jucaite 2015]. Diabetic neuropathies are linked to 
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mitochondrial dysfunction, increased production of reactive oxygen species (ROS), and a special focus 
has been done on their close relation with the inflammatory status, even at chronic subclinical grade 
[Zhou 2014]. Furthermore, even at pre-diabetic states, neurofunctional abnormalities have been 
reported in high-fat-fed (HFD)-mice in relation with the accumulation of ROS and other various 
species such as sorbitol and lipoxygenase, leading to unsaturated fatty acids oxidation and involved in 
endothelial dysfunction and inflammation [Obrosova 2007]. 

Complex mechanisms link hyperglycemia to neurodysfunction, presumably involving a cross-
talk between oxidative stress and inflammation. The early prevention and treatment of hyperglycemia 
and its neurological consequences is therefore essential for the protection of the peripheral nervous 
system [Zhou 2014, Sandireddy 2014]. 

Even if diabetic neuropathies curative solutions are still to be developed, therapeutic strategies 
could rely on both pathogenetically-based and symptomatologic approaches [Dewanjee 2018, 
Pokhriyal 2018]. Pathogenesis-targeting therapies include - metabolic control by hypoglycemic agents 
and diet, - use of drugs active on DN ethiology with the aim to lower or prevent the oxidative stress 
and neurovascular damages. Among the best candidates are - benfotiamine that regulates both 
hexosamine and PKC pathways and increases glutathione (GSH) production [Hammes 2003], - 
antioxidants, radical scavengers or NADPH oxidase inhibitors to reduce oxidative stress, - aldose 
reductase inhibitors that lower sorbitol production by the polyol pathway [Varkonyi 2008, Dewanjee 
2018], - inhibitors of AGEs formation or action, including polyphenols [Tang 2014, Khan 2020]. 
Benzoic acid hydrazides or thioxanthines belong to irreversible MPO inhibitors [Galijasevic 2019], but 
competitive MPO substrates such as flavonoids may also be active [Shiba 2008]. Symptomatic 
therapies aim to alleviate DN-induced pain and rely mainly on antidepressant, anticonvulsant or 
analgesic molecules [Varkonyi 2008]. 

Numerous studies have been devoted to the antidiabetic action of plant extracts and natural 
compounds but their impact on neurological complications has less often been investigated [Galuppo 
2011, Singh 2013]. Phenolics known for their antioxidant activity can lower oxidative stress related to 
diabetic status, but they may also exert other beneficial effects against diabetes-induced neuropathies. 
A large panel of polyphenols such as resveratrol, phenolic acids and numerous flavonoids from 
natural origin were reported as AGEs inhibitors [Khan 2020]. Quercetin efficiently inhibits MPO 
activation [Shiba 2008, Loke 2008] and Gingko biloba extract (EGb761) exerts an anti-inflammatory 
action on microglial cells [Gargouri 2018]. Puerarin, an isoflavon glucoside used in traditional chinese 
medicine, improves nerve conduction velocity [Xie 2018] and the prescription BAIMEI-SAN was 
found to be efficient against peripheral neuropathy, improving nerve conduction and decreasing 
enzyme release and neurite loss in cortical cell cultures [Liu 2011]. Other medicinal extracts were 
reported to exert protection against diabetic neuropathies in diabetic rats by promoting myelination 
processes [Hao 2017] and improving sciatic nerve structural and functional features [Yang 2015]. 

We have recently investigated the antioxidant properties of polyphenol-enriched extracts of the 
Saharian traditional medicine Anvillea radiata Coss & Dur and showed that relevant biomarkers of 
type 2 diabetes and obesity were strongly improved by oral administration of these extracts in a 
model of HFD-fed mice [Kandouli 2017]. 

In the present work, we extended our focus area by investigating the properties of two water-
soluble Anvillea radiata extracts in their protection against inflammation and diabetes-induced 
neuropathies. Afferent markers of diabetic neuropathies were studied in vitro including cellular 
models, and in vivo in HFD-fed mice, together with other biochemical and functional aspects 
characterizing diabetic renal and vascular complications 

 

2. Materials and Methods  

2.1. Standards, reagents and cell culture media 
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Buffers, reactants and enzymes, including glucose, hydrogen peroxide (H2O2), bovine serum 
albumin (BSA), xanthine oxidase (XO, from buttermilk), lipopolysaccharides from Salmonella enterica 
serotype typhimurium (LPS, ref L6143), L-phenylephrine hydrochloride, ACh perchlorate, 
diphenyleneiodonium (DPI), methylglyoxal, were purchased from Sigma Aldrich (Saint Quentin 
Fallavier, France). Purified myeloperoxidase (MPO, ref MY176) was supplied by Elastin Products Co 
(Owensville, USA) and 7-hydroxy-2-oxo-2H-chromene-8-carbaldehyde oxime (7-HCCO) was 
synthesized as previously reported [Stocker 2017]. HPLC grade solvents, including methanol, n-
butanol and ethylacetate were from VWR Chemicals (Fontenay sous Bois, France). Media for cell 
cultures including CellTiter 96® Aqueous One Solution Cell Proliferation Assay kit (MTS) were 
purchased from Promega, France. CD3 antigen, Tissue-Tek O.C.T. Compound, anti-rabbit Alexa 555. 
Deionized water obtained from a Purelab station (Elga, France) was used throughout. Screening 
fluorescence assays were performed with a microplate spectrofluorimeter TECAN Infinite 200 
(TECAN, Männedorf, Switzerland). 

2.2. Plant material  

The aerial parts of Anvillea radiata (flowers and leaves) were collected in the Algerian part of 
Sahara (El Oued, alt 69 m) in April 2013. The sample was identified by Prof. N. Khalfallah (Laboratoire 
de Génétique, Biochimie, et Biotechnologies Végétales, Université Frères Mentouri, Constantine, 
Algeria). A voucher specimen (LBE13/01) has been deposited in the herbarium of the Faculty of 
Natural and Life Sciences at Université des Frères Mentouri [Kandouli 2017]. Informations about the 
traditional use and preparation methods of the plant were obtained from local inhabitants. 

2.3. Extraction of plant material  

Extraction procedures leading to aqueous and organic extracts were driven as reported by 
Kandouli et al, 2017 [Kandouli 2017]. Preparation of n-butanolic extract (n-BuOHextr): briefly, the dried 
plant material (200 g) was first extracted at room temperature for 24 h with methanol (1.2 L) then 
filtered and the procedure repeated twice. This extract was concentrated at 37°C until dryness under 
reduced pressure and treated with hot water (300 mL) to dissolve polyphenols, then filtered and the 
aqueous layer was successively extracted (4x100 mL) by petroleum ether (40-60°C fraction) to remove 
lipids, ethyl acetate and n-butanol to extract polyphenols. After reconcentration, 2.9g (1.4% w/w) of n-
BuOHextr were obtained. Lyophilized aqueous extract (AQLextr) was prepared from aqueous extraction 
of the dried plant material (10g) with hot water for 30 min. Filtration and lyophilisation at -80°C 
(Cryotec lyophiliser Cosmos, Saint-Gély-du-Fesc, France) afforded 15% w/w yield of AQL, which was 
stored at -20°C before use. 

2.4. Inhibition of xanthine oxidase 

Inhibiting effect of A. radiata extracts on xanthine oxidase (XO) was evaluated by microplate 
assay, measuring the inhibition of XO-catalyzed formation of uric acid from xanthine as previously 
reported [Kandouli 2017]. Briefly, 150 µL of sample solutions (18.5−600 µg/mL, final concentration) in 
phosphate buffer (PB, 200 mM, pH 7.5) were added in each well to 25 µL xanthine solution (50 µM, 
final concentration) and 25 µL EDTA solution (10 µM, final concentration) in PB (0.31% v/v DMSO). 
The reaction was started by addition of 50 µL of XO solution in PB (4.7 mU, final concentration) or 
buffer alone for control (CTRL). After 30 min incubation at 37 °C, absorbance was measured at 290 nm 
and inhibition of uric acid formation calculated as ((Abs CTRL - Abs sample) / Abs CTRL) x 100, where Abs 
CTRL and Abs sample are respectively the net absorbance in absence or in presence of tested samples. 
Allopurinol and quercetin were used as standards. 

2.5. Inhibition of myeloperoxidase  

The activity of myeloperoxidase was evaluated as previously reported by Stocker et al [Stocker 
2017] using 7-HCCO as a fluorescent probe for the detection of HOCl produced after adding H2O2. 
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Myeloperoxidase was added to 7-HCCO (150 µM) in 1X PBS (pH 6.5) in 96 wells microplate at 37°C in 
the absence (control, CTRL) or presence of extracts (XX mg/mL) or standards (XX µM), H2O2 (100 µM) 
was then added to start the reaction. The fluorescence was measured every 3 min (λex=350 nm/ λem=470 
nm); its variation (F) was directly proportional to the amount of active MPO and a standard curve 
was used to determine the concentration of the hypochlorous acid produced. One unit (U) of the 
enzyme corresponds to the formation of 1 µmol HOCl per min at 37°C calculated from the initial rate 
of reaction with H2O2 as substrate. Inhibition of the specific MPO activity (As) was expressed as the 
ratio ((As CTRL - As sample) / As CTRL) x 100, where As CTRL is the measured activity in absence and As sample 

in presence of tested samples at a given concentration. 

2.6. Inhibition of advanced glycated end-products (AGEs) formation in presence of BSA  

BSA-Glucose assay: The procedure was driven as previously reported [Vidal 2014]. Briefly, BSA 
(50 mg/ml) was incubated with glucose (20 mM) in phosphate buffer (300 mM, pH 7.4) at 37 °C for 24h 
together with tested extracts or reference samples. Control was performed with BSA alone. 
Fluorescence of the advanced glycated end-products was monitored using a microplate 
spectrofluorimeter (λex=330 nm / λem=394 nm). Half maximal inhibitory concentration (IC50) values of 
AGEs inhibition were expressed as aminoguanidine equivalents.  

BSA-methyglyoxal assay: The procedure was driven as previously reported [Vidal 2014]. Briefly, 
BSA (50 mg/ml) was incubated with glucose (20 mM) in phosphate buffer (300 mM, pH 7.4) at 37 °C 
for 24h together with tested extracts or reference samples. Control was performed with BSA alone. 
Fluorescence of the advanced glycated end-products was monitored using a microplate 
spectrofluorimeter (λex=330 nm / λem=394 nm). Half maximal inhibitory concentration (IC50) values of 
AGEs inhibition were expressed as aminoguanidine equivalents.  

BSA-Formaldehyde assay: The procedure was adapted from a previous study [Mai 2020]. Briefly, 
BSA (XX mg/ml) was incubated with formaldehyde (10 mM) in phosphate buffer (300 mM, pH 7.4) at 
37 °C for h together with tested extracts or standards. Control was performed with BSA alone. 
Fluorescence of the advanced glycated end-products was monitored using a microplate 
spectrofluorimeter (λex=  nm / λem=  nm) 

2.7. Experiments on rat neonatal microglial cells  

Sprague-Dawley neonatal rat primary microglial cells were prepared according to the protocol of 
Ni et al [Ni 2010]. Experiments were adapted from procedures reported previously [Gargouri 2018]. 
MTT cell viability assay: microglial cells (3 × 105 cells/well) were plated on 96-well microplates and 
incubated for 24h in 10% CO2 at 37°C with A. radiata extracts (10–20 µg/mL). After treatment, cells 
were incubated with MTS Assay kit (20 µl) for 4 h. After incubation for 24 h at 37 °C in an atmosphere 
of 5% CO2, the supernatant was removed and the formazan crystals formed in the viable cells were 
solubilized in dimethylsulfoxide (DMSO). Absorbance was measured at 570 nm by using an ELISA 
MRX micro-plate reader (Dynex Technologies, Chantilly, USA). MTT (0.5 mg/ml) was added to the 
medium, incubation was extended for 1 h and the conversion of MTT to a purple formazan precipitate 
was monitored at 570 nm [Culcasi 2012]. TNF, IL-6, and IL-1release by microglial cells: A LPS stock 
suspension was prepared in sterile phosphate-buffered saline (PBS, 5 mg/ml). Cultured primary 
microglial cells were pre-incubated with A. radiata extracts (XX µg/ml) for 30 min and then treated 
with or without (CTRL) LPS (10 ng/ml) for 24 h. Supernatants were then collected and centrifuged 
(1000 × g, 5 min, 4 °C). Release of TNF (A), IL-6 (B) and IL-1 (C) were measured by ELISA assay 
(source??). PGE2 and 8-iso-PGF2α production were assessed in the supernatants with a commercially 
available enzyme immunoassay (EIA) kits (Biotrend, Cologne, Germany or Cayman Chemicals, Ann 
Arbor, Michigan, USA, respectively). For PGE2, standards from 39–2500 pg/ml were used and the 
lower limit of quantification (LLQ) of the assay was 36.2 pg/ml. The 8-iso-PGF2α assay has a range of 
standards from 0.5–500 pg/ml with a LLQ of approx. 3 pg/ml. Values are presented as the mean ± SEM 
of 4 independent experiments in triplicate. Statistical analyses were carried out by using one-way 
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ANOVA and Tukey posthoc test with *: p < 0.05 and ***: p < 0.001 against the LPS-stimulated positive 
control. 

2.8. Activity of A. radiata extracts on MGO-exposed rat primary astrocytes 

Primary astrocytes were isolated from 1 day Sprague-Dawley rats and treated according to the 
procedure reported by Chu et al [Chu 2014]. To assess the effect of MGO exposition and the activity of 
extracts, cells (3 × 105 cells/well) were seeded on 96 wells microplates in DMEM low glucose medium 
supplemented with 1% fetal bovine serum and MGO (700 µM) was added. Cells were then incubated 
for 24 h with extracts (XX mg/ml) or without. Astrocytes viability was estimated from an MTT assay 
(see paragraph 2.7) and compared to untreated cells. 

2.9. Animal and study design  

Standard diet (SD; 11% energy by fat) and high-fat diet (HFD, 60% energy by fat) were purchased 
from Safe (Augy, France). All diets contained 20% proteins. Animal care and experimental procedures 
were performed according to the rules of the European Union Council (Revised Directives 
2010/63/EU). This protocol was subjected to the scrutinity of the local Animal Research Ethics 
Committee and was approved for the project FEDER-AdiabaOx (2008, N° 13851). Aix Marseille 
University and the CNRS have a license for animal housing and experimentation (agreement C13-055-
06) and the study was under the supervision of a vet at the CNRS. Seventy-two 4 weeks-old female 
C57BL/6 J mice were purchased from CERJ (Janvier Labs, Le Genest St Isle, France) and maintained 
under conventional conditions with controlled temperature (22 ± 3 °C) and a 12 h light/ dark cycle and 
access to food and water ad libitum. An enriched environment, by using wheels, tunnels and toys, 
was given to promote physical and social activity. After one week acclimatization mice were assigned 
to the following experimental protocols: A first protocol examined the acute oral toxicity of AQL and 
n-butanol extracts at 2000 mg/kg on 16-weeks SD animals (n = 4/group) according to the procedure of 
Yamanaka et al. (1990). A second protocol consisted of a dose-response study of the acute 
hypoglycemic activity of the extracts on 16-weeks HFD animals in comparison with glibenclamide (n = 
6/group) as detailed below. Based on our previous results on AQL and n-BuOH extracts toxicity (non 
toxic up to 2000 mg/kg) and acute hypoglycemic activity by oral administration on C57BL/6 J mice 
[Kandouli 2017], the dose of 75 mg/kg per day was retained for the present work. Mice (n = 72) were 
randomly divided into 6 experimental groups (n = 12): controls (given SD for 28 weeks); HFD group 
(given HFD for 28 weeks); [HFD+AQL75] group, given HFD for 16 weeks, followed by HFD 
supplemented with AQL (75 mg/kg) for 12 weeks; [HFD+n-BuOH75] group, given HFD for 16 weeks, 
followed by HDF supplemented with butanol extract (75 mg/kg) for 12 weeks; [HFD+Met150] group, 
given HFD for 16 weeks, followed by HFD supplemented with metformin (150 mg/kg) for 12 weeks 
and [HFD+Met75+AQL75] group, given HFD for 16 weeks, followed by HFD supplemented with a 
mixture of metformin and AQLextr (both at 75 mg/kg) for 12 weeks. Weekly weights measurements 
and daily estimates of food intake and clinical signs of suffering, weight loss and moribundity were 
recorded. At weeks 16 (before incorporation of extracts in the food) and 28, blood samples were 
collected from tail vein under local anaesthesia induced by 0.25% lidocaine application in ointment. 
Blood glucose concentration was measured using a commercial whole-blood glucose auto analyzer 
(Freestyle Optium Neo, Abbott) 

2.10. Glucose and insulin plasma levels and lipid metabolism 

2.11. Plantar Test 

The thermal withdrawal latency was measured according to the protocol described by De 
Gregorio et al [De Gregorio 2018]. In a room kept at 25°C, mice were placed in an acrylic box provided 
with an infrared (IR) light (UgoBasile Plantar Test, Varese, Italy) 20 min before experiment. The IR 
light (40% of power) was placed beneath of the mid-plantar surface of hind paws and the withdrawal 
responses were automatically recorded, with a cut-off latency of 15 s to prevent hind paw damage. 
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The stimulation was repeated three times with an interval of 5 min and repeated three consecutive 
days. Data were expressed as the mean of withdrawal latency registered each day. 

2.12. T cells infiltration in the sciatic nerve  

T cells infiltration in the sciatic nerve was measured following the procedure of De Gregorio et al 
[De Gregorio 2018]. Sciatic nerves were carefully excised at week 33 from diabetic and control mice, 
fixed in phosphate buffer (XX mM, pH, 4% paraformaldehyde) for 24 h at 4°C and then kept in 
sucrose (30%) for 24-72 h at 4°C and embedded in Tissue-Tek O.C.T. Compound. Longitudinal thick 
nerve cryosections were placed on silanized slides. The samples were then blocked for one hour in 5% 
fetal bovine serum, 0.025 Triton X-100, 0.5 M Tris buffer (pH) and incubated overnight with anti-
mouse CD3 (Dako, Santa Clara, USA, 1:100). They were then washed three times with 0.025 Triton X-
100, 0.5 M Tris buffer and incubated (25°C, 2h) with secondary antibody (1:300, anti-rabbit Alexa 555, 
Cell Signa Technology, Danvers, USA). The number of CD3+ cells was quantified and normalized 
versus nerve area. 

2.13. Isolated aortic rings preparation and treatments 

Protocols driven for the preparation and treatment of aortic rings were as previously reported by 
Cassien et al [Cassien 2016]. At week 33, mice were deeply anesthetized by intraperitoneal injection of 
sodium pentobarbital (100 mg/kg; Ceva Santé Animale, Libourne, France) before thoracotomy. The 
aortas were removed, cleaned and cut into 3-mm ring segments, mounted between two stainless steel 
hooks and suspended at 37 °C in oxygenated, isolated 10 mL baths filled with a modified Krebs-
Henseleit (KH) buffer (pH 7.35) containing (in mM): NaCl, 118; KCl, 4.7; KH2PO4, 1.5; CaCl2, 2.5; 
MgSO4, 1.2; NaHCO3, 25; EDTA, 0.5; glucose, 11. The medium was renewed every 20 min and 
continuously aerated with a 5% CO2-95% O2 gas mixture. Changes in tension were recorded using a 
standard apparatus (Harvard Apparatus, Les Ulis, France). Rings were first equilibrated for 60 min at 
1 g of resting tension and then stretched step by step until optimal and reproducible reference 
contraction to high-potassium physiological salt solution (KPSS, 123 mM KCl) was obtained. Then, 
after a 20 min wash out, rings were contracted to 50% of the KPSS response by 10-7 M L-
phenylephrine hydrochloride and endothelial integrity was tested by adding 10-5 M ACh perchlorate 
(ou Cl-IBEMECA, cf Nishat 2016) to the medium. The endothelium was considered intact if ACh 
induced a relaxation of 80% or higher and the rings fulfilling this condition were reequilibrated for 30 
min in KH buffer before the experiments.  

We also examined the protection afforded by A. radiata extracts against tissue damage caused by 
endogenous O2-release as a result of NADPH stimulation of endothelial NADPH oxidase. Rings were 
first preincubated for 30 min in KH buffer containing 0.1% DMSO containing the selected extracts (10 
mg/ml) and 30 µM DTC (Sigma-Aldrich), then NADPH (1 mM) was added and incubation was 
prolonged up to 60 min. Two equal sets of individual rings were then transferred into separate wells 
prefilled with 0.3 mL of the same KH buffer/extracts or vehicle/NADPH mixture as described above, 
and further incubated for 30 min in the dark at 37°C. One subset of rings was kept for tissue protein 
carbonyls measurements and the other subset was used for EPR experiments. Briefly, to each well 
containing NADPH-stimulated rings in KH buffer was added an aliquot of the selected extracts in 
DMSO as to reach a final concentration of 15 mM PBN and 1% DMSO, and the mixture was incubated 
for 20 additional min. For each extract, three 300 mL-aliquot of the mixture were placed in 1 mL 

Nalgene® cryogenic vials and immediately stored in liquid nitrogen for delayed EPR analysis. Control 
wells were performed without NADPH. In additional experiments, NADPH oxidase was inhibited by 
adding DPI (15 mM) to the medium during the 30 min preincubation phase. 

2.14 EPR analysis of PBN spin trapping in aortic rings 

Previously frozen samples of aortic rings(see above) were thawed just prior to use, placed into 
capillary glass tubes and EPR spectra were recorded 45 sec after sample thawing, on a Bruker ESP 300 
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spectrometer (Karlsruhe, Germany) with the following instrument settings: modulation frequency 
100KHz, microwave power 10 mW, field axis resolution 2048 pts, modulation amplitude 0.07 mT, time 
constant 81.92 ms, receiver gain 8 x 104, scan rate 0.31 mT/s, sweep width, 13 mT, 10 accumulated 
scans. 

2.15. Protein carbonyls determination in aortic tissue 

Protein carbonyls content was evaluated in ring tissues homogenates according to the protocol of 
Stocker et al [Stocker 2015] using the 7-hydrazino-4-nitrobenzo-2,1,3-oxadiazole (NBDH, Sigma-
Aldrich) as a probe to form highly fluorescent derivatives with aldehydes via hydrazone formation. 
Homogenates were prepared by homogenizing 0.1 g of fresh aortic tissue powdered in liquid N2 in 
1.15% KCl ice-cold solution. After centrifugation (3000×g, 40 min, 2–3 °C), supernatants were diluted 
10-fold with PBS 0.1 X. Protein concentrations were determined using the BCA protein assay kit 
(Thermo Fisher Scientific). Then 100 µL of diluted samples were placed in 96-well microplates and 
reacted for 15 min at room temperature with an aliquot (100 µL) of the NBDH assay kit (Carbofax®; 
Yelen) and concentrations in NBDH-reacted carbonyls were determined by fluorimetry (TECAN 
Infinite 200, exc = 500 nm, em = 560 nm) relative to standard calibration curves built from oxidized 
BSA. The protein carbonyl content was expressed as nanomoles/mg protein. 

2.16. Myeloperoxidase activity in mice plasma 

MPO activity was evaluated as previously reported in Stocker et al [Stocker 2017] using 7-HCCO 
as a fluorescent probe for HOCl detection. Plasma were collected from control and diabetic mice at 
week 33, then diluted ten-fold in 1X PBS pH 6.5. Ten µl of 7-HCCO (100 µM, final concentration) and 
five µl H2O2 (100 µM, final concentration?) were added to 150 µl of diluted plasma and the 
fluorescence recorded each 3 min (ex = 350 nm, em = 470 nm). Active MPO content was estimated 
from the relative fluorescence using a calibration curve built with purified human MPO in plasma. 

2.17. MDA-TBA assay in mice plasma 

Lipid peroxidation was evaluated through malondialdehyde-thiobarbituric acid (MDA-TBA) 
formation assay [Stocker 2017]: Aliquots (50 µL) of plasma were added in test tubes to a mixture of 
450 µL of thiobarbituric acid solution in orthophosphoric acid (0.3 M, pH 3.5) and 10 µL of butylated 
hydroxytoluene solution (5 mM) in ethanol. Samples were heated at 95 °C for 30 min, then cooled 
back to room temperature and centrifuged (1800 × g, 10 min). The supernatant content in MDA-TBA 
adduct was assayed by HPLC (Merck Hitachi/Lachrom HPLC system: autosampler, pump L-7100, 
fluorescence detector L-7480, interface D-7000, degasser L-7612, with Agilent EZChrom Elite Compact 
software (Pleasanton, USA)). Analyses were performed using a C18-bonded Macherey-Nagel silica 
column (250 mm × 4.6 mm, 5 mm) and fluorescence detection (ex = 532 nm, em = 553 nm). Samples (20 
µL) underwent isocratic elution (A/B: 50/50), solvent A: 20 mM phosphate buffer (pH 6.9) and solvent 
B: methanol, at a flow rate of 1 ml/min for 10 min, with peak area quantification. MDA-TBA levels 
were calculated from a standard curve of MDA tetrabutylammonium and are the means of three 
independent experiments in each group made in triplicate. Data are expressed in nmole/mg protein. 

2.18. Evaluation of myeloperoxidase and xanthine oxidase activities in kidney homogenates 

Kidney sample were collected at week 33, washed with PBS 1X, then homogenized in RIPA 
buffer and centrifuged (12,000 rpm, 10 min) at 4°C and stored at -80°C as reported by Chowdury et al 
[Chowdury 2019]. MPO activity was measured as reported in paragraph 2.6. Evaluation of XO activity 
was performed by microplate assay by adding in each well 10 µl of tissue homogenate, 190 µl of 
phosphate buffer (50 mM, pH 7.5) and 100 µL of xanthine solution in PB (75 µM, final concentration). 
After incubation at XX°C for XX min, absorbance was measured at 290 nm and XO activity calculated 
as reported in paragraph 2.4.  
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3. Results and Discussion 

3.1. Anvillea radiata aerial parts extraction processes and phenolic content characterization 
Extraction of the aerial parts of the plant A. radiata and HPLC analysis of their phenolic content 

were driven as reported in Kandouli et al [Kandouli]. Petroleum ether extraction allowed the 
removing of lipids from the initial methanolic extract, which was reconcentred and taken back with 
hot water. Then further successive extractions of the resulting aqueous layer with ethyl acetate and n-
butanol (n-BuOH) allowed to separate less (EtOAcextr) and more (n-BuOHextr) polar fractions (Fig.1). In 
our previous study on A. radiata extracts anti-diabetic properties, phenolic profile analyses indicated 
that the main organic (MeOH, EtOAc, n-BuOH) and aqueous (AQL) extracts were rich in flavonoids 
(~41-57%) and hydroxycinnamic acid derivatives (~40-58%), while rather poor in hydroxybenzoic 
acids (~2-4%). Furthermore, administration of extracts to HFD-fed mice has resulted in a significant 
decay of hyperglycemia and in a regulation of the lipid profile, together with a lowering of 
inflammation markers [Kandouli 2017]. In the present study, HPLC analysis led to similar results 
(data not shown) and we selected two of these extracts, the aqueous lyophilized (AQLextr) and the n-
butanolic one (n-BuOHextr) from their phenolic profile, (flavonoids, mg RUE/g DW: AQLextr 14.4 ± 0.8,  
n-BuOHextr 33.3 ± 1.9; hydroxycinnamics, mg CAE/g DW: AQLextr 17.1 ± 1.3, n-BuOHextr 51.7 ± 4.0; 
hydroxybenzoics, mg GAE/g DW: AQLextr 1.5 ± 0.0, n-BuOHextr 3.8 ± 0.2), their antioxidant and 
digestive enzyme inhibition capacities, together with their low cytotoxicity and good solubility. These 
extracts have also been shown to improve metabolic parameters, reduce hyperglycemia and 
dyslipidemia on HFD-fed mice [Kandouli 2017].  

The Asteraceae family was reported to be of potential interest in the management of diabetic 
complications, due to the high content in flavonoids, polyphenols, terpenoids, saponins, 
polysaccharides and alkaloids [Singh 2013]. Flavonoids such as breviscapin from Erigon breviscapus 
and silibinin from Silybum marianum were found to protect respectively against cardiac dysfunctions, 
myocardial Ca2+ impairment and nephropathy in streptozotocin-induced diabetic rats [Singh 2013]. 
Anvillea radiata belongs to this Asteraceae family and is known for its traditional use against diabetes 
mellitus in Algerian Sahara. However, to our knowledge, its properties against diabetes related 
neuropathies have still not been investigated. 

 

 
 

Figure 1. Preparation of Anvillea radiata aqueous and organic extracts. 

3.2. In vitro evaluation of xanthine oxidase and myeloperoxidase inhibition and anti-glycative effect (BSA-
glucose, BAS-methyglyoxal and BSA-formaldehyde systems) of extracts 
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3.6 Thermal withdrawal latency  

A plantar sensitivity test was used to assess the symptomatic progression of diabetic neuropathy 
in HFD-fed mice and to measure the protection provided by A. radiata extracts. The paw withdrawal 
latency triggered by a thermal stimulation allowed us to evaluate the peripheral nerve functional 
loss/protection. The assay was repeated from week 5 to week 33, starting the administration of each 
extracts (75 mg/kg) at week 21. Diabetes-induced hypoalgesia, as observed from the strong latency 
increase observed for HFD- compared to SD- fed mice at week 33, was lowered by about 30% when 
extracts were given, which demonstrates their efficiency even after long term T2DM induction. If short 
term diabetes may induce hyperalgesia, long term exposition was reported to induce merely 
hypoalgesia [Uddin 2020]. A. radiata polyphenolic extracts are characterized by a high representation 
of flavonoids and hydroxycinnamic acids. Flavonoids, depending of their structure, are susceptible to 
interact through many DN-related processes from reduction of oxidative stress, increased levels of 
antioxidant enzymes SOD, CAT, GPx (catechin, naringenin, kaemperol, luteolin, rutin, genistein…), to 
reduction of MDA (catechin, luteolin, rutin, genistein…) and AGEs formation (kaempferol) or 
lowering of proinflammatory cytokine levels (TNF, IL-1, IL-6…). Behavioral markers may also be 
improved by flavonoids as for example thermal hypoalgesia which was reduced by baicalein 
treatment of STZ-diabetic mice [Basu 2020]. Various phenolic acids possess antioxidant and 
antidiabetic activities. Gallic acid administered to STZ-induced rats improved insulin secretion, lipid 
profile and others metabolic parameters [Latha 2011]. In the hydroxycinnamic series, ferulic acid was 
beneficial against diabetic neuropathy in STZ-rats by lowering both metabolic and neurologic 
alterations, improving the antioxidative status and reducing inflammation and apoptosis; combination 
with insulin enhanced the obtained protection [Dhaliwal 2020]. Zhang et al reported that chlorogenic 
acid (CA), an abundant food polyphenol, decreases voltage-gated potassium channels which are key 
regulators of membrane potential in sensory neurons, then decreasing neuronal excitability in 
neuropathic pain [Zhang 2014]. CA also protects neuronal cells under MGO induced apoptosis 
[Huang 2008]. The rosmarinic acid, an ester of caffeic acid, was shown to exert an anti-allodynic effect 
in STZ-induced diabetic rats [Hasanein 2014].  
 A  B 
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Figure 3: A/ Plantar test: measurement of the paw withdrawal latency (week 33) of treated C57BJ/6 HFD-fed mice compared to 
SD and HFD controls. B/ T Cell infiltration (week 33) in sciatic nerve of C57BJ/6 HFD-fed mice. Both AQL and nBuOH extract 
were given at 75 mg/kg body weight. 

3. 7 T cell infiltration in sciatic nerve  

In addition to hyperglycemia-induced processes, obesity-associated low-grade chronic 
inflammation may also occur through adipose tissue dysfunctions and subsequent overexpression of 
pro-inflammatory factors such as TNF from adipose or neural tissues, which may then elicit the 
recruitment of immune cells such as macrophages and T cells within the endoneurial area [Kosacka 
2019]. We analyzed the infiltration of CD3 positive cells in the mice sciatic nerve as an inflammation 
marker in the peripheral nervous system. Sciatic nerves were carefully excised at week 33 from 
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diabetic and control mice and an immunofluorescence assay was performed against the CD3 antigen 
(Fig. 3B). The high infiltration level observed for the HFD group as compared to the SD group was 
lowered by about 40 % when HFD-fed mice were treated by extracts at the dose of 75 mg/kg. Of 
importance is the best result obtained by treatment with combined half doses of AQL+ Metformin (75 
mg/kg each), while meftformin alone… In literature, caffeic acid phenyl ester (CAPE), a widespread 
phytoconstituent, exhibiting a large range of properties including antioxidant, anti-inflammatory and 
immunomodulatory activities was shown to protect the sciatic nerve of STZ-induced diabetic rats, 
reducing the total antioxidant status together with MDA and NO levels [Yucel 2012]. 

3.8. Vasorelaxant properties of extracts on isolated mice aortic rings 

The peripheral nervous system is rather poorly microvascularized at the endoneurial level and 
furthermore the length of its axons makes them insufficient to insure by themselves trophic and other 
molecules transport to distal extremities. Such characteristics may contribute to increase the 
susceptibility of distal parts of the PNS towards diabetes-induced troubles. DN are associated to 
vascular damages at both macro and micro vascular levels, where structural changes may occur with 
in particular a thickening of the basement membranes and a narrowing of the vascular lumina with 
possible ischemia. Oxidative stress and MPO activation are known to be involved in vascular 
endothelium damages, leading to disturbances in vascular tone and enhanced vasoconstriction. We 
evaluated here the endothelium protection afforded by A. radiata extracts on HFD-fed mice aortic 
rings precontracted by the 1-adrenoreceptor agonist phenylephrine (PE) (Fig 4). Vasoconstriction 
was measured in response to the agonist. The best vasorelaxant effect was observed for AQL extract, 
giving quite 30 % protection compared to untreated HFD group. MPO is known to play an important 
inflammatory role in diabetes and exerts a vasoconstrictive action by NO consuming [Neogi 2012].  
Actually, a positive correlation between MPO inhibition and vasorelaxation can be observed… for 
extracts. 

3.9. Vascular protection against NADPH-induced superoxide in mice aortic rings 

Addition of excess NADPH to the aortic rings incubation medium resulted in NADPH oxidase 
activation and superoxide production. We then evaluated the protection afforded by A. radiata extracts 
by spin trapping experiments and protein carbonyl measurements. 
PBN spin trapping of NADPH-induced superoxide radical in aortic rings resulted in observation by 
EPR of PBN-OH spin adducts, derived from superoxide scavenging (Fig 5A). Extracts 
afforded…Superoxide quenching properties…. 
Protein carbonyl content: The activation of NADPH oxidase led to a strong increase of protein carbonyl 
content, which was considerably lowered in …groups, this result being in good accordance (Fig 5B) 
with the antioxidant and superoxide quenching properties of A. radiata extracts [Kandouli 2017].    

3.10 MPO inhibition and protection against lipid peroxidation in plasma 

MPO activity has been reported to induce NO consumption and vascular endothelial 
dysfunctions. Nishat et al highlighted the link between MPO level enhancement and the 
overexpression of the adenosine A3 receptor, involved in vasoconstriction processes [Nishat 2014]. 
Figure XX shows that plasmatic MPO levels where significantly enhanced in HFD-fed mice compared 
to SD group, while groups treated with extracts exhibited XX% reduction compared to HFD untreated 
mice, giving then the same trend than vasorelaxation results as shown in fig. XX. 

3.11 Inhibition of XO and MPO in mice kidney homogenates. 

The activity of XO in kidney homogenates was strongly increased in HFD-fed group compared to 
control mice. Treatment with both AQL and n-BuOH extracts considerably lowered this 
overactivation as shown in Fig. 6A. Moreover, administration of combined [AQL75 + MET75] afforded 
the best protection, while metformin alone…. The same trend was observed for the detection of MPO 
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activation (Fig 6 B), with a …...  In diabetic renal disease, ROS overproduction may arise from various 
sources including XO, NADPH oxidase, mitochondrial electron-transport chain or MPO [Fakhruddin 
2017]. XO has been shown to promote vascular inflammation and of the known inhibitors of the 
enzyme, febuxostat was reported to exert a protection against diabetic nephropathy in mice, to 
attenuate oxidative stress in blood vessels and to lower IL-6 and IL-1 inflammatory cytokine levels, 
while allopurinol protected human macrophages from ROS induced degradation linked to 
atherosclerosis [Mizuno 2019]. Then, the protection afforded through XO inhibition on diabetic mice 
may then occur merely by reducing inflammatory processes rather than lowering hyperuricemia or 
hyperglycemia as reported on obese KK-Ay mice with diabetic nephropathy [Mizuno 2019]. However, 
urate production through XO activity may in turn activate MPO and thereby lead to subsequent 
impairments [Neogi 2012]. 

4. Conclusions 

Diabetic neuropathies represent a complex panel of multifactorial pathologies. Many therapeutic 
agents have been proposed to address the different pathways involved in DN progression, such as 
anti-glycative agents, aldose reductase inhibitors, anti-inflammatory and antioxidant molecules 
[Dewanjee 2018], but at the present time, there is still a need of safe and multitarget therapies. 
Phytochemical resources are good candidates for such approaches, owing to their rich composition in 
phenolics and flavonoids and the traditional knowledge associated with their use. Here we showed 
through administration of water-soluble AQL and n-BuOH extracts to HFD-fed mice that A. radiata, 
which is active in metabolic protection against T2DM may also afford a protection against DN, one of 
its main complications, being efficient on multiple DN-linked pathways. These extracts were shown to 
reduce oxidative stress and inflammation processes related to glycemic and lipidic dysregulations. 
They efficiently prevent AGEs and PC accumulation, reduce ROS formation by lowering the activity 
of enzymes such as XO and MPO, prevent ROS-induced damages through their antioxidant activity 
[Kandouli 2017], and enhance the antioxidant status, particularly by preventing GSH decay. As a 
result, even after long term T2DM induction on HFD-fed mice, we observed in mice treated by AQL 
and n-BuOH A. radiata extracts a vascular protection and an improvement of the peripheral nerve 
response, together with a reduction of its inflammation.  

_______________________________________________________________________________________ 
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