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Abstract
Diabetic neuropathy is a consequence of long-term hyperglycemia. The emergence of neuronal condition is a result of
hyperglycemia-induced oxidative stress. In the present study, streptozotocin-induced diabetes exhibited notable decrease in
the levels of phospholipids, glycolipids, gangliosides, and triglycerides in the sciatic nerve. The alterations in lipids resulted
in increase in cholesterol to phospholipid ratio in sciatic nerve of diabetic animals. This ratio is crucial and determines the
rheological properties of membranes and resulted in substantial reduction in the activity of membrane-bound enzymes; Ca2
+ ATPase and acetylcholinesterase. Histological examination of the cross-section of the sciatic nerve in diabetic mice
revealed axonal atrophy and disarrayed myelin sheath. The potential therapeutic impact of N-acetyl Cysteine (NAC), a
powerful antioxidant, on a rat model of diabetic neuropathy was evaluated. NAC was administered to rats in drinking water
for a period of 8 weeks. The results indicate that administration of NAC restored lipid composition; ratio of cholesterol to
phospholipids, the activity of membrane linked enzymes, and improved the structural defects in sciatic nerve. NAC plays
protective role against diabetes-induced alterations in lipid composition in sciatic nerve membranes leading to improvement
in structure and function of membranes. Overall, the findings suggest NAC as a potential therapeutic strategy in preventing
diabetic neuropathy and other diabetic complications. © 2025

Author Keywords
Diabetes;  Enzymes;  Lipids;  N-acetylcysteine;  Neuropathy;  Sciatic Nerve. Membrane

Index Keywords
acetylcholinesterase, acetylcysteine, antioxidant, cholesterol, drinking
water, ganglioside, glucose, glycolipid, lipid, malonaldehyde, myelin, phospholipid, streptozocin, triacylglycerol; animal
experiment, animal model, animal tissue, Article, controlled study, diabetes mellitus, diabetic neuropathy, diagnostic test
accuracy study, enzyme activity, enzyme assay, flow kinetics, histology, histopathology, hyperglycemia, lipid
composition, male, neuropathy, nonhuman, oxidative stress, rat, sciatic nerve

Chemicals/CAS
acetylcholinesterase, 9000-81-1; acetylcysteine, 616-91-1, 89344-48-9; cholesterol, 57-88-5; glucose, 50-99-7, 84778-64-3,
8027-56-3; lipid, 66455-18-3; malonaldehyde, 542-78-9; streptozocin, 18883-66-4

Tradenames
ImageJ software; MS Excel 2007 software, Microsoft

Manufacturers
Microsoft

References
Ashokkumar, N., Pari, L., Ramkumar, K.M.
N-Benzoyl-D-phenylalanine attenuates brain acetylcholinesterase in neonatal
streptozotocin-diabetic rats
(2006) Basic Clin. Pharmacol. Toxicol., 99 (3), pp. 246-250. 

Babizhayev, M.A., Strokov, I.A., Nosikov, V.V., Savel'yeva, E.L., Sitnikov, V.F., Yegor E, Y.,
Lankin, V.Z.
The Role of Oxidative Stress in Diabetic Neuropathy: Generation of Free Radical
Species in the Glycation Reaction and Gene Polymorphisms Encoding Antioxidant
Enzymes to Genetic Susceptibility to Diabetic Neuropathy in Population of Type I
Diabetic Patients
(2015) Cell Biochem. Biophys., 71 (3), pp. 1425-1443. 

4/8/25, 4:31 PM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1907997695&eid=2-s2.0-105000193120&sort=&clicked… 1/6



Bai, L., Youguo, H.
Effect of cholesterol/phosholipid ratio on stimulatory GTP-binding protein function
(1998) IUBMB Life, 45 (6), pp. 1155-1162. 

Chan, K.F.
Ganglioside-modulated protein phosphorylation in myelin
(1987) J. Biol. Chem., 262 (5), pp. 2415-2422. 

Choi, D.W.
Excitotoxic cell death
(1992) J. Neurobiol., 23 (9), pp. 1261-1276. 

Cumings, J.N.
Lipid chemistry of the brain in demyelinating diseases
(1955) Brain: A J. Neurol., 78 (4), pp. 554-563. 

De Nicolo, B., Cataldi-Stagetti, E., Diquigiovanni, C., Bonora, E.
Calcium and Reactive Oxygen Species Signaling Interplays in Cardiac Physiology
and Pathologies
(2023) Antioxidants, 12 (2), p. 353. 

Dubois, M., Gilles, K., Hamilton, J.K., Rebers, P.A., Smith, F.
A Colorimetric Method for the Determination of Sugars
(1951) Nature, 168 (4265). 
167–167

Ellman, G.L., Courtney, K.D., Andres, V., Feather-Stone, R.M.
A new and rapid colorimetric determination of acetylcholinesterase activity
(1961) Biochem. Pharmacol., 7, pp. 88-95. 

Fantini, J.
Lipid rafts and human diseases: why we need to target gangliosides
(2023) FEBS Open Bio, 13 (9), pp. 1636-1650. 

Feldman, E.L., Callaghan, B.C., Pop-Busui, R., Zochodne, D.W., Wright, D.E., Bennett,
D.L., Bril, V., Viswanathan, V.
Diabetic neuropathy
(2019) Nat. Rev. Dis. Prim., 5 (1), pp. 1-18. 

Fernández-Pérez, E.J., Sepúlveda, F.J., Peters, C., Bascuñán, D., Riffo-Lepe, N.O.,
González-Sanmiguel, J., Sánchez, S.A., Aguayo, L.G.
Effect of Cholesterol on Membrane Fluidity and Association of Aβ Oligomers and
Subsequent Neuronal Damage: A Double-Edged Sword
(2018) Front. Aging Neurosci., 10. 

Fiske, C.H., Subbarow, Y.
THE COLORIMETRIC DETERMINATION OF PHOSPHORUS
(1925) J. Biol. Chem., 66 (2), pp. 375-400. 

Folch, J., Lees, M., Sloane Stanley, G.H.
A simple method for the isolation and purification of total lipides from animal
tissues
(1957) J. Biol. Chem., 226 (1), pp. 497-509. 

Garbay, B., Heape, A.M., Sargueil, F., Cassagne, C.
Myelin synthesis in the peripheral nervous system
(2000) Prog. Neurobiol., 61 (3), pp. 267-304. 

Ghebremeskel, K., Bitsanis, D., Koukkou, E., Lowy, C., Poston, L., Crawford, M.A.
Liver triacylglycerols and free fatty acids in streptozotocin-induced diabetic rats

4/8/25, 4:31 PM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1907997695&eid=2-s2.0-105000193120&sort=&clicked… 2/6



have atypical n-6 and n-3 pattern
(2002) Comp. Biochem. Physiol. Toxicol. Pharmacol.: CBP, 132 (3), pp. 349-354. 

He, F., Zheng, G., Hou, J., Hu, Q., Ling, Q., Wu, G., Zhao, H., Yang, Z.
N-acetylcysteine alleviates post-resuscitation myocardial dysfunction and improves
survival outcomes via partly inhibiting NLRP3 inflammasome induced-pyroptosis
(2020) J. Inflamm., 17 (1), p. 25. 

Hong, J., Sang, S., Park, H.-J., Kwon, S.J., Suh, N., Huang, M.-T., Ho, C.-T., Yang, C.S.
Modulation of arachidonic acid metabolism and nitric oxide synthesis by garcinol
and its derivatives
(2006) Carcinogenesis, 27 (2), pp. 278-286. 

Itani, M., Gylfadottir, S., Krøigård, T., Gaist, L., Holbech, J.V., Kristensen, A.G., Karlsson,
P., Sindrup, S.H.
Comparison of diabetic and idiopathic sensory polyneuropathies with respect to
nerve fiber affection and risk factors
(2022) BMJ Neurol. Open, 4 (1). 

Kaga, A.K., Barbanera, P.O., Carmo, N.O.L.D., Rosa, L.R.D.O., Fernandes, A.A.H.
Effect of N-Acetylcysteine on Dyslipidemia and Carbohydrate Metabolism in STZ-
Induced Diabetic Rats
(2018) Int. J. Vasc. Med., 2018 (1), p. 6428630. 

Kamboj, S.S., Chopra, K., Sandhir, R.
Neuroprotective effect of N-acetylcysteine in the development of diabetic
encephalopathy in streptozotocin-induced diabetes
(2008) Metab. Brain Dis., 23 (4), pp. 427-443. 

Kamboj, S.S., Vasishta, R.K., Sandhir, R.
N-acetylcysteine inhibits hyperglycemia-induced oxidative stress and apoptosis
markers in diabetic neuropathy
(2010) J. Neurochem., 112 (1), pp. 77-91. 

Kitatani, K., Akiba, S., Sato, T.
Ceramide-induced enhancement of secretory phospholipase A2 expression via
generation of reactive oxygen species in tumor necrosis factor-alpha-stimulated
mesangial cells
(2004) Cell. Signal., 16 (8), pp. 967-974. 

Lavrentiadou, S.N., Chan, C., Kawcak, T., Ravid, T., Tsaba, A., van der Vliet, A., Rasooly,
R., Goldkorn, T.
Ceramide-Mediated Apoptosis in Lung Epithelial Cells Is Regulated by Glutathione
(2001) Am. J. Respir. Cell Mol. Biol., 25 (6), pp. 676-684. 

Ledeen, R.W., Wu, G.
Thematic Review Series: Sphingolipids. Nuclear sphingolipids: metabolism and
signaling
(2008) J. Lipid Res., 49 (6), p. 1176. 

Lehotský, J., Kaplán, P., Račay, P., Matejovičová, M., Drgová, A., Mézešová, V.
Membrane ion transport systems during oxidative stress in rodent brain: Protective
effect of stobadine and other antioxidants
(1999) Life Sci., 65 (18), pp. 1951-1958. 

Lin, C., Yin, M.
Effects of cysteine-containing compounds on biosynthesis of triacylglycerol and
cholesterol and anti-oxidative protection in liver from mice consuming a high-fat
diet
(2008) Br. J. Nutr., 99 (1), pp. 37-43. 

4/8/25, 4:31 PM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1907997695&eid=2-s2.0-105000193120&sort=&clicked… 3/6



Liu, M., You, Y., Zhu, H., Chen, Y., Hu, Z., Duan, J.
N-Acetylcysteine Alleviates Impaired Muscular Function Resulting from
Sphingosine Phosphate Lyase Functional Deficiency-Induced Sphingoid Base and
Ceramide Accumulation in Caenorhabditis elegans
(2024) Nutrients, 16 (11). 
Article 11.

Liu, X., Wang, L., Cai, J., Liu, K., Liu, M., Wang, H., Zhang, H.
N-acetylcysteine alleviates H2O2-induced damage via regulating the redox status of
intracellular antioxidants in H9c2 cells
(2019) Int. J. Mol. Med., 43 (1), pp. 199-208. 

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J.
Protein measurement with the Folin phenol reagent
(1951) J. Biol. Chem., 193 (1), pp. 265-275. 

Malaisse, W.J., Portois, L., Zhang, Y., Oguzhan, B., Louchami, K., Jijakli, H., Courtois, P.,
Carpentier, Y.A.
Fatty acid content and pattern of epididymal and parametrial adipose tissue lipids in
streptozotocin (type 1) and Goto-Kakizaki (type 2) diabetic rats
(2006) Int. J. Mol. Med., 18 (6), pp. 1231-1234. 

Malik, R.A., Tesfaye, S., Newrick, P.G., Walker, D., Rajbhandari, S.M., Siddique, I.,
Sharma, A.K., Ward, J.D.
Sural nerve pathology in diabetic patients with minimal but progressive neuropathy
(2005) Diabetologia, 48 (3), pp. 578-585. 

Mansour, A., Mousa, M., Abdelmannan, D., Tay, G., Hassoun, A., Alsafar, H.
Microvascular and macrovascular complications of type 2 diabetes mellitus: Exome
wide association analyses
(2023) Front. Endocrinol., 14. 

Marquer, C., Laine, J., Dauphinot, L., Hanbouch, L., Lemercier-Neuillet, C., Pierrot, N.,
Bossers, K., Potier, M.-C.
Increasing membrane cholesterol of neurons in culture recapitulates Alzheimer's
disease early phenotypes
(2014) Mol. Neurodegener., 9, p. 60. 

Martinez-Banaclocha, M.
N-Acetyl-Cysteine: Modulating the Cysteine Redox Proteome in Neurodegenerative
Diseases
(2022) Antioxidants, 11 (2). 
Article 2.

McClare, C.W.
An accurate and convenient organic phosphorus assay
(1971) Anal. Biochem., 39 (2), pp. 527-530. 

Mîinea, C., Kuruvilla, R., Merrikh, H., Eichberg, J.
Altered arachidonic acid biosynthesis and antioxidant protection mechanisms in
Schwann cells grown in elevated glucose
(2002) J. Neurochem., 81 (6), pp. 1253-1262. 

Monti, D.A., Zabrecky, G., Leist, T.P., Wintering, N., Bazzan, A.J., Zhan, T., Newberg, A.B.
N-acetyl Cysteine Administration Is Associated With Increased Cerebral Glucose
Metabolism in Patients With Multiple Sclerosis: An Exploratory Study
(2020) Front. Neurol., 11. 

Oldfield, E., Chapman, D.
Dynamics of lipids in membranes: Heterogeneity and the role of cholesterol
(1972) FEBS Lett., 23 (3), pp. 285-297. 

4/8/25, 4:31 PM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1907997695&eid=2-s2.0-105000193120&sort=&clicked… 4/6



Ong, K.L., Stafford, L.K., McLaughlin, S.A., Boyko, E.J., Vollset, S.E., Smith, A.E., Dalton,
B.E., Vos, T.
Global, regional, and national burden of diabetes from 1990 to 2021, with
projections of prevalence to 2050: A systematic analysis for the Global Burden of
Disease Study 2021
(2023) Lancet, 402 (10397), pp. 203-234. 

Pang, L., Lian, X., Liu, H., Zhang, Y., Li, Q., Cai, Y., Ma, H., Yu, X.
Understanding Diabetic Neuropathy: Focus on Oxidative Stress
(2020) Oxid. Med. Cell. Longev., 2020 (1). 

Roberts, D.D., Haverstick, D.M., Dixit, V.M., Frazier, W.A., Santoro, S.A., Ginsburg, V.
The platelet glycoprotein thrombospondin binds specifically to sulfated glycolipids
(1985) J. Biol. Chem., 260 (16), pp. 9405-9411. 

Roberts, D.D., Rao, C.N., Magnani, J.L., Spitalnik, S.L., Liotta, L.A., Ginsburg, V.
Laminin binds specifically to sulfated glycolipids
(1985) Proc. Natl. Acad. Sci. USA, 82 (5), pp. 1306-1310. 

Sandhir, R., Gill, K.D.
Alterations in calcium homeostasis on lead exposure in rat synaptosomes
(1994) Mol. Cell. Biochem., 131 (1), pp. 25-33. 

Schallreuter, K.U., Elwary, S.M.A., Gibbons, N.C.J., Rokos, H., Wood, J.M.
Activation/deactivation of acetylcholinesterase by H2O2: More evidence for
oxidative stress in vitiligo
(2004) Biochem. Biophys. Res. Commun., 315 (2), pp. 502-508. 

Shahin, A.Y., Hassanin, I.M.A., Ismail, A.M., Kruessel, J.S., Hirchenhain, J.
Effect of oral N-acetyl cysteine on recurrent preterm labor following treatment for
bacterial vaginosis
(2009) Int. J. Gynecol. Obstet., 104 (1), pp. 44-48. 

Shi, X., Chen, Y., Nadeem, L., Xu, G.
Beneficial effect of TNF-α inhibition on diabetic peripheral neuropathy
(2013) J. Neuroinflamm., 10, p. 69. 

Skoza, L., Mohos, S.
Stable thiobarbituric acid chromophore with dimethyl sulphoxide. Application to
sialic acid assay in analytical de-O-acetylation
(1976) Biochem. J., 159 (3), pp. 457-462. 

Sloan, G., Shillo, P., Selvarajah, D., Wu, J., Wilkinson, I.D., Tracey, I., Anand, P., Tesfaye,
S.
A new look at painful diabetic neuropathy
(2018) Diabetes Res. Clin. Pract., 144, pp. 177-191. 

Smith, S., Normahani, P., Lane, T., Hohenschurz-Schmidt, D., Oliver, N., Davies, A.H.
Pathogenesis of Distal Symmetrical Polyneuropathy in Diabetes
(2022) Life, 12 (7). 
Article 7.

Suzuki, K.
Gangliosides and Disease: A Review
(1984) Ganglioside Structure, Function, and Biomedical Potential, pp. 407-418. 
R.W. Ledeen R.K. Yu M.M. Rapport K. Suzuki Springer US

Sztolsztener, K., Bzdęga, W., Hodun, K., Chabowski, A.
N-Acetylcysteine Decreases Myocardial Content of Inflammatory Mediators
Preventing the Development of Inflammation State and Oxidative Stress in Rats

4/8/25, 4:31 PM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1907997695&eid=2-s2.0-105000193120&sort=&clicked… 5/6



Subjected to a High-Fat Diet
(2023) Int. J. Inflamm., 2023. 

Thomas, P.D., Brewer, G.J.
Gangliosides and synaptic transmission
(1990) Biochim. Et. Biophys. Acta, 1031 (3), pp. 277-289. 

Van Handel, E., Zilversmit, D.B.
Micromethod for the direct determination of serum triglycerides
(1957) J. Lab. Clin. Med., 50 (1), pp. 152-157. 

Zheng, R., Tan, Y., Gu, M., Kang, T., Zhang, H., Guo, L.
N-acetyl cysteine inhibits lipopolysaccharide-mediated synthesis of interleukin-1β
and tumor necrosis factor-α in human periodontal ligament fibroblast cells through
nuclear factor-kappa B signaling
(2019) Medicine, 98 (40). 

Zhu, J., Hu, Z., Luo, Y., Liu, Y., Luo, W., Du, X., ShengLiang, P., Hu, J.
Diabetic Peripheral Neuropathy: Pathogenetic Mechanisms and Treatment
(2024) Front. Endocrinol., 14. 

Zlatkis, A., Zak, B., Boyle, A.J.
A new method for the direct determination of serum cholesterol
(1953) J. Lab. Clin. Med., 41 (3), pp. 486-492. 

Correspondence Address
Sandhir R.; Department of Biochemistry, Sector, 25, India; email: sandhir@pu.ac.in

Publisher: Elsevier B.V.

ISSN: 26672421
Language of Original Document: English
Abbreviated Source Title: IBRO Neuroscience Reports
2-s2.0-105000193120
Document Type: Article
Publication Stage: Final
Source: Scopus

Copyright © 2025 Elsevier B.V. All rights reserved. Scopus® is a registered
trademark of Elsevier B.V.

4/8/25, 4:31 PM Scopus - Print Document

https://www.scopus.com/citation/print.uri?origin=recordpage&sid=&src=s&stateKey=OFD_1907997695&eid=2-s2.0-105000193120&sort=&clicked… 6/6


