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                    Abstract
High mobility group box-1 (HMGB1) is a ubiquitous non-histone nuclear protein that plays a key role as a transcriptional activator, with its extracellular release provoking inflammation. Inflammatory responses are essential in methamphetamine (METH)-induced acute dopaminergic neurotoxicity. In the present study, we examined the effects of neutralizing anti-HMGB1 monoclonal antibody (mAb) on METH-induced dopaminergic neurotoxicity in mice. BALB/c mice received a single intravenous administration of anti-HMGB1 mAb prior to intraperitoneal injections of METH (4 mg/kg × 2, at 2-h intervals). METH injections induced hyperthermia, an increase in plasma HMGB1 concentration, degeneration of dopaminergic nerve terminals, accumulation of microglia, and extracellular release of neuronal HMGB1 in the striatum. These METH-induced changes were significantly inhibited by intravenous administration of anti-HMGB1 mAb. In contrast, blood–brain barrier disruption occurred by METH injections was not suppressed. Our findings demonstrated the neuroprotective effects of anti-HMGB1 mAb against METH-induced dopaminergic neurotoxicity, suggesting that HMGB1 could play an initially important role in METH toxicity.
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                    Abbreviations
	ANOVA:
	
                    Analysis of variance

                  
	BBB:
	
                    Blood-brain barrier

                  
	DAMP:
	
                    Damage-associated-molecular-pattern

                  
	DAT:
	
                    Dopamine transporter

                  
	DMSO:
	
                    Dimethylsulphoxide

                  
	GFAP:
	
                    Glial fibrillary acidic protein

                  
	HMGB1:
	
                    High mobility group box-1

                  
	Iba1:
	
                    Ionized calcium binding adaptor molecule 1

                  
	IFN-γ:
	
                    Interferon-γ

                  
	IL:
	
                    Interleukin

                  
	mAb:
	
                    Monoclonal antibody

                  
	METH:
	
                    Methamphetamine

                  
	NF-κB:
	
                    Nuclear factor κB

                  
	NSAID:
	
                    Nonsteroidal anti-inflammatory drugs

                  
	PPARγ:
	
                    Peroxisome proliferator-activated receptor γ

                  
	PB:
	
                    Phosphate buffer

                  
	PBS-T:
	
                    Phosphate buffered saline with 0.2% Triton X-100

                  
	RAGE:
	
                    Receptor for advanced glycation end products

                  
	ROS:
	
                    Reactive oxygen species

                  
	RT:
	
                    Room temperature

                  
	TH:
	
                    Tyrosine hydroxylase

                  
	TLR:
	
                    Toll-like receptor

                  



References
	Abekawa T, Ohmori T, Koyama T (1994) Effects of repeated administration of a high dose of methamphetamine on dopamine and glutamate release in rat striatum and nucleus accumbens. Brain Res 643:276–281. https://doi.org/10.1016/0006-8993(94)90033-7
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Ali SF, Newport GD, Holson RR, Slikker W Jr, Bowyer JF (1994) Low environmental temperatures or pharmacologic agents that produce hypothermia decrease methamphetamine neurotoxicity in mice. Brain Res 658:33–38. https://doi.org/10.1016/s0006-8993(09)90007-5
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Asanuma M, Cadet JL (1998) Methamphetamine-induced increase in striatal NF-kB DNA-binding activity is attenuated in superoxide dismutase transgenic mice. Mol Brain Res 60:305–309. https://doi.org/10.1016/s0169-328x(98)00188-0
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Asanuma M, Miyazaki I, Higashi Y, Cadet JL, Ogawa N (2002) Methamphetamine-induced increase in striatal p53 DNA-binding activity is attenuated in Cu, Zn-superoxide dismutase transgenic mice. Neurosci Lett 325:191–194. https://doi.org/10.1016/s0304-3940(02)00291-4
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Asanuma M, Tsuji T, Miyazaki I, Miyoshi K, Ogawa N (2003) Methamphetamine-induced neurotoxicity in mouse brain is attenuated by ketoprofen, a non-steroidal anti-inflammatory drug. Neurosci Lett 352:13–16. https://doi.org/10.1016/j.neulet.2003.08.015
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Asanuma M, Miyazaki I, Higashi Y, Tsuji T, Ogawa N (2004) Specific gene expression and possible involvement of inflammation in methamphetamine-induced neurotoxicity. Ann NY Acad Sci 1025:69–75. https://doi.org/10.1196/annals.1316.009
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bell CW, Jiang W, Reich CF III, Pisetsky DS (2006) The extracellular release of HMGB1 during apoptotic cell death. Am J Physiol Cell Physiol 291:C1318-C1325. https://doi.org/10.1152/ajpcell.00616.2005
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bowyer JF, Ali S (2006) High doses of methamphetamine that cause disruption of the blood-brain barrier in limbic regions produce extensive neuronal degeneration in mouse hippocampus. Synapse 60:521–532. https://doi.org/10.1002/syn.20324
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bowyer JF, Davies DL, Schmued L, Broening HW, Newport GD, Slikker W Jr, Holson RR (1994) Further studies of the role of hyperthermia in methamphetamine neurotoxicity. J Pharmacol Exp Ther 268:1571–1580
CAS 
    PubMed 
    
                    Google Scholar 
                

	Bowyer JF, Robinson B, Ali S, Schmued LC (2008) Neurotoxic-related changes in tyrosine hydroxylase, microglia, myelin, and the blood-brain barrier in the caudate-putamen from acute methamphetamine exposure. Synapse 62:193-204. https://doi.org/10.1002/syn.20478
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Burrows KB, Gudelsky G, Yamamoto BK (2000a) Rapid and transient inhibition of mitochondrial function following methamphetamine or 3,4-methylenedioxymethamphetamine administration. Eur J Pharmacol 398:11–18. https://doi.org/10.1016/s0014-2999(00)00264-8
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Burrows KB, Nixdorf WL, Yamamoto BK (2000b) Central administration of methamphetamine synergizes with metabolic inhibition to deplete striatal monoamines. J Pharmacol Exp Ther 292:853–860
CAS 
    PubMed 
    
                    Google Scholar 
                

	Cadet JL, Brannock C (1998) Free radicals and the pathobiology of brain dopamine systems. Neurochem Int 32:117–131. https://doi.org/10.1016/s0197-0186(97)00031-4
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Cadet JL, Jayanthi S, Deng X (2003) Speed kills: cellular and molecular bases of methamphetamine-induced nerve terminal degeneration and neuronal apoptosis. FASEB J 17:1775–1788. https://doi.org/10.1096/fj.03-0073rev
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Conant K, St Hillaire C, Anderson C, Galey D, Wang J, Nath A (2004) Human immunodeficiency virus type 1 Tat and methamphetamine affect the release and activation of matrix-degrading proteinases. J Neurovirol 10:21–28. https://doi.org/10.1080/13550280490261699
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	De Vito MJ, Wagner GC (1989) Methamphetamine-induced neuronal damage: a possible role for free radicals. Neuropharmacology 28:1145–1150. https://doi.org/10.1016/0028-3908(89)90130-5
Article 
    PubMed 
    
                    Google Scholar 
                

	Deng X, Cadet JL (1999) Methamphetamine administration causes overexpression of nNOS in the mouse striatum. Brain Res 851:254–257. https://doi.org/10.1016/s0006-8993(99)02087-9
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Fang P, Schachner M, Shen YQ (2012) HMGB1 in development and diseases of the central nervous system. Mol Neurobiol 45:499–506. https://doi.org/10.1007/s12035-012-8264-y
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Fantegrossi WE, Ciullo JR, Wakabayashi KT, De La Garza R II, Traynor JR, Woods JH (2008) A comparison of the physiological behavioral neurochemical and microglial effects of methamphetamine and 34-methylenedioxymethamphetamine in the mouse. Neuroscience 151:533-543. https://doi.org/10.1016/j.neuroscience.2007.11.007
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Festoff BW, Sajja RK, van Dreden P, Cucullo L (2016) HMGB1 and thrombin mediate the blood-brain barrier dysfunction acting as biomarkers of neuroinflammation and progression to neurodegeneration in Alzheimer’s disease. J Neuroinflammation 13:194. https://doi.org/10.1186/s12974-016-0670-z
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Frank MG, Weber MD, Watkins LR, Maier SF (2015) Stress sounds the alarmin: the role of the danger-associated molecular pattern HMGB1 in stress-induced neuroinflammatory priming. Brain Behav Immun 48:1–7. https://doi.org/10.1016/j.bbi.2015.03.010
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Frank MG, Adhikary S, Sobesky JL, Weber MD, Watkins LR, Maier SF (2016) The danger-associated molecular pattern HMGB1 mediates the neuroinflammatory effects of methamphetamine. Brain Behav Immun 51:99–108. https://doi.org/10.1016/j.bbi.2015.08.001
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Friend DM, Keefe KA (2013) Glial reactivity in resistance to methamphetamine-induced neurotoxicity. J Neurochem 125:566–574. https://doi.org/10.1111/jnc.12201
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Fu L et al (2017) Therapeutic effects of anti-HMGB1 monoclonal antibody on pilocarpine-induced status epilepticus in mice. Sci Rep 7:1179. https://doi.org/10.1038/s41598-017-01325-y
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gao HM, Zhou H, Zhang F, Wilson BC, Kam W, Hong JS (2011) HMGB1 acts on microglia Mac1 to mediate chronic neuroinflammation that drives progressive neurodegeneration. J Neurosci 31:1081–1092. https://doi.org/10.1523/JNEUROSCI.3732-10.2011
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gordon CJ, Watkinson WP, O’Callaghan JP, Miller DB (1991) Effects of 3,4-methylenedioxymethamphetamine on autonomic thermoregulatory responses of the rat. Pharmacol Biochem Behav 38:339–344. https://doi.org/10.1016/0091-3057(91)90288-d
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Granado N, Lastres-Becker I, Ares-Santos S, Oliva I, Martin E, Cuadrado A, Moratalla R (2011) Nrf2 deficiency potentiates methamphetamine-induced dopaminergic axonal damage and gliosis in the striatum. Glia 59:1850-1863. https://doi.org/10.1002/glia.21229
Article 
    PubMed 
    
                    Google Scholar 
                

	Haruma J et al (2016) Anti-high mobility group box-1 (HMGB1) antibody attenuates delayed cerebral vasospasm and brain injury after subarachnoid hemorrhage in rats. Sci Rep 6:37755. https://doi.org/10.1038/srep37755
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hozumi H et al (2008) Protective effects of interferon-γ against methamphetamine-induced neurotoxicity. Toxicol Lett 177:123–129. https://doi.org/10.1016/j.toxlet.2008.01.005
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kawasaki T, Ishihara K, Ago Y, Nakamura S, Itoh S, Baba A, Matsuda T (2006) Protective effect of the radical scavenger edaravone against methamphetamine-induced dopaminergic neurotoxicity in mouse striatum. Eur J Pharmacol 542:92–99. https://doi.org/10.1016/j.ejphar.2006.05.012
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kays JS, Yamamoto BK (2019) Evaluation of microglia/macrophage cells from rat striatum and prefrontal cortex reveals differential expression of inflammatory-related mRNA after methamphetamine. Brain Sciences 9:340. https://doi.org/10.3390/brainsci9120340
Article 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Kim JB et al (2006) HMGB1, a novel cytokine-like mediator linking acute neuronal death and delayed neuroinflammation in the postischemic brain. J Neurosci 26:6413–6421. https://doi.org/10.1523/JNEUROSCI.3815-05.2006
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kim JB, Lim CM, Yu YM, Lee JK (2008) Induction and subcellular localization of high-mobility group box-1 (HMGB1) in the postischemic rat brain. J Neurosci Res 86:1125–1131. https://doi.org/10.1002/jnr.21555
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kita T, Shimada K, Mastunari Y, Wagner GC, Kubo K, Nakashima T (2000) Methamphetamine-induced striatal dopamine neurotoxicity and cyclooxygenase-2 protein expression in BALB/c mice. Neuropharmacology 39:399–406. https://doi.org/10.1016/s0028-3908(99)00175-6
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kita T, Miyazaki I, Asanuma M, Takeshima M, Wagner GC (2009) Dopamine-induced behavioral changes and oxidative stress in methamphetamine-induced neurotoxicity. Int Rev Neurobiol 88:43–64. https://doi.org/10.1016/S0074-7742(09)88003-3
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kiyatkin EA, Brown PL, Sharma HS (2007) Brain edema and breakdown of the blood-brain barrier during methamphetamine intoxication: critical role of brain hyperthermia. Eur J Neurosci 26:1242–1253. https://doi.org/10.1111/j.1460-9568.2007.05741.x
Article 
    PubMed 
    
                    Google Scholar 
                

	Kousik SM, Napier TC, Carvey PM (2012) The effects of psychostimulant drugs on blood brain barrier function and neuroinflammation. Front Pharmacol 3:121. https://doi.org/10.3389/fphar.2012.00121
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Krasnova IN, Cadet JL (2009) Methamphetamine toxicity and messengers of death. Brain Res Rev 60:379–407. https://doi.org/10.1016/j.brainresrev.2009.03.002
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kwak MS, Kim HS, Lee B, Kim YH, Son M, Shin JS (2020) Immunological significance of HMGB1 post-translational modification and redox biology. Front Immunol 11:1189. https://doi.org/10.3389/fimmu.2020.01189
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ladenheim B et al (2000) Methamphetamine-induced neurotoxicity is attenuated in transgenic mice with a null mutation for interleukin-6. Mol Pharmacol 58:1247–1256. https://doi.org/10.1124/mol.58.6.1247
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Liu K et al (2007) Anti-high mobility group box 1 monoclonal antibody ameliorates brain infarction induced by transient ischemia in rats. FASEB J 21:3904–3916. https://doi.org/10.1096/fj.07-8770com
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Loftis JM, Janowsky A (2014) Neuroimmune basis of methamphetamine toxicity. Int Rev Neurobiol 118:165–197. https://doi.org/10.1016/B978-0-12-801284-0.00007-5
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Mahajan SD et al (2008) Methamphetamine alters blood brain barrier permeability via the modulation of tight junction expression: implication for HIV-1 neuropathogenesis in the context of drug abuse. Brain Res 1203:133–148. https://doi.org/10.1016/j.brainres.2008.01.093
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Makisumi T, Yoshida K, Watanabe T, Tan N, Murakami N, Morimoto A (1998) Sympatho-adrenal involvement in methamphetamine-induced hyperthermia through skeletal muscle hypermetabolism. Eur J Pharmacol 363:107–112. https://doi.org/10.1016/s0014-2999(98)00758-4
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Matsumoto RR, Seminerio MJ, Turner RC, Robson MJ, Nguyen L, Miller DB, O’Callaghan JP (2014) Methamphetamine-induced toxicity: an updated review on issues related to hyperthermia. Pharmacol Ther 144:28–40. https://doi.org/10.1016/j.pharmthera.2014.05.001
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Miyazaki I, Asanuma M, Diaz-Corrales FJ, Fukuda M, Kitaichi K, Miyoshi K, Ogawa N (2006) Methamphetamine-induced dopaminergic neurotoxicity is regulated by quinone formation-related molecules. FASEB J 20:571–573. https://doi.org/10.1096/fj.05-4996fje
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Miyazaki I, Asanuma M, Murakami S, Takeshima M, Torigoe N, Kitamura Y, Miyoshi K (2013) Targeting 5-HT1A receptors in astrocytes to protect dopaminergic neurons in parkinsonian models. Neurobiol Dis 59:244–256. https://doi.org/10.1016/j.nbd.2013.08.003
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Muhammad S et al (2008) The HMGB1 receptor RAGE mediates ischemic brain damage. J Neurosci 28:12023–12031. https://doi.org/10.1523/JNEUROSCI.2435-08.2008
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Nakamura Y et al (2013) Neuropathic pain in rats with a partial sciatic nerve ligation is alleviated by intravenous injection of monoclonal antibody to high mobility group box-1. PLoS One 8:e73640. https://doi.org/10.1371/journal.pone.0073640
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Okuma Y et al (2012) Anti-high mobility group box-1 antibody therapy for traumatic brain injury. Ann Neurol 72:373–384. https://doi.org/10.1002/ana.23602
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Papageorgiou M, Raza A, Fraser S, Nurgali K, Apostolopoulos V (2019) Methamphetamine and its immune-modulating effects. Maturitas 121:13–21. https://doi.org/10.1016/j.maturitas.2018.12.003
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Park JS, Svetkauskaite D, He Q, Kim JY, Strassheim D, Ishizaka A, Abraham E (2004) Involvement of toll-like receptors 2 and 4 in cellular activation by high mobility group box 1 protein. J Biol Chem 279:7370–7377. https://doi.org/10.1074/jbc.M306793200
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Paudel YN et al (2018) HMGB1: a common biomarker and potential target for TBI, neuroinflammation, epilepsy, and cognitive dysfunction. Front Neurosci 12:628. https://doi.org/10.3389/fnins.2018.00628
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Qiu J et al (2008) Early release of HMGB-1 from neurons after the onset of brain ischemia. J Cereb Blood Flow Metab 28:927–938. https://doi.org/10.1038/sj.jcbfm.9600582
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Raineri M et al (2012) Modafinil abrogates methamphetamine-induced neuroinflammation and apoptotic effects in the mouse striatum. PLoS One 7:e46599. https://doi.org/10.1371/journal.pone.0046599
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Sasaki T et al (2016) Anti-high mobility group box 1 antibody exerts neuroprotection in a rat model of Parkinson’s disease. Exp Neurol 275(Pt 1):220–231. https://doi.org/10.1016/j.expneurol.2015.11.003
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Seminerio MJ, Robson MJ, McCurdy CR, Matsumoto RR (2012) Sigma receptor antagonists attenuate acute methamphetamine-induced hyperthermia by a mechanism independent of IL-1β mRNA expression in the hypothalamus. Eur J Pharmacol 691:103-109. https://doi.org/10.1016/j.ejphar.2012.07.029
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Shi Y, Zhang L, Teng J, Miao W (2018) HMGB1 mediates microglia activation via the TLR4/NF-κB pathway in coriaria lactone induced epilepsy. Mol Med Rep 17:5125-5131. https://doi.org/10.3892/mmr.2018.8485
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Shibasaki M et al (2010) Induction of high mobility group box-1 in dorsal root ganglion contributes to pain hypersensitivity after peripheral nerve injury. Pain 149:514–521. https://doi.org/10.1016/j.pain.2010.03.023
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Sun L, Li M, Ma X, Feng H, Song J, Lv C, He Y (2017) Inhibition of HMGB1 reduces rat spinal cord astrocytic swelling and AQP4 expression after oxygen-glucose deprivation and reoxygenation via TLR4 and NF-κB signaling in an IL-6-dependent manner. J Neuroinflammation 14:231. https://doi.org/10.1186/s12974-017-1008-1
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tang D, Kang R, Zeh HJ III, Lotze MT (2011) High-mobility group box 1, oxidative stress, and disease. Antioxid Redox Signal 14:1315–1335. https://doi.org/10.1089/ars.2010.3356
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Thomas DM, Kuhn DM (2005) Attenuated microglial activation mediates tolerance to the neurotoxic effects of methamphetamine. J Neurochem 92:790-797. https://doi.org/10.1111/j.1471-4159.2004.02906.x
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Thomas DM, Walker PD, Benjamins JA, Geddes TJ, Kuhn DM (2004) Methamphetamine neurotoxicity in dopamine nerve endings of the striatum is associated with microglial activation. J Pharmacol Exp Ther 311:1-7. https://doi.org/10.1124/jpet.104.070961

	Thrash-Williams B, Karuppagounder SS, Bhattacharya D, Ahuja M, Suppiramaniam V, Dhanasekaran M (2016) Methamphetamine-induced dopaminergic toxicity prevented owing to the neuroprotective effects of salicylic acid. Life Sci 154:24–29. https://doi.org/10.1016/j.lfs.2016.02.072
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Tsuji T, Asanuma M, Miyazaki I, Miyoshi K, Ogawa N (2009) Reduction of nuclear peroxisome proliferator-activated receptor gamma expression in methamphetamine-induced neurotoxicity and neuroprotective effects of ibuprofen. Neurochem Res 34:764–774. https://doi.org/10.1007/s11064-008-9863-x
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Vargas AM, Rivera-Rodriguez DE, Martinez LR (2020) Methamphetamine alters the TLR4 signaling pathway, NF-kB activation, and pro-inflammatory cytokine production in LPS-challenged NR-9460 microglia-like cells. Mol Immunol 121:159–166. https://doi.org/10.1016/j.molimm.2020.03.013
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wang D, Liu K, Wake H, Teshigawara K, Mori S, Nishibori M (2017) Anti-high mobility group box-1 (HMGB1) antibody inhibits hemorrhage-induced brain injury and improved neurological deficits in rats. Sci Rep 7:46243. https://doi.org/10.1038/srep46243
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Yamaguchi T, Kuraishi Y, Minami M, Nakai S, Hirai Y, Satoh M (1991) Methamphetamine-induced expression of interleukin-1β mRNA in the rat hypothalamus. Neurosci Lett 128:90–92. https://doi.org/10.1016/0304-3940(91)90766-m
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zhang J et al (2011) Anti-high mobility group box-1 monoclonal antibody protects the blood-brain barrier from ischemia-induced disruption in rats. Stroke 42:1420–1428. https://doi.org/10.1161/STROKEAHA.110.598334
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zhang FF et al (2016) Perineural expression of high-mobility group box-1 contributes to long-lasting mechanical hypersensitivity via matrix metalloprotease-9 up-regulation in mice with painful peripheral neuropathy. J Neurochem 136:837–850. https://doi.org/10.1111/jnc.13434
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zhang L, Kitaichi K, Fujimoto Y, Nakayama H, Shimizu E, Iyo M, Hashimoto K (2006) Protective effects of minocycline on behavioral changes and neurotoxicity in mice after administration of methamphetamine. Prog Neuropsychopharmacol Biol Psychiatry 30:1381–1393. https://doi.org/10.1016/j.pnpbp.2006.05.015
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zhang Y, Zhu T, Zhang X, Chao J, Hu G, Yao H (2015) Role of high-mobility group box 1 in methamphetamine-induced activation and migration of astrocytes. J Neuroinflammation 12:156. https://doi.org/10.1186/s12974-015-0374-9
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                


Download references




Acknowledgements
The authors would like to thank Dr. Yu Okuma for his technical assistance with measuring plasma HMGB1 level.


Funding
This work was supported by Health and Labour Sciences Research Grants for Research on Regulatory Science of Pharmaceuticals and Medical Devices (H30-IYAKU-IPPAN-004 to M.A.) from the Japanese Ministry of Health, Labour, and Welfare, and by Grants-in-Aid for Scientific Research (C) (KAKENHI #25461279 to I.M.) and Grants-in-Aid for Scientific Research (B) (KAKENHI #19H03408 to M.N.) from the Japan Society for the Promotion of Science, by a Grant-in-Aid for Scientific Research on Innovative Areas “Brain Environment” (KAKENHI #24111533 to M.A.) from the Japanese Ministry of Education, Culture, Sports, Science, and Technology, and by a Research Grant from the Okayama Medical Foundation (to I.M.).


Author information
Authors and Affiliations
	Department of Medical Neurobiology, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, 2-5-1 Shikata-cho, Kita-ku, 700-8558, Okayama, Japan
Kaori Masai, Keita Kuroda, Nami Isooka, Ryo Kikuoka, Shinki Murakami, Ikuko Miyazaki & Masato Asanuma

	Department of Medical Neurobiology, Okayama University Medical School, 700-8558, Okayama, Japan
Sunao Kamimai

	Department of Pharmacology, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, 700-8558, Okayama, Japan
Dengli Wang, Keyue Liu & Masahiro Nishibori


Authors	Kaori MasaiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Keita KurodaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nami IsookaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ryo KikuokaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Shinki MurakamiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sunao KamimaiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Dengli WangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Keyue LiuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ikuko MiyazakiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Masahiro NishiboriView author publications
You can also search for this author in
                        PubMed Google Scholar



	Masato AsanumaView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
M.A. and I.M. designed the experiment. K.M., K.K., N.I., R.K., S.M., D.W., K.L., S.K., and I.M. performed experiment and data analysis. K.M. and M.A. wrote the main manuscript text and prepared all figures. M.N. and M.A. supervised this study. All authors read and approved the manuscript.
Corresponding author
Correspondence to
                Masato Asanuma.


Ethics declarations

              
              
                Ethics Approval

                All animal procedures described in our experiments were in strict accordance with the NIH Guide for the Care and Use of Experimental Animals and the Policy on the Care and Use of the Laboratory Animals of Okayama University and were approved by the Animal Care and Use Committee of Okayama University (approval reference number OKU-2017131 and OKU-2020008, approved on April 1, 2017, and April 1, 2020, respectively). All experiments were conducted in compliance with the ARRIVE guidelines.

              
              
                Conflict of Interest

                The authors declare no competing interests.

              
            

Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Masai, K., Kuroda, K., Isooka, N. et al. Neuroprotective Effects of Anti-high Mobility Group Box-1 Monoclonal Antibody Against Methamphetamine-Induced Dopaminergic Neurotoxicity.
                    Neurotox Res 39, 1511–1523 (2021). https://doi.org/10.1007/s12640-021-00402-5
Download citation
	Received: 08 June 2021

	Revised: 08 June 2021

	Accepted: 06 August 2021

	Published: 21 August 2021

	Issue Date: October 2021

	DOI: https://doi.org/10.1007/s12640-021-00402-5


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Methamphetamine
	Dopamine neuron
	High mobility group box-1
	Hyperthermia
	Inflammation
	Neurotoxicity








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					44.200.197.145
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    